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ON EQUIVALENCE OF MATRICES*

DAIZHAN CHENGT

Abstract. A new matrix product, called the semi-tensor product (STP), is briefly reviewed.
The STP extends the classical matrix product to two arbitrary matrices. Under STP the set of
matrices becomes a monoid (semi-group with identity). Some related structures and properties are
investigated. Then the generalized matrix addition is also introduced, which extends the classical
matrix addition to a class of two matrices with different dimensions.

Motivated by STP of matrices, two kinds of equivalences of matrices (including vectors) are intro-
duced, which are called matrix equivalence (M-equivalence) and vector equivalence (V-equivalence)
respectively. The lattice structure has been established for each equivalence. Under each equivalence,
the corresponding quotient space becomes a vector space. Under M-equivalence, many algebraic, ge-
ometric, and analytic structures have been posed to the quotient space, which include (i) lattice
structure; (ii) inner product and norm (distance); (iii) topology; (iv) a fiber bundle structure, called
the discrete bundle; (v) bundled differential manifold; (vi) bundled Lie group and Lie algebra. Under
V-equivalence, vectors of different dimensions form a vector space V, and a matrix A of arbitrary
dimension is considered as an operator (linear mapping) on V. When A is a bounded operator
(not necessarily square but includes square matrices as a special case), the generalized characteristic
function, eigenvalue and eigenvector etc. are defined.

In one word, this new matrix theory overcomes the dimensional barrier in certain sense. It
provides much more freedom for using matrix approach to practical problems.

Key words. Semi-tensor product/addition(STP/STA), vector product/addition(VP/VA), ma-
trix/vector equivalence (M-/V-), lattice, topology, fiber bundle, bundled manifold/Lie algebra/Lie
group(BM/BLA /BLG).
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1. Preliminaries.

1.1. Introduction. Matrix theory and calculus are two classical and fundamen-
tal mathematical tools in modern science and technology. There are two mostly used
operators on the set of matrices: conventional matrix product and matrix addition.
Roughly speaking, the object of matrix theory is (M, +, X), where M is the set of
all matrices. Unfortunately, unlike the arithmetic system (R, +, x), in matrix theory
both “4” and “x” are restricted by the matrix dimensions. Precisely speaking: con-
sider two matrices A € M, x,, and B € My,x4. Then the “product”, A x B, is well
posed, if and only if, n = p; the “addition” A + B, is defined, if and only if, m = p
and n = g. Though there are some other matrix products such as Kronecker product,
Hadamard product etc., but they are of different stories [24].

The main purpose of this paper is to develop a new matrix theory, which intends
to overcome the dimension barrier by extending the matrix product and matrix ad-
dition to two matrices which do not meet the classical dimension requirement. As
generalizations of the classical ones, they should be consistent with the classical def-
initions. That is, when the dimension requirements of two argument matrices in
classical matrix theory are satisfied, the newly defined operators should coincide with
the original one.

Because of the extension of the two fundamental operators, many related con-
cepts can be extended. For instance, the characteristic functions, the eigenvalues and
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eigenvectors of a square matrix can be extended to certain non-square matrices; Lie
algebraic structure can also be extended to dimension-varying square matrices. All
these extensions should be consistent with the classical ones. In one word, we are
developing the classical matrix theory but not violating any of the original matrix
theory.

When we were working on generalizing the fundamental matrix operators we meet
a serious problem: Though the extended operators are applicable to certain sets of
matrices with different dimensions, they fail to be vector space anymore. This draw-
back is not acceptable, because it blocked the way to extend many nice algebraic or
geometric structures in matrix theory, such as Lie algebraic structure, manifold struc-
ture etc., to the enlarged set, which includes matrices of different dimensions. To
overcome this obstacle, we eventually introduced certain equivalence relations. Then
the quotient spaces, called the equivalence spaces, become vector spaces. Two equiv-
alence relations have been proposed. They are matriz equivalence (M-equivalence)
and vector equivalence (V-equivalence).

Then many nice algebraic, analytic, and geometric structures have been developed
on the M-equivalence spaces. They are briefly introduced as follows:

e Lattice structure: The elements in each equivalent class form a lattice. The
class of spaces with different dimensions also form a lattice. The former and
the latter are homomorphic. The lattices obtained for M-equivalence and
V-equivalence are isomorphic.

e Topological structure: A topological structure is proposed to the M-
equivalence space, which is built by using topological sub-base. It is then
proved that under this topology the equivalence space is Hausdorff (T%) space
and is second countable.

e Inner product structure: An inner product is proposed on the M-equivalence
space. The norm (distance) is also obtained. It is proved that the topology
induced by this norm is the same as the topology produced by using the
topological sub-base.

e Fiber bundle structure. A fiber bundle structure is proposed for the set
of matrices (as total space) and the equivalent classes (as base space). The
bundle structure is named the discrete bundle, because each fiber has discrete
topology.

e Bundled manifold structure: A (dimension-varying) manifold structure is pro-
posed for the M-equivalence space. Its coordinate charts are constructed via
the discrete bundle. Hence it is called a bundled manifold.

e Bundled Lie algebraic structure: A Lie algebra structure is proposed for the
M-equivalence space. The Lie algebra is of infinite dimensional, but almost
all the properties of finite dimensional Lie algebras remain available.

e Bundled Lie group structure: For the M-equivalence classes of square non-
singular matrices a group structure is proposed. It has also the dimension-
varying manifold structure. Both the algebraic and the geometric structures
are consistent and hence it becomes a Lie group. The relationship of this Lie
group with the bundled Lie algebra is also investigated.

Under V-equivalence, all the vectors of varying dimensions form a vector space V,
and any matrix A can be considered as a linear operator on V. A very important class
of A, called the bounded operator, is investigated in detail. For a bounded operator
A, which could be non-square, its characteristic function is proposed. Its eigenvalues
and the corresponding eigenvectors are obtained. A generalized A-invariant subspace
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has been discussed in detail.

This work is motivated by the semi-tensor product (STP). The STP of matrices
was proposed firstly and formally in 2001 [3]. Then it has been used to some New-
ton differential dynamic systems and their control problems [4], [51], [40]. A basic
summarization was given in [5].

Since 2008, STP has been used to formulate and analyze Boolean networks as
well as general logical dynamic systems, and to solve control design problems for
those systems. It has then been developed rapidly. This is witnessed by hundreds
of research papers. A multitude of applications of STP include (i) logical dynamic
systems [6], [18], [32]; (ii) systems biology [54], [20]; (iii) graph theory and formation
control [45], [55]; (iv) circuit design and failure detection [33], [34], [9]; (v) game
theory [21], [10], [11]; (vi) finite automata and symbolic dynamics [50], [57], [23]; (vii)
coding and cryptography [58], [56]; (viii) fuzzy control [8], [17]; (ix) some engineering
applications [49], [36]; and many other topics [7], [38], [52], [59], [60], [37]; just to
name a few.

As a generalization of conventional matrix product, STP is applicable to two ma-
trices of arbitrary dimensions. In addition, this generalization keeps all fundamental
properties of conventional matrix product available. Therefore, it becomes a very
convenient tool for investigating many matrix expression related problems.

Recently, the journal IET Control Theory and Applications has published a spe-
cial issue “Recent Developments in Logical Networks and Its Applications”. It pro-
vides many up-to-date results of STP and its applications. Particularly, we refer
to a survey paper [39] in this special issue for a general introduction to STP with
applications.

Up to this time, the main effort has been put on its applications. Now when
we start to explore the mathematical foundation of STP, we found that the most
significant characteristic of STP is that it overcomes the dimension barrier. After
serious thought, it can be seen that in fact STP is defined on equivalent classes.
Following this thought of train, the matrix theory on equivalence space emerges. The
outline of this new matrix theory is presented in this manuscript. The results in this
paper are totally new except the concepts and basic properties of STP, which are
presented in subsection 2.1.

1.2. Symbols. For statement ease, we first give some notations:
(1) N: Set of natural numbers (i.e., N={1,2,---});
set of integers;

: Set of rational numbers, (Q4: Set of positive rational numbers);

: Field of real numbers;

: Field of complex numbers;

: certain field of characteristic number 0 (Particularly, we can understand
F=RorF=C).

(7) ME _: set of m x n dimensional matrices over field F. When the field F is
obvious or does not affect the discussion, the superscript F can be omitted,
and as a default: F = R can be assumed.

(8) Col(A) (Row(A)): the set of columns (rows) of A; Col;(A4) (Row;(A)): the
i-th column (row) of A.

W N

\/\/\%v\_/
QFONZ

)
6

=

(
(
(
(
(

(9) Dr ={1,2,--- ,k}, D := Do
(10) &% : the i-th column of the identity matrix I,;
(11) A, ={8|i=1,2,---,n};
(12) L € Myx, is a logical matrix, if Col(L) C A,,. The set of m x r logical
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matrices is denoted as L, x;
(13) Assume A € Ly,x,. Then L = [§i1,6i2, -+, dir]. It is briefly denoted as

m»Ym>
L = 5m[i17i27 e 77;’!‘]'

(14) Let A = (a;,;) € Mpmxn, and a;; € {0,1}, Vi, j. Then A is called a Boolean
matrix. Denote the set of m x n dimensional Boolean matrices by By, xn-
(15) Set of probabilistic vectors:

1y = {(Tlﬂ"z,"' )T

(16) Set of probabilistic matrices:
Yonscn = {M € Mpxn | Col(M) C T} .

) alb: a divides b.

) m An = ged(m,n): The greatest common divisor of m, n.

) mV n =lem(m,n): The least common multiple of m, n.

) X (x): The left (right) semi-tensor product of matrices.

) X (x): The left (right) vector product of matrices.

) ~ (~¢, ~p): The M-equivalence ((left, right) matrix equivalence).
) <> (42, <>): The V-equivalence ((left,right) vector equivalence).
)

7
8
9
0
1
2
3
4) The set of all matrices:

(1
(1
(1
(2
(2
(2
(2
(2

M= ] M.

i=1j=1
(25)
Moyg:={AeM ‘ column number of 4 is ¢} .
(26) The set of matrices:
M, = {A € Myxn | m/n = u}

(27) Lattice homomorphism: ~
(28) Lattice isomorphism: =
(29) Vector order: <

(30) Vector space order: C
(31)

(32)

(33)

Matrix order: <
Matrix space order:
The overall matrix quotient space:
Sm=M/~.
(34) The p-matrix quotient space:
X, =M,/ ~.

(35) The p = l-matrix quotient space:
Y= ./\/ll/ ~ .
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(36) The set of all vectors:
V= U Vo, (Note that real V, ~ R"™).
n=1

(37) The vector quotient space under V-equivalence:
Dy :=V/ .

(38) The vector quotient subspace under V-equivalence:
Q= Vi

(39) The matrix quotient space under V-equivalence:
Qum =M/ <.

(40) The matrix quotient subspace under V-equivalence:
o= Mo/ &

(41) Given a (C™) manifold M (r could be oo or w),

e its tangent space is T'(M);
its cotangent space is T*(M);
the set of C" functions is C"(M);
the set of vector fields is V" (M); the set of co-vector fields is V*"(M).
the set of tensor fields on M with covariant order o and contravariant
order 3 is TG (M); when 3 = 0 it becomes T(M).

2. M-equivalence and Lattice Structure.

2.1. STP of Matrices. This section gives a brief review on STP. We refer to
[5], [6], [7] for details.

DEFINITION 1. Let A € Myxpn, B € Mpyy, and t =n V p be the least common

multiple of n and p. Then
(1) the left STP of A and B, denoted by A x B, is defined as

AxB:=(A®1y,) (B®1I,,), (1)

where ® is the Kronecker product [24];
(2) the right STP of A and B is defined as

AxB:= (I, ® A) (I, ® B) . (2)

In the following we mainly discuss the left STP, and briefly call the left STP as
STP. Most of the properties of left STP have their corresponding ones for right STP.
Please also refer to [5] or [6] for their major differences.

REMARK 2. If n = p, both left and right STP defined in Definition 1 degen-
erate to the conventional matrix product. That is, STP is a generalization of the
conventional matrix product. Hence, as a default, in most cases the symbol x can be
omitted (but not x). That is, unless elsewhere stated throughout this paper

AB:= Ax B. (3)
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The following proposition shows that this generalization not only keeps the main
properties of conventional matrix product available, but also adds some new properties
such as certain commutativity.

Associativity and distribution are two fundamental properties of conventional
matrix product. When the product is generalized to STP, these two properties remain
available.

PROPOSITION 3.
(1) (Distributive Law)

{Fx(aGin)zanGibeH, @

(aF £bG) x H=aF x H+bG x H, a,bel.
(2) (Associative Law)
(FxG)x H=Fx (Gx H). (5)

The following proposition is inherited from the conventional matrix product.
PROPOSITION 4.
(1)

(Ax B)T = BT x A™. (6)
(2) Assume A and B are invertible, then

(Ax By '=B"'x Al (7)

The following proposition shows that the STP has certain commutative property.
PROPOSITION 5. Given A € M,xn.-
(1) Let Z € R' be a column vector. Then

ZA=(I; ® A)Z. (8)
(2) Let Z € R' be a row vector. Then

AZ =Z(I; @ A). 9)

To explore further commutating properties, we introduce a swap matrix.

DEFINITION 6 ([24]). A swap matrix Wim,n) € Minnscmn is defined as follows:

Winn] = Omn[lm+1,--- (n—1)m+1;
2m+2,--- (n—1)m+2; (10)
© s my2m, -, nm).

The following proposition shows that the swap matrix is orthogonal.

PROPOSITION 7.
T —1
Win.n) = Wi = Win,mi- (11)

[m.n]

The fundamental function of the swap matrix is to “swap” two factors.
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PROPOSITION 8.
(1) Let X e R™, Y € R™ be two column vectors. Then

Wimn X X XY =Y x X. (12)
(2) Let X e R™, Y € R" be two row vectors. Then

X XY X Wyyp =Y x X, (13)

The swap matrix can also swap two factor matrices of the Kronecker product [5],
[47].

PROPOSITION 9. Let A € My« and B € Mpyy. Then

W[mm] (A ® B)W[q,n] =B® A. (14)

REMARK 10. Assume A € M, y,, and B € M,y, are square matrices. Then
(14) becomes

W[n)p] (A ® B)W{pﬁn] =B®A. (15)

As a consequence, A ® B and B ® A are similar.
The following example is an application of Proposition 9.

ExAMPLE 11. Prove
A%l — A @ I (16)
Assume A € M,,«, is a square matrix and B = A ® I;. Note that

W(AQ L)W =1, A=diag (A, A,---, A),
—————
k
where W = W/, 3. Then
B — eW’1(1k®A)W

_ W—lediag(A,A,»»»,A)W
= W ldiag(e?, e, eMHW
=Wl L@ |W=e'®IL.

REMARK 12. Comparing the product of numbers with the product of matri-
ces, two major differences are (i) matrix product has dimension restriction while the
scalar product has no restriction; (ii) the matrix product is not commutative while
the scalar product is. When the conventional matrix product is extended to STP,
these two weaknesses have been eliminated in certain degree. First, the dimension
restriction has been removed. Second, in addition to Proposition 5, which shows
certain commutativity, the use of swap matrix also provides certain commutativity
property. All these improvements make the STP more convenient in use than the
conventional matrix product.
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2.2. M-equivalence of Matrices. The set of all matrices (over certain field IF)
is denoted by M, that is

M= | Mumxn.

m=1n=1

It is obvious that STP is an operator defined as x( or x) : M x M — M. Ob-
serving the definition of STP carefully, it is not difficult to find that when we use STP
to multiply A with B, instead of A itself, we modify A by Kronecker multiplying dif-
ferent sizes of identity to multiply different B’s. In fact, STP multiplies an equivalent
class of A, precisely, (A) = {4, AQ Iy, A® I3, -}, with an equivalent class of B, that
is, (B) ={B, B& I, BQIs,---}.

Motivated by this fact, we first propose an equivalence over set of matrices, called
the matrix equivalence (~y or ~,.). Then STP can be considered as an operator over
the equivalent classes. We give a rigorous definition for the equivalence.

DEFINITION 13. Let A, B € M be two matrices.
(1) A and B are said to be left matrix equivalent (LME), denoted by A ~, B, if
there exist two identity matrices I, Iy, s,t € N, such that

A®I;=B®I,.

(2) A and B are said to be right matrix equivalent (RME), denoted by A ~, B,
if there exist two identity matrices I, Iy, s,t € N, such that

Iy A=1;® B.

REMARK 14. It is easy to verify that the LME ~; (similarly, RME ~,) is an
equivalence relation. That is, it is (i) self-reflexive (A ~¢ A); (ii) symmetric (if A ~¢ B,
then B ~; A); and (iii) transitive (if A ~¢ B, and B ~; C, then A ~; C).

DEFINITION 15. Given A € M.
(1) The left equivalent class of A is denoted by

(A)y :=A{B| B~y A};
(2) The right equivalent class of A is denoted by
(A), ={B| B ~, A}.

(3) A is left (right) reducible, if there is an I, s > 2, and a matrix B, such
that A = B ® I, (correspondingly, A = I, ® B). Otherwise, A is left (right)
irreducible.

LEMMA 16. Assume A € Mgy and B € Myxqa, where o, 8 € N, a and 3 are
co-prime, and

Then there exists a A € F such that

A=A, B=A,. (18)
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Proof. Split A ® I,, into equal size blocks as
A - Aia
AR, =
A'al R Aaa
where A;; € Mgy, i,j =1,---,a. Then we have
Aij =b;lp. (19)

Note that o and 3 are co-prime. Comparing the entries of both sides of (19), it is
clear that (i) the diagonal elements of all A;; are the same; (ii) all other elements (A;;,
j # 1) are zero. Hence A = by113. Similarly, we have B = a111,. But (17) requires
a11 = by1, which is the required A\. The conclusion follows. O

THEOREM 17.
(1) If A ~¢ B, then there exists a matriz A such that

A=A®Iz, B=A®I,. (20)
(2) In each class (A), there exists a unique Ay € (A),, such that Ay is left
irreducible.
Proof.

(1) Assume A ~; B, that is, there exist I, and Ig such that
A®l, =B®lIg. (21)

(2) Without loss of generality, we assume « and [ are co-prime. Otherwise,
assume their greatest common divisor is r = o A 8, the @ and § in (21) can
be replaced by «/r and 8/r respectively.

Assume A € My, xn and B € Mpy,y. Then

ma =pfB, na=qp.
Since o and (3 are co-prime, we have
m=sB, n=ts8, p=sa, q=1tao.
Split A and B into block forms as
Ay oo Apg By -+ By
: , B=1]": )
Asl o Ast le o Bst

where Ai_’j S Mﬁxg and Bi_’j S Maxa7 1= 1,“- ;' S, j = 1,-~- ,T. Now (21)
is equivalent to

A:

Aij ® Iy =By ®1g, Vi,j. (22)

According to Lemma 16, we have A;; = A;;13 and B;; = A;j1,. Define

A= ,

equation (20) follows.
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(2) For each A € (A), we can find Ay irreducible such that A = Ay ® I,. To
prove it is unique, let B € (A), and By is irreducible and B = By ® I;. We
claim that Ay = By. Since Ay ~y By, there exists I' such that

A0:F®Ip, BQZP®Iq.

Since both Ay and By are irreducible, we have p = ¢ = 1, which proves the
claim. O

REMARK 18. Theorem 17 is also true for ~,. with obvious modification.
REMARK 19. For statement ease, we propose the following terminologies:

(1) If A= B® I, then B is called a divisor of A and A is called a multiple of B.
(2) If (21) holds and «, 8 are co-prime, then the A satisfying (20) is called the

greatest common divisor of A and B. Moreover, A = ged(A, B) is unique.
(3) If (21) holds and «, 8 are co-prime, then

0:=A®1,=B®Is (23)

is called the least common multiple of A and B. Moreover, © = lem(A, B) is
unique. (Refer to Fig. 1.)

(4) Consider an equivalent class (A), denote the unique irreducible element by
Az, which is called the root element. All the elements in (A) can be expressed
as

A=A ®L, i=12--. (24)

A; is called the i-th element of (A). Hence, an equivalent class (A) is a well
ordered sequence as:

(A) = {Aq, Ag, As,---}.

A

FiGc. 1. © =lem(A, B) and A = gcd(A, B)

Next, we modify some classical matrix functions to make them available for the
equivalence class.
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DEFINITION 20.
(1) Let A € M,;,xp. Then a modified determinant is defined as

Dt(A) = [| det(A)[]/". (25)

(2) Consider an equivalence of square matrices (A), the “determinant” of (A) is
defined as

Dt((A)) = Dt(A), A€ (A). (26)

PROPOSITION 21. (26) is well defined, i.e., it is independent of the choice of the
representative A.

Proof. To see (26) is well defined, we need to check that A ~ B implies Dt(A) =
Dt(B). Now assume A = A® Ig, B=A® I, and A € My, then

Dt(A) = [|det (A © Is) | = [| det (A)]'/*,

Dt(B) = [|det (A ® L) ||*/** = [| det(A)[]/*.

It follows that (26) is well defined. O

REMARK 22.

(1) Intuitively, Dt((A)) defines only the “absolute value” of (A). Because if there
exists an A € (A) such that det(A) < 0, then det(4A ® I) > 0. it is not able
to define det({A)) uniquely over the class.

(2) When det(A) = s, VA € (A), we also use det((A)) = s. But when F = R,

only det((A4)) = 1 makes sense.

DEFINITION 23.
(1) Let A € M,,%,,. Then a modified trace is defined as

Tr(A) = %trace(A). (27)

(2) Consider an equivalence of square matrices (A), the “trace” of (A) is defined
as

Tr((A)) = Tr(4), A€ (A). (28)

Similar to Definition 20, we need and can easily prove (28) is well defined. These
two functions will be used in the sequel.
Next, we show that (A) = {41, Aa,- -} has a lattice structure.

DEFINITION 24 ([2]). A poset L is a lattice if and only if for every pair a,b € L
both sup{a, b} and inf{a,b} exist.

Let A, B € (A). If B is a divisor (multiple) of A, then B is said to be proceeding
(succeeding) A and denoted by B < A ( B > A). Then < is a partial order for (A).

THEOREM 25. ((A), <) is a lattice.

Proof. Assume A, B € (A). It is enough to prove that the A = gcd(A, B) defined
in (20) is the inf(A, B), and the © = lem(A, B) defined in (23) is the sup(4, B).
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To prove A = inf(A, B) we assume C' < A and C' < B, then we need only to prove
that C' < A. Since C' < A and C < B, there exist I, and I, such that C ® I, = A
and C ® I, = B. Now

CRl,=A=AxIlz, C®lI,=B=A®I,.
Hence
CLel,=A1@1;,=A®1,® .
It follows that

Bq = ap.

Since « and 3 are co-prime, we have p = mf and g = na, where m,n € N. Then we
have

Cel,=C001,1g=A® 1.
That is
C®I, =A.

Hence, C' < A.
To prove © = sup(A, B) assume D = A and D > B. Then we can prove D > ©
in a similar way. O

DEFINITION 26. (A) is said to possess a property, if every A € (A) possesses this
property. The property is also said to be consistent with the equivalence relation.

In the following some easily verifiable consistent properties are collected.

PROPOSITION 27.

(1) Assume A € M is a square matriz. The following properties are consistent
with the matriz equivalence (~g or ~y):

o A is orthogonal, that is A=1 = AT ;

det(A) =1;

trace(A) = 0;

A is upper (lower) triangle;

A is strictly upper (lower) triangle;

A is symmetric (skew-symmetric);

A is diagonal;

(2) Assume A € Mapxon, n=1,2,---, and

0 1
J = [_1 O] (29)
The following property is consistent with the matriz equivalence:

Ix A+ AT x J=0. (30)

REMARK 28. As long as a property is consistent with an equivalence, then we
can say if the equivalent class has the property or not. For instance, because of
Proposition 27 we can say (A) is orthogonal, det({A)) = 1, etc.
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2.3. Lattice Structure on M,. Denote by

My = {A € Mupxn|m/n=p}. (31)
Then it is clear that we have a partition as
M= |J M, (32)
neQq

where Q. is the set of positive rational numbers.

REMARK 29. To avoid possible confusion, we assume the fractions in Q4 are all
reduced. Hence for each p € Q, there are unique integers p, and p,, where p, and
Lty are co-prime, such that

Hy
o

DEeFrINITION 30.

(1) Let pp € Q4, p and g are co-prime and p/q = p. Then we denote by p, = p
and p, = q as y and x components of p.

(2) Denote the spaces of various dimensions in M, as

. -
MM -—Mi,uyxi,uzy Z—l,2,--~.

Assume A, € My, Ag € Mﬁ, Ay ~ Ag, and «|f, then A, ® I, = Ag, where
k = B/a. One sees easily that we can define an embedding mapping bdj, : M{; — Mﬁ
as

bdi(A) == A I (33)

In this way, M} can be considered as a subspace of Mﬁ The order determined by
this space-subspace relation is denoted as

Mé E ME. (34)

If (34) holds, M is called a divisor of Mﬁ, and Mﬁ is called a multiple of M.

Denote by i A j = ged(3, j) and iV j = lem(i, j). Using the order of (34), M,, has

the following structure.

THEOREM 31.

(1) Given M, and MJ,. The greatest common divisor is MIM, and the least
common multiple is MLVj. (Please refer to Fig. 2)

(2) Assume A~ B, A€ ./\/lL and B € ./\/liL Then their greatest common divisor
A = ged(A, B) € MIM, and their least common multiple © = lem(A, B) €
MY

Next, we define

i i A qind i i AqiVi
M, ANM = MY, MV M, =M. (35)
From above discussion, the following result is obvious:

ProrosITION 32. Consider M,,. The followings are equivalent:
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F1Gg. 2. Lattice Structure of M,

(1) My is a subspace of ./\/lfi;

(2) « s a factor of B, i.e., «|f;

(3) Mo AME =M,

(4) MGV M= M3,

Using the order C defined by (34), it is clear that all the fixed dimension vector
ty1=1,2,-- form a lattice.
PROPOSITION 33. (M, ) is a lattice with

sup (M9, M) = MYPinf (MS, ME) = MM, (36)

The following properties are easily verifiable.

PROPOSITION 34. Consider the lattice (M,,,C).
(1) It has a smallest (root) subspace M), = My, where p,q are co-prime and
p/q = p. That is,

M, AM, =M, M, VM, =M,
But there is no largest element.
(2) The lattice is distributive, i.e.,
M; A (M), ng) - (M; AMG)V (M; A Mg‘) ,
MLV (MIAME) = (MEV M) A (MY M)

(3) For any finite set of spaces M, s = 1,2 --- 7. There erists a smallest

ll,?
supper-space My, u = Vi_yis, such that
[ ]
is u = e .
MN EMF” 8_1527 5T?
o If
is v = P
M M, s=1,2,---,1,
then

M E M,
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DEFINITION 35 ([16]). Let (L, <) and (M, ) be two lattices.

(1) A mapping ¢ : L — M is called an order-preserving mapping, if ¢; < (s
implies p(£1) T p(L2).

(2) A mapping ¢ : L — M is called a homomorphism, and (L, <) and (M,C)
are said to be lattice homomorphic, denoted by (L, <) ~ (M, ), if o satisfies
the following condition:

@sup(f1,£a) = sup (¢(f1), p(£2)) ; (37)

and

pinf(lq, £2) = inf (¢(f1), p(L2)) - (38)

(3) A homomorphism ¢ : L — M is called an isomorphism, and (L, <) and
(M, C) are said to be lattice isomorphic, denoted by (L, <) & (M, ), if ¢ is
one to one and onto.

Assume A € M/, is irreducible, define ¢ : (4) — M,, as
e(Aj) =M, j=1,2,---, (39)

then it is easy to verify the following result.

PROPOSITION 36. The mapping ¢ : (A) — M, defined in (39) is a lattice
homomorphism from ((A), <) to (M,,C).

Next, we consider the M, for different u’s. It is also easy to verify the following
result.

PROPOSITION 37. Define a mapping ¢ : M, — My as
© (ML) = Mi.
The mapping ¢ : (M, C) = (M, C) is a lattice isomorphism.

ExaMPLE 38. According to Proposition 37, if we still assume A € ML and
replace p in (39) by any a € Q4, that is, define

P(Aj) =M, =12,
then it is easy to see that ¢ : ((A), <) = (Mg, D) is still a lattice homomorphism.

DEFINITION 39. Let (L, <) be a lattice and S C L. If (S, <) is also a lattice, it
is called a sub-lattice of (L, <).

REMARK 40. Let ¢ : (H,<) — (M,C) be an injective (i.e., one-to-one) lattice
homomorphism. Then ¢ : H — ¢(H) is a lattice isomorphism. Hence p(H) is a
sub-lattice of (M, ). If we identify H with @(H), we can simply say that H is a
sub-lattice of M.

DEFINITION 41. Let (L,<) and (M,C) be two lattices. The product order
C:== X C defined on the product set

LxM:={(,m)|tecLmeM}
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is: (€1,m1) C (€3,m2) if and only if ¢1 < ¢3 and my C mao.
THEOREM 42. Let (L, <) and (M,C) be two lattices. Then (L x M, < X ) is

also a lattice, called the product lattice of (L, <) and (M,C).

Proof. Let (1, my) and (€2, mg) be two elements in L x M. Denote by ¢; =
sup(f1, f2) and ms = sup(mq, mz). Then ({5, ms) D (¢;, m;), 7 = 1,2. To see
(bs, ms) =sup ((¢1, m1), (L2, ma)) let (¢, m) D (¢;, m;), j =1,2. Then £ - ¢; and
m 3 mj, j = 1,2. It follows that £ = ¢, and m 3 m,. That is, (¢, m) D (s, ms).
We conclude that

(gsu ms) = Sup((flu ml)u (£27 m2)) .
Similarly, we set ¢; = inf ({1, ¢3) and m; = inf(mq, ms), then we can prove that
(fi, ml) = inf((fl, ml), (fg, mg)) a

Finally, we give an example to show that an order-preserving mapping may not
be an lattice homomorphism.

ExAMPLE 43. Consider the product of two lattices (M, C) and (M, C). Define
a mapping

P (M, £) X (M, B) = (M,a, D)
as

@ (MP x M3) == MP4

HA

Assume M/, = MJ, and M5 © M, then i|j and s|t, and by the definition of
product lattice, we have

M, x M5 C x E M, x M.
Since is|jt, we have
o (M), x M3) = My, &M =p (M), x M), (40)

That is, ¢ is an order-preserving mapping.
Consider two elements in product lattice as a« = ME x M35 and = M% x M{.
Following the same arguments in the proof of Theorem 42, one sees easily that

lem(ar, B) = MPYTx MSY!, ged(a, B) = MM x MM,

Then
p(lem(ar, B)) = Mff;vq)(sw), e(ged(a, B)) = ./\/lftp)\/\q)(sm).
Consider
pl) = M2, () = M,
Now

lem(p(ar), ¢(8)) = MBIV ged(p(a), p(B)) = MBI,
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It is obvious that in general

(pVq)(sVit)#(ps)V(qt),

as well as,

(p A q)(sAt) # (ps) A (qt).

Hence, ¢ is not a homomorphism.

2.4. Monoid and Quotient Monoid. A monoid is a semigroup with identity.
We refer readers to [28], [25], [19] for concepts and some basic properties.

Recall that
M= U U Minsn.

meNneN
We have the following algebraic structure.
PROPOSITION 44. The algebraic system (M, x) is a monoid.

Proof. The associativity comes from the property of x (refer to (5)). The identity
element is 1. O

One sees easily that this monoid covers numbers, vectors, and matrices of arbi-
trary dimensions.
In the following some of its useful sub-monoids are presented:

o M(k):
M(k) = U U Mo s,
aeN BeN

where k € N and k£ > 1.

It is obvious that M (k) < M. (In this section A < B means A is a submonoid
of B). This sub-monoid is useful for calculating the product of tensors over
k dimensional vector space [1]. It is particularly useful for k-valued logical
dynamic systems [6], [7]. When k = 2, it is used for Boolean dynamic systems.
In this sub-monoid the STP can be defined as follows:

DEFINITION 45.
(1) Let X € F™ be a column vector, Y € F™ a row vector.
o Assume n = pm (denoted by X >, Y): Split X into m equal blocks as

X = [x7,xF,. x"]",
where X; € FP, Vi. Define

XxY =Y Xy, €F.

s=1
o Assume np = m (denoted by X <, Y): Split ¥ into n equal blocks as
Y = [Y17Y'27"' 7Yn]7
where Y; € FP, Vi. Define
XxY:=)Y xY, €F.

s=1
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(2) Assume A € My,xn, B € Myyq, where n = tp (denoted by A =, B), or
nt = p (denoted by A <, B). Then

AD(BZ:O:(CLJ‘),
where

Cij = ROWZ(A) X COlj (B)

REMARK 46.

(1) It is easy to prove that when A <; B or B <; A for some ¢t € N, this
definition of left STP coincides with Definition 1. Though this definition is
not as general as Definition 1, it has clear physical meaning. Particularly, so
far this definition covers almost all the applications.

(2) Unfortunately, this definition is not suitable for right STP. This is a big
difference between left and right STPs.

o V:

V= M.

keN

It is obvious that V < M.
This sub-monoid consists of column vectors. In this sub-monoid the STP is
degenerated to Kronecker product.
We denote by VT the sub-monoid of row vectors. It is also clear that V7 < M.
o L:

L:={Ae M| Col(4) C Ay, s € N}.

It is obvious that £ < M. This sub-monoid consists of all logical matrices.
It is used to express the product of logical mappings.
o P:

P:={Ae M| Col(4) C 7T, for some s € N}.
It is obvious that P < M. This monoid is useful for probabilistic logical
mappings.
o L(k):
L(k):= LN M(k).

It is obvious that L£(k) < £ < M. We use it for k-valued logical mappings.
Next, we define the set of “short” matrices as

Z:={A € Myx, | m<n},
and its subset
E":={A e M| Ais of full row rank}.

Then we have the following result.
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PROPOSITION 47.

Er<E< M. (41)

Proof. Assume A € My,xpn, B € Mpyq and A, B € =, then m < n and p < q.
Let t =nVp. Then AB € Mt 1. It is easy to see that %’5 < %q, so AB € =. The

second part is proved. ’
As for the first part, Assume A, B € =”. Then

rank(AB) = rank [(A® I;/,) (B® 1) ]
>rank [(A® Iyn) (B®1y,) (BT (BBT) ' @ 1) ]
=rank [(A® Iy,) (I, ® Iy/p) |
=rank (A ® I,,) = mt/n.
Hence, AB € =". 00

Similarly, we can define the set of “tall” matrices II and the set of matrices with
full column rank II¢. We can also prove that

I° < 11 < M. (42)
Next, we consider the quotient space

Smi= M/~

DEFINITION 48 ([41]).

(1) A nonempty set S with a binary operation o : S xS — S is called an algebraic
system.

(2) Assume ~ is an equivalence relation on an algebraic system (S,0). The
equivalence relation is a congruence relation, if for any A, B,C, D € S, A~ C
and B ~ D, we have

AoB ~ CoD. (43)

PROPOSITION 49. Consider the algebraic system (M, x) with the equivalence
relation ~=n~y. The equivalence relation ~ is congruence.

Proof. Let A ~ A and B ~ B. According to Theorem 17, there exist U € M, xp,
and V € M, such that

A=U®]I,, 4:U®m
B=V®l, B=Vl;.

Denote
nVp=r, nsVap=rf, ntVpBp=rn.
Then

AxB=U®I;®Lg/ns) (VOIo®Lgjap) = [(UR L)) (VRIL,)| I
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Similarly, we have
AxB=[(U@ L) (VL)@

Hence we have A x B ~ A x B. [

According to Proposition 49, we know that x is well defined on the quotient space
Y am. Moreover, the following result is obvious:

PROPOSITION 50.
(1) (Zm, X) is @ monoid.
(2) Let S < M be a sub-monoid. Then S/ ~ is a sub-monoid of ¥ pq, that is,

S/N < YMm-

Since the S in Proposition 50 could be any sub-monoid of M. All the aforemen-
tioned sub-monoids have their corresponding quotient sub-monoids, which are the
sub-monoids of Y. For instance, V/ ~, L/ ~, etc. are the sub-monoids of X 4.

2.5. Group Structure on M*.

PROPOSITION 51. Assume A € M, and B € M, then Ax B € M, ,,. That
18, the operation X s a mapping

Mt My X My, = My,

Proof. Assume A € M,y and B € M,x,, where 3 = m/n and us = p/q, and
t=nVp. Then

Ax B= (A® It/n) (B ® It/p) € Mont/nxqt/p C Mpuyps- O

DEFINITION 52.
(1) Define

MH = U M-
2€EL

Then M* is closed under operator x.
(2) Set

EP"Z - MNZ/ ~,

and define

¥H = U DI

ZEL

Then ¥# is also closed under operator .
(3) (4),(B) € " is said to be power equivalent, denoted by (A) ~,, (B), if there
exists an integer z € Z such that both (A), (B) € ¥,-. Denote

((4)) = {(B) | (B) ~p (A)} (44)
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REMARK 53. It is obvious that x is consistent with ~,. Hence x is well defined
on the set of equivalent classes as

({(A)) x ((B)) == ((Ax B)). (45)

Then we have the following group structure.

THEOREM 54. (XH/ ~y,, X) is a group, which is isomorphic to (Z,+). Precisely,
assume A € M= then ¥ : ¥F/ ~,— 7 is defined as

W (((A4))) := 2,

which is a group isomorphism.

2.6. Semi-tensor Addition and Vector Space Structure of ¥,,.

DEFINITION 55. Let A, B € M,. Precisely, A € My,xn, B € Mpyxq, and
m/n=p/q=pu. Set t =mV p. Then
(1) the left semi-tensor addition (STA) of A and B, denote by H, is defined as

AW B:= (A0 Lyy) + (BR1y,). (46)
Correspondingly, the left semi-tensor subtraction (STS) is defined as
AF B:=AH (-B). (47)
(2) The right STA of A and B, denote by H, is defined as
AH B = (Iiym @A) + (I, @ B) . (48)
Correspondingly, the right STS is defined as

A+ B:= A{(-B). (49)

REMARK 56. Let o € {H F,H, -} be one of the four binary operators. Then it is
easy to verify that
(1) if A, Be M, then AoB € M,;
(2) If A and B are as in Definition 55, then AocB € M, nt;
(3) Set s =n Vg, then s/n =t/m and s/q =1t/p. So o can also be defined by
using column numbers respectively, e.g.,

AHB = (A® I;),) + (B® Iyq)

etc.

THEOREM 57. Consider the algebraic system (M,,, o), where o € {H,F} and
~=nrsy (or o € {H,7} and ~=~,). Then the equivalence relation ~ is a congruence
relation with respect to o.

Proof. We prove one case, where 0 = H and ~=~y. Proofs for other cases are
similar.
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Assume A ~y A and B ~; B. Set P = ged(A, A) and Q = ged(B, B), then

A=P®I;, A=PQ®I,; (50)
B=Q®l, B=Q®I;, (51)
where P € Myxe, @ € Myuxy, ©, y € N are certain numbers.

Now consider AH-B. Assume n = xVy, t = xB8Vyy =1 s =zaVyd = (.
Then we have

AHB=P@Is® L;/ns + Q@ I, ® I/,

(52)
=[(P®1,.)+(Q&I,,] ®I.
Similarly, we have
AHB = [(P®1,,) + (Q® I,/,)] ® L. (53)
(52) and (53) imply that AHB ~ AH-B. [
Define the left and right quotient spaces Eﬁ and X7, respectively as
th =M/~ (54)
8 =My~ (55)
According to Theorem 57, the operation H- (or =) can be extended to Zﬁ as
(A),H-(B), =< AH B >y, (56)
(A),(B),:==< AF B>, (A),, (B), XL,
Similarly, we can define H (or ) on the quotient spaceX, as
(A),H(B), =< AHB >,, (57)
(A), 4(B), =< AA B>, (A4),.,(B),€X].

The following result is important, and the verification is straightforward.

THEOREM 58. Using the definitions in (56) (correspondingly, (57)), the quotient
space (Eﬁ, H—) (correspondingly, (E;,—H) ) is a vector space.

REMARK 59. As a consequence, (Zf“ H—) (or (ZZ,—H)) is an Abelian group.

REMARK 60. Recall Example 11, it shows that the exponential function exp is
well defined on the quotient space ¥ := X;.

Since each (A) € ¥ has a unique left (or right) irreducible element A; (or A;)
such that A ~; A; (or A ~, [11), in general, we can use the irreducible element,
which is also called the root element of an equivalent class, as the representation of
this class. But this is not compulsory.

For notational and statement ease, hereafter we consider Eﬁ only unless elsewhere
stated. As a convention, the omitted script ( “¢” or“r ”) means ¢. For instance,
= Zﬁ, ~=nrvy, (A) = (A4), etc.
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3. Topology on M-equivalence Space.

3.1. Topology via Sub-basis. This subsection builds step by step a topology
on quotient space ¥, using a sub-basis.

First, we consider the partition (32), it is natural to assume that each M, is a
clopen subset in M, because distinct u’s correspond to distinct shapes of matrices.
Now inside each M,, we assume [, fi, € N are co-prime and g, /pt; = p. Then

M, = U Miw
i=1

where
i o
MM_Miquin 1—1,2,---.

Because of the similar reason, we also assume each ./\/l; is clopen.
Overall, we have a set structure on M as

M= Umi (58)

neQy i=1

DEFINITION 61. A natural topology on M, denoted by T, consists of
(1) a partition of countable clopen subsets ML, peQi,ieN;

(2) the conventional Euclidean R Ryt topology for ML

Then M becomes a topological space. Moreover, it is obvious that (M, Ty) is a
second countable Hausdorff space.
Next, we consider the quotient space

Smi= M/~
It is clear that
Sm={J (59)
HEQy

Moreover, (59) is also a partition. Hence each ¥,, can be considered as a clopen subset
in Y. We are, therefore, interested only in constructing a topology on each X,,.

DEFINITION 62.

(1) Consider M}, as an Euclidean space Ri“#uks with conventional Euclidean
topology. Assume o; # () is an open set. Define a subset s;(0;) C X, as
follows:

(A) € si(0;) & (AyNo; #0. (60)
(2) Let

O; = {0; | 0; is an open ball in ML with rational center and rational radius}.
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(3) Using O;, we construct a set of subsets S; C 2%« as
S; :={s; | $; = si(0;) for some 0; € O;}, i=1,2,---.

Taking S = U2,S; as a topological sub-basis, the topology generated by S
is denoted by T, which makes

(X, T)

a topological space. (We refer to [29] for a topology produced from a sub-
basis.)

Note that the topological basis consists of the set of finite intersections of
s; €8;,i=1,---,t, t < o0.

S1 N 59
Fic. 3. s; Nsj: An Element In Topological Basis
REMARK 63.

(1) It is clear that 7 makes (3,,7) a topological space.
(2) The topological basis is

B:= {Silmsizﬁ.”msiT|Sij ESij; j=1,---,r 7‘<oo}. (61)

(3) Fig. 3 depicts an element in the topological basis. Here 0y € Mf“ 0o € ./\/lft
are two open discs with rational center and rational radius. Then s;(01) and
s2(09) are two elements in the sub-basis, and

81ﬂ82:{<A> ‘ <A>ﬂ0i7’é@, i=1,2}

is an element in the basis.

THEOREM 64. The topological space (X,,,T) is a second countable, Hausdorff (or
T>) space.

Proof. To see (X, T) is second countable, It is easy to see that O; is countable.
Then {O;]i = 1,2,-- -}, as countable union of countable set, is countable. Finally, B,
as the finite subset of a countable set, is countable.

Next, consider (4) # (B) € £,,. Let Ay € (4) and B; € (B) be their irreducible
elements respectively. If A, By € ML for the same i, then we can find two open sets
0 # 04, 0p C ML, 04 Nop = B, such that A; € o, and By € 0p. Then by definition,
54(04) N sp(op) = 0 and (A) € s,, (B) € sp.

Finally, assume A; € ML, By € ./\/lft and i # j. Let t =iV j. Then

Ayyy=A1 @1 € Mfu Bijj=B1®1; € MZ
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Since A;/; # By, we can find 04, 0 C Mf“ 0q,Nop =0 and Ay € 0 and By € op.
That is, s4(04) and sp(0p) separate (A) and (B). O

If we consider

M= ] Mo, (62)

i=1j=1
as a product topological space, then T is the quotient topology of the standard product
topology on the product space M defined by (62). (We refer to [48] for product
topology.)

3.2. Bundle Structure on M,,.

DEFINITION 65 ([27]). A bundle is a triple (F,p, B), where E and B are two
topological spaces and p : E — B is a continuous map. E and B are called the total
space and base space respectively. For each b € B, p~1(b) is called the fiber of the
bundle at b € B.

Observing the two topologies Ty and T constructed in previous subsection, the
following result is obvious:

PROPOSITION 66. (M, Pr,%,,), is a bundle, where Pr is the natural projection,
i.e.,

Pr(4) = (4)
M,
20 B
M2 2
; By
Mf
1 H
|
i
M2 Az i Pr
. A 1
Mg ‘ }
! I
3 :
|
M} i |
! 1 E“
(4) (B)

F1G. 4. Fiber Bundle Structure

REMARK 67.

(1) Of course, (M, Pr,X ) is also a bundle. But it is of less interest because it
is a discrete union of (M, Pr,3,), 1 € Q4.

(2) Consider an equivalent class (A) = {A;, As,---} € ¥,, where A; is irre-
ducible. Then the fiber over (A) is a discrete set:

ProY((A)) = {A;, Ay, Az, -+ }.

Hence this fiber bundle is named discrete bundle.

(3) Fig. 4 illustrates the fiber bundle structure of (M,, Pr,X,). Here A; € (A)
and B; € (B) are irreducible 4; € M; and By € ./\/lﬁ Their fibers are
depicted in Fig. 4.
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We can define a set of cross sections [27] ¢; : 3, — M, as:
CZ(<A>) = Ai, i=1,2,'-' . (63)

It is clear that Proc; = 1g,, where 1y, is the identity mapping on X,,.
Next, we consider some truncated sub-bundles of (M, Pr,%,,).

DEFINITION 68. Assume k € N.
(1) Set

Mbk] = {men | Mpxn € M#? and m|k,uy} (64)

Then ./\/lh’k] is called the k-upper bounded subspace of M,,.
(2) Eh’k] = Mh’k]/ ~ is called the k-upper bounded subspace of 3.

The natural projection Pr : ./\/l,[;’k] — Z,[;’k] is obviously defined. Then we have
the following bundle structure.

PROPOSITION 69. (Mh’k},Pr, Eh’k]) is a sub-bundle of (M, Pr,3,,). Precisely

speaking, the following graph (65) is commutative, where m and 7' are including map-
pings. (65) is also called the bundle morphism.

M T M,
Pr Pr (65)

’
™

s T w,

REMARK 70.
(1) In a truncated sub-bundle there is a maximum cross section Mypxrq and a
minimum cross section (i.e., root leaf) M,y,, where p, ¢ are co-prime and

p/q=p.

(2) Let Mypxrq, ™ =11, , 4 be a finite set of cross sections of (M, Pr,%,).
Set k =141 Vis V--- Vi, then there exists a smallest truncation Zb’k], which
contains M, pxrq, © =11, -, as its cross sections.

DEFINITION 71.
(1) Define

M= I e M| ks,

which is called the k-lower bounded subspace of M,,.
(2) Define the quotient space

k,] . k,-
sl i= mlkl)

which is called the k-lower bounded subspace of 3,,.
(3) Assume a|8. Define

a,p] . a,: B
M M\ M

which is called the [o, §]- bounded subspace of M,,.
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(4) Define the quotient space
a,p] . a,f
Sleohl = MleBl)
which is called the [, 5]-bounded subspace of X,,.

REMARK 72. Proposition 69 is also true for the two other truncated sub-bundles:
(Mﬂc"],Pr, EHC"]> and (MLO"m,PT, ELO"B]) respectively. Precisely speaking, in (65)

if both Mﬁ’k] and Eﬁ’k] are replaced by Mﬂc"] and EEC"] respectively, or by MLO"[B]
and ELQ’B ) respectively, (65) remains commutative.

3.3. Coordinate Frame on X,. It is obvious that (X,,H) is an infinite di-
mensional vector space. Since each (A) € X, has finite coordinate expression, we
may try to avoid using a basis with infinite elements. To this end, we construct a
set of “consistent” coordinate frames as {O1,Oa, -+ }. Then (A) can be expressed by
Ay € Span{O;}, Az € Span{0;;1}, and so on. Moreover, O; C O;41 is a subset (or
O; is part of coordinate elements in O;1). Then it seems that (A) can always be
expressed in O; no matter which representative is chosen. The purpose of this sec-
tion is to build such a set of consistent coordinate sub-frames, which forms an overall
coordinate frame.

Assume A, € My, Ag € Mﬁ, Ay ~ Ag, and «|f, then A, ® I, = Ag, where
k = /a. Recall that the order determined by this space-subspace relation is denoted
as

Mo C M. (66)
One sees easily that we can define an embedding mapping bdy, : Mj; — Mﬁ as
bdp(A) := A® I. (67)

In this way, MJ; can be considered as a subspace of Mﬁ

In the following we construct a proper coordinate frame on Mﬁ, which makes
M, its coordinate subspace, that is, M is generated by part of coordinate variables
of Mﬁ To this end, we build a set of orthonormal basis on Mﬁ as follows:

Assume p = p,, and ¢ = . Splitting C' € Mﬁ into ap x aq blocks, where each

block is of dimension k x k, yields

Ol’l 01,2 . Cl,aq
C= :
corl a2 .. (Copog
Then for each CT+7 € My« we construct a basis, which consists of three classes:
e Class 1:
AZI,JJ = (bupw) € Mixk, 1i# 7, (68)
where

1, u=i,v=y

b =
“r { 0, otherwise.

That is, for (I, J)-th block, at each given non-diagonal position (i, j), set it
to be 1, and all other entries to be 0.
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e Class 2:
1
DI = —1]7. 69
\/% k ( )
That is, at each (I, .J)-th block, set DI/ = ﬁ*”f as a basis element.
e (Class 3:
1
Bl = —— diag [1,---,1,—(t—=1),0,---,0 |, t=2,--- k (70)
tt—1) —— ——
t—1 k—t

That is, set Etl /" as the rest of basis elements of the diagonal subspace of
(I,.J)-th block, which are orthogonal to D’”.
Let A, B € My, xn. Recall that the Frobenius inner product is defined as [24]

(Al B)rp Zzai,jbi,j. (71)
=1 j=1

Correspondingly, the Frobenius norm is defined as
[AllF == V(A A)p. (72)

If (A| B)r =0, then A is said to be orthogonal with B.
Using Frobenius inner product, it is easy to verify the following result.

ProrosiTION 73.
(1) Set
BI7 {A” 1<i+#j<k D, Etl’J,t:2,~-~,k}, (73)

7,7

then B/ is an orthonormal basis for (I,.J)-th block.
(2) Set

B:= {BI’J|I:1,2,---,ap; J=1,2,-,aq},

then B is an orthonormal basis for ./\/lg

(3) Set
D := {DI’J [I=1,2,---,ap; J=1,2,--- ,aq},
then D is an orthonormal basis for subspace My, C ij
EXAMPLE 74. Consider Mf/Q C ./\/1111/2. For any A € ./\/1411/2, we split A as

Al,l A1’2 A1,3 A1,4
A= A2 A22 A23 g24|-

Then we build the orthonormal basis block-wise as

,J 7 |0 1 5,7 |0 O o 1110 g 11 0
e O i R B A I a1 P 3
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The orthonormal basis as proposed in Proposition 73 is
B={B" |I=1,2; J=1,2,3,4}.

Assume A € Mﬁ and C € Mj and ak = 3. Using (73), matrix A can be
expressed as

k
=SS (S sl v ant s St
L7 \# | 7 t=2

When M7 is merged into Mﬁ as a subspace, matrix C' can be expressed as

C=> > d D"
I J

DEFINITION 75. Assume C' = (¢;,j) € M, and 8 = ka. The embedding mapping
bdy : C — C ® I}, is defined as

bdy(C)rg = Vker DV T=1,- apy,; J=1,---,ap,. (74)

To be consistent with this, we define the projection as follows:

DEFINITION 76. Assume A = (A7) € M5, where 8 = ko and A"/ = (Aff) €
Mk The projection pry : ./\/lﬁ — Mﬁ is defined as

pri(A) = C = (cr,.5) € My, (75)
where
cry= 1 i ALY
L= 7 2 dd

According to the above construction, it is easy to verify the following:

PROPOSITION 77. The composed mapping pry o bdy, is an identity mapping. Pre-
cisely,

pri © bdk(C) =C, VCe¢ Mﬁ (76)

3.4. Inner Product on ¥,. Let A = (a;;), B = (bij) € Mpxn. It is well
known that the Frobenius inner product of A and B is defined by (71), and the
Frobenius norm is defined by (72).

The following lemma comes from a straightforward computation.

LEMMA 78. Let A, B € My,xn. Then

(AIy | BRIx)p =k(A| B)r. (77)
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DEFINITION 79. Let A, B € M,,, where A € Mj; and B € Mﬁ Then the
weighted inner product of A, B is defined as

1

where t = oV [ is the least common multiple of v and .
Using Lemma 78 and Definition 79, we have the following property.

PROPOSITION 80. Let A, B € M,,, if A and B are orthogonal, i.e., (A| B)r =
0, then A® I¢ and B ® I¢ are also orthogonal.

Now we are ready to define the inner product on ¥,,.

DEFINITION 81. Let (A), (B) € ¥,,. Their inner product is defined as
(A [ (B)):=(A] B)w. (79)

The following proposition shows that (79) is well defined.

PROPOSITION 82. Definition 81 is well defined. That is, (79) is independent of
the choice of the representatives A and B.

Proof. Assume A; € (A) and By € (B) are irreducible. Then it is enough to
prove that

(A Bljw = (A1 | Bi)w, Ae(d), Be(B). (80)
Assume A; € M, and B € Mﬁ Let
A=A @l e MS, B=B @I, e M)
Denote by t = a VvV 3, s = af V fn, and s = t£. Using (78), we have

(A] By = (A®Ia_ss |B®Iﬁ)p

® | = ®» |

(A1®I§ |BI®I%)F
1
:g

1
:g(/h@]é |B1®I%)F
— (4| B)w. O

(Al ®I§ ®Ig|Bl®I% ®Ig)F

DEFINITION 83 ([44]). A real or complex vector space X is an inner-product
space, if there is a mapping X x X — R (or C), denoted by (x| y), satisfying

(1)
(z+ylz)=(]|2)+W|2), =zvyzeclX.
(2)
(x|y) =),

where the bar stands for complex conjugate.
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(az |y)=alz|y), a€R (orC).

(x]x) >0, and (x| x) #0if z # 0.

By definition it is easy to verify the following result.

THEOREM 84. The vector space (X,,,H) with the inner product defined by (79) is
an inner product space.

Then the norm of (A) € ¥, is defined naturally as:

[ (A} [ == v ((4) | (A)). (81)
The following is some standard results for inner product space.

THEOREM 85. Assume (A),(B) € X,. Then we have the following
(1) (Schwarz Inequality)

[(€A) | (BYI< (A I(B) I (82)

(2) (Triangular Inequality)

(A HB) | < (1A T+ 11(B) 5 (83)

(3) (Parallelogram Law)

€AY H(BY [ + | (A4) = (B) |17 = 2]l (A4) I + 21| (B) |I*. (84)

Note that the above properties show that X, is a normed space.
Finally, we present the generalized Pythagorean theorem:

THEOREM 86. Let (A), € ¥, i =1,2,--- ,n be an orthogonal set. Then

1Ay H- (At b (A, 17 = (A 1+ A, [P+ + 1 Anl®. (85)

A natural question is: “Is 3, a Hilbert space?” Unfortunately, this is not true.
This fact is shown in the following counter-example.

ExAMPLE 87. Define a sequence of elements, denoted as {(A)k ‘ k=1,2,--- },
as follows: A; € ./\/lllt is arbitrary. Define Ay inductively as

A1 = A4 @ L+ B e M2, k=1,2,---,

where E, = (eij) € ./\/lftk1 (s > 2) is defined as

s 3, i=1,j=2,
oS —
0, Otherwise.
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First, we claim that {(A), := (A) | k=1,2,---} is a Cauchy sequence. Let
n > m. Then

L SR R (86)
— 2m+1 on — 2m

Then we prove by contradiction that it does not converge to any element. Assume
it converges to (Ag), it is enough to consider the following three cases:
e Case 1, assume Ag € ./\/li and Ay = Asy1. Then

o) F (Assodll = [{Aua) F (Assodll = 53

Similar to (86) we can prove that

1
||<A0>F<At>||>ﬁ, t> s+ 2.

Hence the sequence can not converge to (Ag).
e Case 2, assume Ag € j\/li and Ay # Asy1. Note that Ag - Asyq is orthogonal
to Esio, then it is clear that

1{Ao F Ast2) | > [I(Ao = Asta)]l -

Note that by construction we have that as long as ¢t > s + 2 then A; — Az
and Ay — Asy1 are orthogonal. Using generalized Pythagorean theory, we
have

140 - Al = \/[{Ao b Agi) (g1 b A

= V(Ao F A ) + [(Agia F AP
> [ (Ao Asy1) || >0, t>s+2.

Hence the sequence can not converge to (Ap).
e Case 3, Ap € Mﬁsg, where £ > 1is odd. Corresponding to Case 1, we assume
Ao = As41 ® I¢. Then we have

[(Ao F Asi2) || = [(As+1 @ Ie b (Asi1 @ Ia + Esy2) ® I ||

[(Es+2) @ I¢)||
1
2s+2 :

and

1
H<A0|—At>”>ﬁ7 t>s+2.

So the sequence can not converge to (Ap).
Corresponding to Case 2, assume Ay # As41 ® I¢. Using Proposition 80, a
similar argument shows that the sequence cannot converge to (Ag) too.
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3.5. ¥, as a Metric Space. Using the norm defined in previous section one
sees easily that X, is a metric space:

THEOREM 88. X, with distance
d({4),(B)) == [[{(A) = (B) [l, (4), (B) €, (87)
18 a metric space.

THEOREM 89. Consider X,,. The topology deduced by the distance d, denoted by
Ta is exactly the same as the topology T defined in Definition 62.

Proof. Assume U € T4 and p € U. Then there exists a ball B.(p) such that
B.(p) C U, where € > 0. Assume p = (Ap) and Ay € M, = Mo, xsp, -

Now we can construct a ball Bs(Ag) C M;,, where 6 > 0. Note that Bs(Ao) is a
sub-basis element of 7, and hence is an open set in (X,,7). By continuity, as § > 0

small enough, g € Bs(Ap) implies d(q, Ap) < e. That is,
Bs ((Ao)) C Be(p) C U,

which means U € 7. Hence, Tg C T.
Conversely, assume g € V' € T. Then there exists a basic open set s;N---Ns,. € T
such that g € sy N---Ns,. € T. Express

q:{Al7 A27 Tty AT"'}7

where A; € s; C M5, i =1,---,r. For each A;, we can find B ((4;)) C s;, where

€ >0,i=1,---,r. Choosing §; > 0 small enough such that
Bj, ((Ai)) C BL,({(A))) Csiy i=1,--- 7

Then we have
ae (B ((4) € Ta.
i=1

That is, V € T4. Hence, T C Tg.
We conclude that 73 = 7.0

DEFINITION 90 ([15]).

(1) A topological space is regular (or T3) if for each closed set X and « ¢ X there
exist open neighborhoods U, of x and Ux of X, such that U, N Ux = 0.

(2) A topological space is normal (or Ty) if for each pair of closed sets X and YV
there exist open neighborhoods Ux of X and Uy of Y, such that UxNUy = ().

Since a metric space is regular and normal, as a corollary of Theorem 89, we have
the following result.

COROLLARY 91. The topological space (3,,T), defined in Definition 62, is both
regular and normal.

Note that

Ty = T3 = Ts.
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Finally, we show some properties of 3.
PROPOSITION 92. ¥, is convex. Hence it is arcwise connected.

Proof. Assume (A), (B) € ¥,,. Then it is clear that
AMA)HL—-X)(B) = (MH1-NB) € X,, Xel0,1].
So ¥, is convex. Let A go from 1 to 0, we have a path connecting (A4) and (B). O
PROPOSITION 93. ¥, and ¥/, are isometric spaces.
Proof. Consider the transpose:
(A) = (AT).
Then it is obvious that
d((A),(B)) = d ((AT) (BT)).
Hence the transpose is an isometry. Moreover, its inverse is itself. O
3.6. Subspaces of ¥,,. Consider the k-upper bounded subspace Eh’k}. We have
PROPOSITION 94. Eﬁ’k] 1s a Hilbert space.

Proof. Since Eh’k] is a finite dimensional vector space and any finite dimensional
inner product space is a Hilbert space [14], the conclusion follows. O

PROPOSITION 95 ([14]). Let E be an inner product space, {0} # F C E be a
Hilbert subspace.
(1) For each x € E there exists a unique y := Pr(z) € F, called the projection of
x on F', such that

e =yl = min [l - =] (88)
(2)
F+ = P.0) (89)

18 the subspace orthogonal to F'.

(3)
E=FaF* (90)
where @ stands for orthogonal sum.
Using above proposition, we consider the projection: Pr : X, — Eh’a]. Let
(A) € Zﬁ. Assume (X) € ¥, t = aV 3. Then the norm of (4) - (X) is:
IK4) F OO = 214 s = X @ Tyl 1)

Set p = fiy ¢ = g, and k :=t/a. We split A as

Ain Ao o Aige
Az Az - Asga
A & It/ﬁ = . ’

Apa,l Amﬂ Apayqa
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where A; ; € Mpxp,i=1,--- ,po; j=1,---,qo. set
C := argmin, c5q |A® L5 — X @1y - (92)

Then it is easy to calculate that
1
Cij = trace(4;;), t=1,---,pa; j=1,---,qa. (93)

We conclude that

PROPOSITION 96. Let (A) € ¥,,, Pr: ¥, — Eh’a]. Precisely speaking, (A) € 5.
Using the above notations, the projection of (A) is

Pp((4)) =(C), (94)
where C is defined in (93).
We give an example to depict this.

ExXAMPLE 97. Given

1 2 -3 0 2 1
A=12 1 -2 -1 1 0|exi,.
0 -1 -1 3 1 -2

We consider the projection of (A) onto Eg.’g]. Denote t = 2V 3 = 6. Using formulas

(93)-(94), we have
ey = (s _ys 00 o))

(E) = (A) F Pr((A)),

Then we have

where
00 2 0 -3 0 -1/3 0 2 0 1 0
0 0 O 2 0 -3 0 -1/3 0 2 0 1
B 2 0 0 0 -2 0 -1 0 2/3 0 0 0
10 2 0 4/3 0 -2 0 -1 0o 2 0 0
00 -1 0 -2/3 0 3 0 1 0 -1 0
00 0 -1 0 —2/3 0 3 o 1 0 -1

It is easy to verify that (F) and (A) are mutually orthogonal.

We also have Eﬂc"] and ZLO"[B] (where «|3) as metric subspaces of X,,.

Finally, we would like to point out that since 3, is an infinity dimensional vector
space, it is possible that ¥, is isometric to its proper subspace. For instance, consider
the following example.

ExAMPLE 98. Consider a mapping ¢ : ¥, — Eﬂc"] defined by (A) — (A ® I}).

It is clear that this mapping satisfies

(A F (B[ = lle((A) F (BN, (A),(B) € X

That is, M, can be isometrically embedded into its proper subspace.
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4. Differential Structure on M-equivalence Space.

4.1. Bundled Manifold. Unlike the conventional manifolds, which have fixed
dimensions, this section explores a new kinds of manifolds, called the bundled mani-
fold. Intuitively speaking, it is a fiber bundle, which has fibers belonging to manifolds
of different dimensions. To begin with, the following definition is proposed, which is
a mimic to the definition of an n-dimensional manifold [1].

DEFINITION 99. Let {M, T} be a topological space.

(1) An open set U # () is said to be a simple coordinate chart, if there is an open
set © C R® and a homeomorphism ¢ : U — © C R?®. The integer s is said to
be the dimension of U.

(2) An open set U # () is said to be a bundled coordinate chart, if there exist
finite simple coordinate charts U; with homeomorphisms ¢; : U; — ©; C R%,
1=1,---,k, k <ooisset U depending, such that

(3) Let U, V be two bundled coordinate charts. U = N, U;, V = ﬁ?ile.
U and V are said to be C" comparable if for any U; and Vj, as long as
their dimensions are equal, they are C" comparable. (Where r could be oo,
that is they are C'°° comparable; or w, which means they are analytically

comparable.)

REMARK 100. In Definition 99 for a bundled coordinate chart U = ﬂle Us;, we
can, without loss of generality, assume dim(U;), i« = 1,--- ,k are distinct. Because
simple coordinate charts of same dimension can be put together by set union U.
Hereafter, this is assumed.

yeV
D
1
¥ W)
1
o ! T
zeU Q{)

Fic. 5. Multiple Coordinate Charts

To depict the bundle coordinate chart, we refer to Fig. 5, where two bundled
coordinate charts U and V are described. Note that U = Uy NUy and V = V3 N Vs,
where Uy, Uy, Vi, Vo are simple coordinate charts. Also, U and V are coordinate
neighborhoods of x and y respectively. Next, we assume that dim(Usz) = dim(V;) = s,
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UsnNVy # 0, and Uy NVy = (. U and V are C" comparable, if and only if the two
mappings

po¢ i g(U2NV1) = p(U2NV1) and ¢podp™! 1 9p(U2 N V1) —= (U2 NVA)

are C". As a convention, we assume dim(U;) # dim(Us), dim(V;) # dim(V%).

DEFINITION 101. A topological space M is a bundled C" (or C*°, or analytic,
denoted by C*) manifold, if the following conditions are satisfied.

(1) M is second countable and Hausdorff.

(2) There exists an open cover of M, described as

CZ{U>\|)\EA},

where each Uy is a bundled coordinate chart. Moreover, any two bundled
coordinate charts in C are C" comparable.
(3) If a bundled coordinate chart V' is comparable with Uy, YA € A, then V € C.

It is obvious that the topological structure of 3, with natural (RiQ“y“z) coor-
dinates on each cross section (or leaf) meets the above requirements for a bundled
manifold. Hence, we have the following result.

THEOREM 102. X, is a bundled analytic manifold.

Proof. Condition 1 has been proved in Theorem 64. For condition 2, set p = j,,
q = p; and

Op =My, k=12
Choosing any finite open subset o,, C O;, s = 1,2,---,t, t < oo, and con-
structing corresponding s(o;, ), ,$(0;,). Set Ur := s(0;,) N --- N s(0;,), where

I ={iy,ia, -+ ,it}. Define
W :={Uy |; 1 is a finite subset of N}.

Then W is an open cover of M. Identity mappings from s(o;) — M, ~ R7** makes
any two Ur and Uy being C* comparable. As for condition 3, just add all bundled
coordinate charts which are comparable with W into W, the condition is satisfied. O

Next, we consider the lattice-related coordinates on XJ,,.
Consider ¥,, and assume p = ji, and ¢ = pt,. Then ¥, has leafs

Sp={M,i=1,2,---},

where ML = Mipxiq-

Consider an element (z) € X, then there exists a unique irreducible z; € (z)
such that (z) = {z; =71 ®[; | j =1,2,---}. Now assume z; € M;. As defined
above, M3, is the root leaf of (z).

It is obvious that (x) has different coordinate representations on different leafs.
But because of the subspace lattice structure, they must be consistent. Fig. 6 shows
the lattice-related subspaces. Any geometric objects defined on its root leaf must be
consistent with its representations on all embedded spaces and projected spaces.

As shown in Fig. 6 the following subspaces are related:
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Mks — imbedding
n

Alrt T(r:\_
1z
]w?s \ IZ
I3
(1) /
x
M2
o
M AN
" ! /Ilm
M!
" 207
M2 g
I

= v
M .

x ———=project

Fic. 6. Lattice-related Coordinates

e Class 1 (Embedded Elements): Starting from z! € My, we have

ot <a? <2t <,

e Class 2 (Projected Elements): Let 2(Y) € M, where t[s. Then

z® < 2t

Particularly, z(*) € ./\/lllt satisfies

x(l) < a:l.

e Class 3 (Embedded Elements from Projected Elements): Starting from any

z® | t|s, we have

20 L 20 L B0 L

REMARK 103.

(1)
(2)

Classes 1-3 are the set of coordinates, which are related to a given irreducible
element x.

Elements in Class 1 are particularly important. Say, we may firstly define a
root element on My, such as Ay € Mj,. Then we use it to get an equivalent
class, such as (A), and use the elements in this class to perform certain
calculation, such as STP. All the elements in the equivalent class, such as
(A), are of Class 1.

The elements in subspace and their equivalent classes are less important.
Sometimes we may concern only the elements of Class 1, say for STP etc.
The subspace elements obtained by project mapping may not be “uniformed”
with the object obtained from the real subspaces of the original space. More
discussion will be seen in the sequel.

Because of the above argument, sometimes we may consider only the equiva-
lent classes which have their root elements defined on their root leaf. There-
fore, the objects may only be defined on the multiple of the root leaf (root
space).
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4.2. C" Functions on X,.

DEFINITION 104. Let M be a bundled manifold, f : M — R is called a C”
function, if for each simple coordinate chart U C My, flu := fs is C". The set of C"
functions on M is denoted by C"(M).

Assume f € C"(2,), A, B € M, and A ~ B. Then f is well defined on X,
means it is defined on different leafs consistently, and hence on leafs corresponding to
A and B we have f(A) = f(B). To this end, the f can be constructed as follows:

DEFINITION 105. Assume f is firstly defined on root leaf M7, as fs(z). Then we
extend it to other leafs as:
e Step 1. Let @ = {t € N | t|s}. Then

fi(y) = fo(w = bdi(y)), (95)

where k = 7 € N,
e Step 2. Assume ged({,s) =t. If £ = ¢, fo = fi has already been defined in
Step 1. So we assume ¢ = kt. Then

fu(y) == fi(z = pri(y)). (96)
Note that in Step 2, ¢t = s is allowed.
Then it is easy to verify the following:

PRrROPOSITION 106. The function f defined in Definition 105 is consistent with
the equivalence ~. Hence it is well defined on X,,.

EXAMPLE 107. Consider Y5, and assume f is defined on its root leaf M3 firstly

as
ai;r a2
fo [ |92 922 | = aniass — assam
az1  as2
a41 Q42

Then we can determine the other expressions of f as follows:

e Consider fi:
()-8 o)

e Consider f3. Let A = (a; ;) € M3. Then

f3(A) = fi(prs(A)) = f1 ([5(a11 + a2 + asz)3(aa1 + as2 + a3)])

1
= §(a11 + a2 + CL33)2-

Similarly, for any n = 2k — 1 we have

1
fn(A) = 3 (a11 + asa + - + ann)”.
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e Consider f4. Let A= (a; ;) € M3. Then

%(041 + az) %(aw + az)

- f ?(Gsl + as2) ?(ags + a44)
?(061 + ag2) %(053 + ags)
s(ar +ag2)  5(ars + ass)

1
=1 [(a11 + ag2)(ass + ass) — (as3 + aes)(ar1 + asz)] -
Similarly, for n = 2k (k > 2) we have
1
fn(A) = ﬁ [(au +agg + -+ akk)

(@k+1,k+1 + Qhtokr2 + o + a2 2k)
— (@2k41,k+1 + Q2k2, k42 + o+ azk2k)
(@3k+1,1 + a3kt2,2 + -+ + Gap,i)] -
REMARK 108. For a smooth function f defined firstly on Mj,, its extensions to
both Mh’s] and ./\/l,[LS I are consistently defined. Hence, f is completely well posed on
Xu

4.3. Generalized Inner Products. We define the generalized Frobenius inner
product as follows.

DEFINITION 109. Given A € My« and B € My yq.
Case 1 (Special Case): Assume p = rm and ¢ = sn. Split B into equal blocks as

Biy1 Bia2 -+ DBigs
By1 Bao -+ Doy
Br,l BT,Q T Br,s

where B; ; € Myxpn, i =1,---,7; j=1,---,s. Then the generalized Frobe-
nius inner product of A and B is defined as

(i'ng)F (ﬁ|g1,2)p e (i|g1,s)p
(4| B)r (Al :271)F (A[B22)p -+ (AlB2s)p o7)
(A|BT,I)F (AlBr,2)F T (A|BT75)F

Note that here (A|B; ;)r is the standard Frobenius inner product defined in
(71).

Case 2 (General Case): Assume A € M,,x, and B € My, and let the great
common divisor of m, p be &« = m A p, and the great common divisor of n, ¢
be 3 =nAq. Denote by ¢ =m/a and n =n/B, r = p/a and s = ¢/S. Then
we split A into £ x n blocks as

A A - Agy
As1 Ago -+ Aoy

Aen Aep o Agy
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where A; ; € Maxg, i =1,---,& j=1,---,n. Then the generalized Frobe-
nius inner product of A and B is defined as

(jLﬂg)F (i1,2|g)p (iLn'g)F
(4| Byr ( 2,1:| Jp (A22|B)p - (A2y[B)p (08)
(Ae1|B)p (Ae2|B)p -+ (AenlB)p

Note that here (A4; ;|B)r is the (Case 1) generalized Frobenius inner product
defined in (97).

ExXAMPLE 110. Let

and

=11 0] e
A_[1 20 1}6/\40-5’
10
—1 2 )

B: 1 O €M3/2.
1 -1

Note that m =2, n=4,p =4, ¢ =2, o = ged(m,p) = 2, 8 = ged(n,q) = 2. Then
we split A and B as follows

A= [Al,l A1,2} , B= {Bl’l] )

By

were A; j, Bre€ Maxo,i=1,2; j=1,2; k=1,2; £ =1.
Finally, we have

1By = [l el 43

~ [(A1,1|B21)  (A12|B2q) -2 =2|°

DEFINITION 111. Assume A € Mj and B € ./\/lf Hy N Xy =8, te AN Ay =1,

Py
S

oy = s and 0, = t.

=m, Bt =n, )‘Ty = p, )‘71 = ¢. Since s, t are co-prime, denote o = s/t, then
Split A as
Ain A o Al
A Asqr Az - A, ,
Ami1 Amaz - A

where A; ; € Mg; and split B as

Bii1 Bia -+ Big

B— le By - DBay

BpJ BP12 prq
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where B; ; € M?. Then the generalized weighted inner product is defined as

(Aia|Bia)y - (A1a|Big)y
(A21|Ba1) -+ (A2,1|Bayg)
(A| Byw = | . v v
(Am,llB 71)1/{/ e (Am,1|BP;Q)W (99)
(A1nlBi1)y - (AinlBig)y
(A2n|B2p)y, - (A2n|B2g)y
(Am,n|B;071)W (Am,n|prq)W

where (A; ;| By s) are defined in (78).

DEFINITION 112. Assume (A) € ¥, and (B) € ¥. Then the generalized inner
product of (A) and (B), denoted by ((A) | (B)), is defined as

((4) [ (B)) == ((A]| B)w). (100)

Of course, we need to prove that (100) is independent of the choice of represen-
tatives A and B. This is verified by a straightforward computation.

Next, we would like to define another “inner product” called the §-inner product,
where § € Q4. First we introduce a new notation:

DEFINITION 113. Let p,d € Q4, p is said to be superior to 9, denoted by
>0,
if 8y |y and Oz ey
The ¢ inner product is a mapping (-|') : U,s.5 Zu X U, 56 Zp = Zs.

DEFINITION 114. Assume A € M, B € /\/lf and pu > 6, A > . Denote
Wy/Oy =&, pa/0c =n, N\y/dy = (, and A\, /0, = £, then the d-inner product of A and
B is defined as follows: Split

(A1 Are - Ayl
A1 Asa -+ Aoy
A= . ,
[Aenr Agz o0 Ay
where 4; ; € M$, and
[(Bi1 Bia -+ BiJ]
By1 Bzo -+ DBy
B = . ,
[ B¢ Bega o+ Bel

where B; ; € ./\/l'f;3 . Then the J-inner product of A and B is defined as

Cip Cip -+ Ciy
Co1 Coo -+ Chy

(A|B)s = , (101)

Cen Ceo -0 Cey
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where
(Aij|Biw  (Aij[Big)w -+ (Aij|Brow
(Aij|B2)w  (Aij|Ba2)w -+ (Aij|Baow
0,5 - . (102)
(Aij|Be)w  (AijlBea)w -+ (Aij|Beow

DEFINITION 115. Assume (A) € ¥, and (B) € Xy, where p > 6 and A > ¢.
Then the é-inner product of (A) and (B) is defined as

((A) | (B))s :==(A|B)s, Ae(A), Be(B). (103)

REMARK 116.

(1) Tt is easy to verify that (103) is independent of the choice of A and B. Hence
the d-inner product is well defined.

(2) Definition 111 ( or Definition 112 ) is a special case of Definition 114 (corre-
spondingly, Definition 115 ).

(3) Definition 109 cannot be extended to the equivalence space, because it de-
pends on the choice of representatives.

(4) Unlike the generalized inner product defined in Definition 111 (as well as
Definition 112 ), the §-inner product is defined on a subset of M (or X).

Using d-inner product, we have the following.

PROPOSITION 117. Assume ¢ : ¥, — X is a linear mapping. Then there exists
a matriz A € Mwy/\eruzA called the structure matriz of ¢, such that

p((A)) = (A[A),- (104)

x )

4.4. Vector Fields.

DEFINITION 118. Let M be a bundled manifold and T (M) the tangent space of
M.V :M—T(M)is called a C" vector field, if for each simple coordinate chart U,
V0 is C". The set of C” vector fields on M is denoted by V" (M).

We express a vector field in a matrix form. That is, let X € V" (M, x5 ). Then
m n a
X = ZZfi,j(fE)W = [fij(@)] € Mimxn.
i=1 j=1 J
Similar to smooth functions, the vector fields on M, can be defined as follows:

DEFINITION 119. Assume (X) is firstly defined on T (MfL) as Xs(), ie., Mj, is
the root leaf of (X). Then we extend it to other leafs as:
e Step 1. Let Q = {t € N| t[s}. Then for

Xi(y) := (pri), (Xs)(z = bdi(y)), (105)

where k = € N.



300 D. CHENG

e Step 2. Assume fAs=1t. If { =t, Xy = X; has already been defined in Step
1. So we assume £ = kt. Then!

Xo(y) = (bdy), (Xo)(z = pri(y)) © I (106)

Next, we consider the computation of the related expressions of a vector field,
which is originally defined on its root leaf.
e To calculate (105) we first set

rT=y® I (107)

to get Xq(x(y)) := Xs(y). Then we split X¢(y) into tp x tg blocks as X, =
[X%7], where each X7 € Myyy. Then X; = [X; ;] € Ty (Mypxiq), and

X, =Tr ([X]). (108)

e To calculate (106) we split y into tp x tq blocks as y = [y*/], where each
Yy € Mpxk. Then X;(y) is obtained by replacing z by @ = [z; ;] € Mipxeq
as

2y = Tr ([y*]) - (109)
It follows that
Xo(y) = Xe(y) ® I (110)
Then it is easy to verify the following:
PROPOSITION 120. The vector field X defined in Definition 119 is consistent with

the equivalence ~ Hence the equivalent class (X) is well defined on T (ELS]>

M-

REMARK 121. In fact, Proposition 120 only claims that the representations on
embedded supper spaces are consistent, which is obviously weaker than Proposition
106. Please refer to Remark 103 and the latter Remark 126 for the extension of (X)
to the projected subspace.

ExXAMPLE 122. Consider ¥; /5. Assume X is firstly defined on T (M%ﬂ) as

Xo(w) = F(z) = [F'(x) F*(x)],

where o = (2;;) € M7, and

S P ]

€1,3 T1,1

Then we consider the expression of X on the other cross sections:

Let M and N be two manifolds, and ¢ : M — N a smooth mapping, z € M, y € N, and
¢(xz) =y. Then
— ¢« Ty(N) — Tp(M), satisfying

P (X)h(y) = Lx (hop)(z), Vh(y) € CF(N), VX € Tu(M),

where Lx is the Lie derivative with respect to X;
— " Ty (M) — T,;(N), satisfying

" (@)Y = w(p«(Y)|z), VY € Ty(N), Yw € T (M).

We refer readers to [1] for concepts, and to [42] for computations.
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Consider X; € T (M%/Q). Set

Xiy) = [ily) )],
where y = (y1,¥2) € M 5. According to (105),

1

fiw) = 5 (Pl (bay) + Fi3 (a(0))) = 202,

2 3

and

(FL0da()) + F20:(0) = 501

N | =

fa(y) =
Consider X3 € T (M%m)- Set

X3(2) = (9i,(2)) € M3 5,

where z = (z; ;) € ./\/li’/?
Consider the projection prs : ./\/lf/2 — M}/Q:

pTg(Z) _ [21,1+Z?3,2+23,3 Zl,4+223,5+23,6] .

According to (106),
X3(z) = [G1(2), Ga(2)] @ I,

where

1
Gi(z) = filprs(2)) = 3 (z11+ 222+ 233+ 214+ 225+ 236) s

Ga(2) = falpra(2) = (211 + 220+ 203)

Similarly, for n = 2k — 1 we have

Xa(2) = [G1(2), Ga(2)] @ In € T (M)

1
Gi(2) = — (z1n+ 222+ + Znn2intl + 22042+ + Zn2n) s

2n

1
Ga(z) = o (2114 2224+ 2zZpn) -

Consider X, € M%/T Set

Xi(2) = (gi () € T (M)

where z = (2;,7) € M3, Consider the projection pra : M7, — M7 5

z1,1+%22,2 21,3+22,4 z1,5+%22.6 21,7+Z2,s:|

— 2 2 2 2
pra (Z) — | z31+tz42 23,3F%4,4 z3,5+24.6 23,7F%4,8
2 2 2 2

301
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According to (106),

k )
= 0.

G11(z2) Gia(z) Gis(z) a(z
X4(Z) - G2,1(2) G272(Z) G) (2) Gv7 (Z) ® I,
where
Gii(z) = %, Gio(z) = 0,
Gia(z) = 22724 Giu(z) = 0,
G21(2) = 0, Gao(z) = Zof2e,
Gzyg(z) = % G274(z) - 0.
Similarly, for n = 2k we have X,, € T (M’ll/z) as
G1 1(2) G1 2(2’) G1 3(2) Gy 4 2)]
X, (2) = , ; , . I..
) {Gz,l(Z) Gao(z) Gas(z) Gaalz)| ©7F
where
Gii(z) = Zadzatodiee
9 - k 5
GLQ(Z) = O7 . o
Gl,B(Z) = ZhELkdd Zk+2i€k+2 22k,2k ,
Gra(z) = 0,
Gao1(z) = 0,
G272(z) _ 21,2k+1+22,21;€+2+"'+Zk,3k ,
Ggyg(z) —  AatzattzZeg
(2)

4.5. Integral Curves.
DEFINITION 123. Let (§) € V"(X,) be a vector field. Then for each (4) € ¥,
there exists a curve (X (t)) such that (X(0)) = (A4) and

(X (1) = (&) (X)), (111)
which is called the integral curve of (£), starting from (A).

In fact, the integral curve of () is a bundled integral curve. Assume (A) = (Ay),
where Ay € My, xn, is irreducible. Here m, n may not be co-prime but m/n = pu. So
we denote Ay € MZ Then on this root leaf we denote

£ = NT (Mmxn),

and the integral curve of £*, starting from Ay is a standard one, which is the cross
section of the bundled integral curve (X) passing through Ag. That is, it is the
solution of

(112)

We may denote the solution as

X.(t) = ®§ (Ao). (113)
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Next, we consider the other cross sections of the integral curve, which correspond
to the cross sections of (§) respectively.

Recall Definition 119, we can get the cross sections of the bundled integral curve
on each leafs by using the cross sections of (£) on corresponding leafs. The following
result is then obvious:

THEOREM 124. Assume s|t. The corresponding cross section of the bundled
integral curve is the integral curve, denoted by

X,(t) = ® (bd(Ao)), k=7/s,
satisfying
Xo(t) = € (X,).
{XT(O) = bdi(Ao), (114)

where 7 is defined by (106).

Note that a cross section here is a mapping from base space to a leave such that
(63) holds.
Fig. 7 shows the integral curve and its projections on each leaf.

< A

1
\
Fic. 7. Integral Curve of Vector Field

The following result comes from the construction directly.

THEOREM 125. Assume A = (A) N MG, Ag = (A)N ML, £ = () NT (M%),
=N T(Mﬁ), and o = kB, k > 2. & is defined firstly on T(MZ), where
s|B. Then there exists a one-to-one correspondence between the two cross sections (or

corresponding integral curves). Precisely,
@ B B @
of (Aa) =pre [0 (ri4a)] . O (Ag) = bde [0 (bn(A5)].  (115)

Particularly, assume the vector field is a linear vector field and X, € M};, then
we have

O = (XF; [ Xo),, =1 mij=1n. (116)
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Moreover, on Mg, xsn, the cross section of the integral curve can be expressed by
modifying (116) as

<I>§j:<1)§;®ls, i::[’...,m;j:l,...’n' (117)

REMARK 126.
e Note that if (£) is firstly defined on T (MZ), t <sand k= s/t € N. Then

€@ is obtained through the following two steps: (i) Restrict &* on M, @ I,

as
£y = b)) = €1y,

(ii) Project &°(y = bdi(z)) onto the tangent space of the subspace

T(Mﬁ@]}c).

According to (ii), £®(A) does not correspond to £*(A ® I;). Hence, the
relationship demonstrated in Theorems 124 and 125 are not available for the
integral curves of £() and £° respectively.
Because of this argument, if (£) is firstly defined on T (MZ), where M7, is
the root leaf for (£), then we are mainly concerning the integral curves of £7
on T (M7,), where s|r.

e The projections of (£) = (£°) onto subspaces ¢() are useful in some other
problems. For instance, assume () is a constant vector field. Using notations
in Theorem 125, we set

D::Span{Dl’J‘Izl,-u ,ap; J =1,--- ,aq},

where D7 is defined in (69). Then the projection of £&# on D, denoted by
{763, is well defined. Moreover, (115) becomes

5" (40) = [0 (4]« 05 (43) = b [0 ()] . (118)

ExamMpPLE 127. Recall Example 107. Since it is a linear vector field, it is easy
to calculate that the cross section on Mayys can be expressed as in (116), where
Xo € Moy and

xti=[0 0 0 o) %a=[o 0 0 o)
S e N O R
R I IR K S |
o=l 0 1ol ¥i=lo 0 0 1)

Consider the cross section on Magya with X§ = Xo ® I, € (Xg). Then
le;:XEqJ@Ikv i1=1,2; j=1,2,3,4.

An integral manifold of an involutive distribution on T'(X,,) can be defined and
calculated in a similar way.
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4.6. Forms.

DEFINITION 128. Let M be a bundled manifold. w: M — T*(M) is called a
C" co-vector field (or one form), if for each simple coordinate chart U w|y is a C”
co-vector field. The set of C” co-vector fields on M is denoted by V*"(M).

We express a co-vector field in matrix form. That is, let w € V* (M, x5). Then

w=> > wij(@)du; = [wi;(@)] € Mpxn.

i=1 j=1

Similar to the construction of vector fields, the co-vector fields on X, can be
established as follows:

DEFINITION 129. Assume (w) is firstly defined on T* (M3) as w,(x), where M?,
is the root leaf of (w). Then we extend it to other leafs as:
e Step 1. Let Q = {t € N | t|s}.
wi(y) =k [(bd)" (ws)(z = bdi(y))] , (119)

where k = € N.
e Step 2. Assume L As=1t. If £ =t, wy = w; has already been defined in Step
1. So we assume ¢ = kt, k > 2. Then

wily) = [7)” (@)@ = prutu)) © T]. (120)

Similar to the calculation of vector fields, to calculate (119) we first set
=y I} (121)

to get ws(z(y)) := ws(y). Then we split w,(y) into tp x tq blocks as ws = [wl], where
each wl’? € My Then wy = [w; ;] € T;f (Mypxtq), where the entries are

wi; =Tr ([ng]) , i=1,--- tp;j=1,---,tq. (122)

To calculate (120) we split y into tp x tq blocks as y = [y*/], where each y*/ €
Mixk. Then wy(y) is obtained by replacing « by x = [2; ;] € Mypxiq as

zi5 = Tr ([y"7]) . (123)
It follows that

we(y) = % (wiy) ® Ix) . (124)

Then it is easy to verify the following:

PROPOSITION 130. The co-vector field (w) defined by Definition 129 is consistent
[57']

with the equivalence ~ }M[s,,]. Hence it is well defined on ¥,,".
n

DEFINITION 131. Let (w) € V*(X,) and (X) € V (X,). Then the action of (w)
on (X) is defined as

(W) (X)) = ((w) | (X)), - (125)

S

1> then we

Similar to vector field case, if the co-vector field is firstly defined on M
can assume (w) is only defined on M, satisfying

M3, & M.
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4.7. Tensor Fields. The set of tensor fields on X, of covariant order o and
contravariant order § is denoted by Tg(EH). To avoid complexity, we consider only
the covariant tensor, (t) € T*(X,).

DEFINITION 132. A covariant tensor field () € T (X)) is a multi-linear mapping

) VT (8,) % - x VI(S,) = C™(5,).

[0}

Assume (t) is defined on root leaf at z € M, as t; € T (Mi), P, q are co-prime
and p/q = pu. The calculation is performed as follows: Construct the structure matrix
of t, as

1,1 1,1 1,1
t% %(x) t% %(m) tiq,-- 5q(T)
tyoi(@) () e ey gl
M (z) := b :1 12 s EM(SP)aX(Sq)a, (126)
) @) e )
where

e (2 0 )

y y - S b b b b

Tde O, 5, Oy j O%icjo ) |y

tg=1,---,8p; ja=1,---,8¢; d=1,--- ;05 @€ Mgpxsq-
Consider (X*) € V (X,) with its irreducible element X¥ € V (M3), where M,
is the root leaf of <X’“>. XF is expressed in matrix form as

sp sq a

Xi= szf] 0z j =[] =V k=1

i=1 j=1

Then we have

PROPOSITION 133.

t5(<X>157<X>a):(Ms(I)‘V1®V2®®Va)

(127)
= (((Ms ’ Vl)W }VQ)W"' }Vo‘>

w
Next, we calculate the expressions of (t) on other leafs. The following algorithm
can be verified to be consistent on MLS"], where M, is the root leaf of (t).

ALGORITHM 1. Assume (t) is firstly defined on T® (M) as ts(z). Then we
extend it to other leafs as:
e Step 1. Denote @Q := {r ’ r|s}. Lett €@ and k=2 € N. Then

t-(y) = (bdi)" (ts) (bdr(y)) (128)

can be calculated by constructing M- (y) (y € T® (Mrpxrq)) as follows: First,
split Mg(bd(y)) into (Tp)™ x (Tq)® blocks

1,1 1,1 1,1
Tll,m 12(9) Tll 22(?/) T Trlqu;q(y)
0771 () 0750w o Trgiire(y)

M;(bd,(y)) = 7 ; Y )

™) TRy e gk (v)
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where each block T;ll ;z € Mixk. Then we set

M, (y) == k* [5;1: :;Z (y)] € M(T;D)O‘X(Tq)av (129)

where
iy e )\ i1, i
Grialy) =Tr (le,--- ,ja) :

o Step 2. Assume { Ns=rT1. If { =T, ty =t,; has already been defined in Step
1. So we assume £ = kT, where k > 2. Then

te(2) = (pri)” () (pre(y)) (130)

can be calculated by constructing

My(2) := k:ia M- (y = pri(2)) @ Ixa], 2z € Mupxeq- (131)

ExAMPLE 134. Consider a covariant tensor field (t) € 72(3,), where p = 2.
Moreover, (t) is firstly defined at = (z; ;) € Maxs with its structure matrix as

1 T12 0 0 0 1 0 0 22
01 0 —-10 0 0 0 0

M@ =17 6 1 o 0 0 1 -1 0 (132)
0 1 0 0 0 0 0 0

(1) Let X(()),Y ((z)) € V (X,) be defined at x € Mays as

_|z3 0 0 10 1
X(@) = [ 0 0 xzj » Y() = [o o 0] '
Evaluate () (X,Y).

First, using (99), we calculate that

T13 + @21 T12T13 — Ta1 0
t(X,) = (Ml(x) } X)W - [ 0 13 :1:21:1:23} '
Then
_ 2
t1(X,Y) =213 (14 27,) + 221.

(2) Expressing (t) on leaf Myy¢s: Note that

Yi1+y22 Y13+Y24 Y15+Y26
z=pra(y) = | ys? ? ?
2 Y31+ya2 Y33+Yaa Y35+y46 | 0
2 2 2

where y = [y, ;] € Maxe.
Using (131), we have

1 tll tl? t13
Ma(y) = [ } :

? t21 t22 t23
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where
1?2 = __01 8 (1)] ® I;
2l = (1) (1) _01] ® I;
2?2 = 8 8 @ ® Iz;

5. Lie Algebra on Square M-equivalence Space.

5.1. Ring Structure on X. Consider the vector space of the equivalent classes
of square matrices 3 := ;. Since X is closed under the STP, more algebraic structures
may be posed on it. First, polynomials; Second, Lie algebra structure.

To begin with, we extend some fundamental concepts of matrices to their equiv-
alent classes.

DEFINITION 135.

(1) (A) is nonsingular (symmetric, skew symmetric, positive/negative (semi-
)definite, upper/lower (strictly) triangular, diagonal, etc.) if its irreducible
element A, is (equivalently, every A; is).

(2) (A) and (B) are similar, denoted by (A) ~ (B), if there exists a nonsingular
(P) such that

(P71 (A)(P) = (B). (133)

(3) (A) and (B) are congruent, denoted by (A) ~ (B), if there exists a nonsingular
(P) such that

(PT)(A) (P) = (B). (134)

(4) (J) is called the Jordan normal form of (4), if the irreducible element J; € (J)
is the Jordan normal form of A;.

DEFINITION 136. [31] A set R with two operators 4+, x is a ring. If the followings
hold:

(1) (R,+) is an Abelian group;

(2) (R, x) is a monoid;

(3) (Distributive Rule)

(a+b)xc=axc+bxce,
cx (a+b)=cxa+cxb, a,bc€ER.
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Observing M, which consists of all square matrices, both H (including F) and
x are well defined. Unfortunately, (M, H) is not a group because there is no unit
element. Since both H and x are consistent with the equivalence ~, we consider
Y := My / ~. Then it is easy to verify the following:

PROPOSITION 137. (X, H, X) is a ring.

Consider a polynomial on a ring R, p: R — R, as
p(x) = ana” + ap12" '+ 4ap, a;€R,i=0,1,---,n. (135)

It is obvious that this is well defined. Set R = (X, H, ), then p(z) defined in (135)
is also well defined on R. Particularly, the coefficients a; can be chosen as (a;) for
a; €F,i=1,---,n. Then p(z) is as a “standard” polynomial. Unless elsewhere is
stated, in this paper only such standard polynomials are considered.

For any (A) € ¥, the polynomial p({A)) is well defined, and it is clear that

p((4)) = (p(A)), for any A € (4). (136)

Using Taylor expansion, we can consider general matrix functions. For instance,
we have the following result:

THEOREM 138. Let f(x) be an analytic function. Then f({A)) is well defined
provided f(A) is well defined. Moreover,

f((A) = (f(A)). (137)

In fact, the above result can be extended to multi-variable case.
DEFINITION 139. Let F(xi,---,x) be a k-variable analytic function. Then
F((A);,---,(A),) is a well posed expression, where (4), € X, ¢ = 1,--- k.

Assume A; € (A),, i« = 1,---,k, then F(A;,---,A;) is a realization of
F((A),,---,(A),). Particularly, if A; € M,x,, Vi, we call F(A,---,Ay) a real-
ization of F'((A),,---,(A),) on r-th leaf.

Similar to (137), we also have
F({A)y - (A)) = (F(AL - Ar)),s (138)

provided F(Ay,---, Ag) is well defined.

In the following we consider some fundamental matrix functions for . We refer
to [13] for the definitions and basic properties of some fundamental matrix functions.
Using these acknowledges, the following results are obvious:

THEOREM 140. Let (A), (B) € ¥ (i.e., A, B are square matrices). Then the
followings hold:
(1) Assume Ax B= B x A, then

(A o o(BY — (AHB) (139)

(2) If (A) is real skew symmetric, then e is orthogonal.

(3) Assume B is invertible, we denote (B) ™' = (B™'). Then

eBYTHAB) _ By~ o) (). (140)
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(4) Let A, B be closed enough to identity so that log(A) and log(B) are defined,
and Ax B =B x A. Then

log({4) x (B)) = log((4))Hlog((B)). (141)

Many known results for matrix functions can be extended to ¥. For instance, it
is easy to prove the following Euler fromula:

PROPOSITION 141. Consider F = R and let (A) € X. Then the Euler formula
holds. That is,

A = cos((A)) Hisin((A)). (142)
Recall the modification of trace and determinant in Definitions 20 and 23. The fol-

lowing proposition shows that for the modifications the relationship between trace(A)
and det(A) [13] remains available.

PROPOSITION 142. Assume F =R (or F=C), (A) € X, then

eTr(A) = Dt (e<A>) . (143)
Proof. Let Ag € (A) and Ag € My, xp,. Then
STr((A)) _ ok trace(Ag) _ (etrace(AO)) o

_ (|etracc(Ao)|)
=Dt (e<A>) . O

3=

= Dt(e?)

Next, we consider the characteristic polynomial of an equivalent class, they comes
from standard matrix theory [24].

DEFINITION 143. Let (4) € ¥. A; € (A) is its irreducible element. Then

is called the characteristic polynomial of (A).
The following result is an immediate consequence of the definition.

THEOREM 144 (Cayley-Hamilton). Let p(ay be the characteristic polynomial of
(A). Then

pay((4)) = 0. (145)

REMARK 145.

(1) If we choose Ay, = Ay ® I}, and calculate the characteristic polynomial of p 4x,
then pa, (\) = (pa,(M)*. So pa, ((A)) = 0 is equivalent to pa, ((A)) = 0.

(2) Choosing any A; € (A), the corresponding minimal polynomials g4, (\) are
the same. So we have unique minimal polynomial as g(ay(A) = qa,(A).
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5.2. Bundled Lie Algebra. Consider the vector space of the equivalent classes
of square matrices ¥ := X1, this section gives a Lie algebraic structure to it.

DEFINITION 146 ([22]). A Lie algebra is a vector space g over some field F with
a binary operation [-,-] : g X g — ¢, satisfying
(1) (bi-linearity)

[@A+ BB,C] = alA,Cl+ B[B,C;

(€, ad + BB] = a[C, A] + 8[C, B], (146)
where o, 3 € F.
(2) (skew-symmetry)
(4, B] = (B, A] (147)
(3) (Jacobi Identity)
A, [B,C| + [B,[C, A + [C,[A, B = 0, VA,B,C eg. (148)

DEFINITION 147. Let (E, Pr, B) be a discrete bundle with leaves E;, i = 1,2, - - -.
If
(1) (B,®,®) is a Lie algebra;
(2) (Ei,+, %) is a Lie algebra, i =1,2,---;
(3) The restriction Pr|g, : (E;,+,%x) — (B,®,®) is a Lie algebra homomor-
phism, ¢ =1,2,---,
then (B, ®,®) is called a bundled Lie algebra.

(We refer to Definition 65 and Remark 68 for the concept of discrete bundle.)
On vector space ¥ we define an operation [-,] : ¥ x ¥ — ¥ as

[(4), (B)] := (4) x (B) I (B) x (4). (149)

Then we have the following Lie algebra:

THEOREM 148. The vector space ¥ with Lie bracket [-,-] defined in (149), is a
bundled Lie algebra, denoted by gl(F).

Proof. Let My = U2, M?, where M* = M4. Then it is clear that (M, Pr,X)
is a discrete bundle.

Next, we prove (X, H, [+, -]) is a Lie algebra. Equations (146) and (147) are obvious.
We prove (148) only.

Assume Ay € (A), By € (B) and Cy € (C) are irreducible, and A; € M, xm,
By € Myxn, and C; € M,.«,. Let t =n V m V r. Then it is easy to verify that

[<A> ’ [<B> ’ <C>]] = <[(A1 ® It/m)u [(Bl & It/n), (Cl & It/r)]]> . (150)

Similarly, we have

[<B> ) [<O> ) <A>H = <[(B1 ® It/n)v [(Ol 02y It/r)a (Al & It/m)]]> . (151)

(C), [{A)  (B)]] = ([(C1 @ I1r), (A1 ® Lyym), (B1 @ Lyn)]]) - (152)



312 D. CHENG

Since (148) is true for any A, B,C € gl(t,F), it is true for A = A1 ®1;/,,,, B = B1®1y/,,,
and C' = Cy ® I/,. Using this fact and equations (150)—(152), we have

[(A), [(B), (ONIHB) , [(C), (DHIC) , [(4) , (B)]]
<[(A1 & It/m) [(Bl ® It/n)a (Ol ® It/r)H
[
[

+ [(B1 @ i), [(C1 @ Iy/p), (A1 @ Iy )]
+ [(C1® L), [(AL ® Lym), (B1 © Iiyn)]])
= (0) = 0.

Let the Lie algebraic structure on M™ be gl(n,F) (where F =R or F = C). I
follows from the consistence of H-and x with the equivalence that Pr : gl(n,F) — gl(F)
is a Lie algebra homomorphism. O

5.3. Bundled Lie Sub-algebra. This section considers some useful Lie sub-
algebras of Lie algebra gl(F). Assume g is a Lie algebra, h C g is a vector subspace.
Then h is called a Lie sub-algebra if and only if [k, h] C h.

DEFINITION 149. Let (E, Pr, B) be a bundled Lie algebra. if
(1) (H,®,®) is a Lie sub-algebra of (B, ®,®);
(2) (F;,+, x) is a Lie sub-algebra of (E;,+,x),i=1,2,---;
(3) The restriction Pr|p, : (Fy,+,x) — (H,®,®) is a Lie algebra homomor-
phism, ¢t =1,2,---,
then (F, Pr, H) is called a bundled Lie sub-algebra of (E, Pr, B).

It is well known that there are some useful Lie sub-algebras of Lie algebra gl(n, F).
When gl(n,F), Vn, are generalized to the bundled Lie algebra gi(F) (over X), the
corresponding Lie sub-algebras are investigated one-by-one in this section.

e Bundled orthogonal Lie sub-algebra

DEFINITION 150. (A) € ¥ is said to be symmetric (skew symmetric) if
AT = A (AT = —A), VA € (A).

The symmetric (skew symmetric) (A) is well defined because if A ~ B and
AT = A (or AT = —A), then so is B. It is also easy to verify the following:

PROPOSITION 151. Assume (A) and (B) are skew symmetric, then so is
[(A) . (B)].
We, therefore, can define the following bundled Lie sub-algebra.

DEFINITION 152.
ofF) = {(4) € gl(F) | ()" = — (1)}
is called the bundled orthogonal algebra.

e Bundled special linear algebra

DEFINITION 153.

sl(F) := {(A) € gl(F) | Tr({(4)) = 0}
is called the bundled special linear algebra.

Similar to the case of orthogonal algebra, it is easy to verify that sl(F) is a
Lie sub-algebra of gi(TF).
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e Bundled upper triangular algebra

DEFINITION 154.

t(F) := {(A) € gl(F) | (A) is upper triangular}
is called the bundled upper triangular algebra.

Similarly, we can define bundled lower triangular algebras.
e Bundled strictly upper triangular algebra

DEFINITION 155.
n(F) := {(A) € gl(F) | (A) is strictly upper triangular}

is called the bundled strictly upper triangular algebra.
e Bundled diagonal algebra

DEFINITION 156.

d(F) := {(A4) € gl(F) | (A) is diagonal}
is called the bundled diagonal algebra.
e Bundled symplectic algebra
DEFINITION 157.

sp(F) = {(4) € gl(F)| (A) satisfies (153)
and Al S Mgnxgn, n e N},

is called the bundled symplectic algebra.

(J) x (AY (AT x (J) =0, (153)

=[5

DEFINITION 158. A Lie sub-algebra J C G is called an idea, if

where

g, T € TJ. (154)

EXAMPLE 159. sl(F) is an idea of gl(FF). Because
Trig,h] =Tr(gx h-hx g) =0, Vg€ gl(F),Vh € si(F).

Hence, [gl(F), sl(F)] C si(F).

Many properties of the sub-algebra of gl(n,F) can be extended to the sub-algebra
of gl(F). The following is an example.

PROPOSITION 160.

gl(F) = sl(F)Hr (1), reF. (155)
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Proof. Tt is obvious that
(4) = ((4) - Tr((A))) +Tr((4)) (1) .
Since Tr ((A) - Tr((A))) = 0, which means
((4) = Tr((A))) € sl(F).
The conclusion follows. [0

EXAMPLE 161.
(1) Denote by

gl({A) ,F) = {(X) | (X)(4)#(4) (X) =0} (156)

It is obvious that gl({A),F) is a vector sub-space of gl(F). Let (X), (V) €
gl({A) ,F). Then

Hence, gl((A4) ,F) C gl(F) is a bundled Lie sub-algebra.

(2) Assume (A) and (B) are congruent. That is, there exists a non-singular
(P) such that (4) = (PT)(B)(P). Then it is easy to verify that
7w gl({(A),F) = gl({B),TF) is an isomorphism, where

5.4. Further Properties of gI(F).

DEFINITION 162. Let p € N.
(1) The p-truncated equivalent class is defined as

(A= {4, € (4) |ilp}. (157)
(2) The p-truncated square matrices is defined as
MEPL =LA € Muyn | nlp} - (158)
(3) The p-truncated equivalence space is defined as

brl= mbrly o (159)
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REMARK 163.

(1) If Ay € (A) is irreducible, 47 € M,,x, and n is not a divisor of p, then
(bl =g,

(2) It is obvious that (./\/l["”]7 Pr, E["p]) is a discrete bundle, which is a sub-bundle
of (M, Pr,X). That is, the following (160) is commutative:

MEE T g
Pr Pr (160)

slA T

Where 7 and 7’ are including mappings.
(3) It is ready to verify that X0?! is closed with H and [-,-], defined in (149),
hence the including mapping 7’ : X[/ — ¥ is a Lie algebra homomorphism.

Identifying (A)"" with its image (A) = 7/ (<A>["p]), then [?l becomes a
Lie sub-algebra of gl(IF). We denote this as

gllPl(F) = (E[wp]7 H [ ]) , (161)

and call glIl"?/(F) the p-truncated Lie sub-algebra of gi(TF).
(4) Let T C gI(F) be a Lie sub-algebra. Then its p-truncated sub-algebra T'[+#! is
defined in a similar way as for gll"?). Alternatively, it can be considered as

rbrh=r sl (162)

DEFINITION 164 ([26]). Let g be a Lie algebra.
(1) Denote the derived serious as D(g) := [g, g], and

D (g):=D(D*(g)), k=1,2,--

Then g is solvable, if there exists an n € N such that D (g) = {0}.
(2) Denote the descending central series as C(g) := [g, g], and

C(k+1)(g) = [gac(k)(g)} ) k= 1725"' .
The g is nilpotent, if there exists an n € N such that C(™)(g) = {0}.

DEFINITION 165. Let I' C ¢I(F) be a sub-algebra of gi(F).
(1) T is solvable, if for any p € N, the truncated sub-algebra I'l?] s solvable.
(2) T is nilpotent, if for any p € N, the truncated sub-algebra I'lPl is nilpotent.

DEFINITION 166 ([26]). Let g be a Lie algebra.

(1) g is simple if it has no non-trivial idea, that is, the only ideas are {0} and g
itself.

(2) g is semi-simple if it has no solvable idea except {0}.

Though the following proposition is simple, it is also fundamental.

PROPOSITION 167. The Lie algebra gitP/(F) is isomorphic to the classical linear
algebra gl(p,TF).
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Proof. First we construct a mapping 7 : gll'P(F) — gl(p,F) as follows: Assume
(A) € gIl'P(F) and A; € (A) is irreducible. Say, A1 € M, xn, then by definition, n|p.
Denote by s = p/n, then define

m((A)) = A @ I, € gl(p,F).
Set 7' : gl(p,F) — gll"P/(F) as
m'(B) == (B) € gl "PI(F),

then it is ready to verify that 7 is a bijective mapping and 7~ = 7’.
By the definitions of H-and [-, -], it is obvious that 7 is a Lie algebra isomorphism. O

The following properties are available for classical gl(n,F) [26], [46]. Using Propo-
sition 167, it is easy to verify that they are also available for gl(TF).

PROPOSITION 168. Let g C gl(F) be a Lie sub-algebra.

(1) If g is nilpotent then it is solvable.

(2) If g is solvable (or nilpotent) then so is its sub-algebra, its homomorphic
1mage.

(3) If h C g is an idea of g and h and g/h are solvable, then g is also solvable.

DEFINITION 169. Let (A) € gl(F). The adjoint representation ad 4y : gl(F) —
gl(F) is defined as

ad(ay (B) = [(4), (B)]. (163)

To see (163) is well defined, we have to prove that
adiay (B) = (ada B), A€ (A), (B)e(B). (164)

It follows from the consistence of x and H () with ~, immediately.

ExXAMPLE 170. Consider (A) € ¥. Assume (A) is nilpotent, that is, there is a
k > 0 such that (4)" = 0. Then ad(4) is also nilpotent.

Note that A¥ = 0 if and only if (A ® I,)* = 0. Similarly, ad% = 0 if and only if
adi&@g = 0. Hence, we need only to show that ad, is nilpotent, where A € (A) and
A € My, xn. Using the definition that

ada B = AB — BA,

a straightforward computation shows that
adf B=>"(~1)'("")A"BA!, VB e M.
i=0 ‘

As m =2k — 1, it is clear that ad’y B =0, VB € M,,x,. It follows that

adi‘k_l =0.
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DEFINITION 171.

(1) Let A, B € gl(n,F). Then the Killing form (-,-)x : gl(n,F) x gl(n,F) — F is
defined as (We refer to [26] for original definition. The following definition is
with a mild modification.)

(A,B)K = Tr(adA adB). (165)

(2) Assume (A),(B) € gl(F). The killing form (-,")x : gl(F) x gl(F) — F is
defined as

(<A> s <B>)K ="Tr (ad<A> X ad<B>) . (166)

To see the killing form is well defined, we also need to prove
((A).(B))xk = (A, B)k, A€(A), Be (D). (167)

Similar to (164), it can be verified by a straightforward calculation.
Because of the equations (164) and (167), the following properties of finite di-
mensional Lie algebras [46] can easily be extended to gl(F):

PROPOSITION 172. Consider g = gl(F). Let (A), (A),, (4),, (B), (E) € g,
c1, C2 € F. Then

(1)
((A), (B))x = ((B), (A))xc. (168)

(2)
_ (<<3>Hf3<>iwc<3 <><)ff>2 B)g, o, el (169)

(3)
(ad(ay (B), (E)) . H((B), ad (E)), =0. (170)

(4) Let h C g be an idea of g, and (A), (B) € h. Then

((A), (B)x = ((4), (B)- (171)

The right hand side means the Killing form on the ideal h.
(5) A sub-algebra & C g is semi-simple, if and only if, its Killing form is non-
degenerated.

The Engel theorem can easily be extended to gl (F):

THEOREM 173. Let {0} # g C gl(F) be a bundled Lie sub-algebra. Assume
each (A) € g is nilpotent, (i.e., for each (A) € g there exists a k > 0 such that
(A)F = (AF) =0).

(1) If g is finitely generated, then there exists a vector X # 0 (of suitable dimen-

sion) such that

Gx X =0, VGEegy.

(2) g is nilpotent.
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DEFINITION 174 ([26]). Let V be an n-dimensional vector space. A flag in V' is
a chain of subspaces

0O=VocVicVcC---CV,=V,

with dim(V;) = i. Let A € End(V') be an endomorphism of V. A is said to stabilize
this flag if

AV, CV;, i=1,--

s ,n.

Lie theorem can be extended to gl(FF) as follows.

THEOREM 175. Assume g C gl(F) is a solvable Lie sub-algebra. Then for any
p > 0 there is a flag of ideals 0 =Zy C Iy C --- C Zp, such that the truncated g7
stabilizes the flag.

COROLLARY 176. Assume g C gl(F) is a Lie sub-algebra. g is solvable if and
only if, D(g) is nilpotent.

EXAMPLE 177. Consider the bundled Lie sub-algebras ¢(F) and n(F). It is easy
to verify the following:

(1) t(F) is solvable;

(2) n(F) is nilpotent.

Even though ¢l(FF) is an infinite dimensional Lie algebra, it has almost all the
properties of finite dimensional Lie algebras. This claim can be verified one by one
easily. The reason is: gl(F) is essentially a union of finite dimensional Lie algebras.

6. Lie Group on Nonsingular M-equivalence Space.

6.1. Bundled Lie Group. Consider X := ¥, we define a subset
GL(F) := {(4) € X | Dt((A4)) #0}. (172)

We emphasize the fact that GL(F) is an open subset of 3. For an open subset of
bundled manifolds we have the following result.

PROPOSITION 178. Let M be a bundled manifold, and N an open subset of M.
Then N is also a bundled manifold.

Proof. 1t is enough to construct an open cover of N. Starting from the open cover
of M, which is denoted as

C= {U)\ | A€ A},
we construct
Cn Z:{U)\QN|U)\€C, )\EA}.

Then we can prove that it is C” (C* or C*) comparable as long as C is. Verifying
other conditions is trivial. O

COROLLARY 179. GL(F) is a bundled manifold.
Note that, Proposition 49 shows that x : GL(F) x GL(F) — GL(F) is well define.
DEFINITION 180. A topological space G is a bundled Lie group, if
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(1) it is a bundled analytic manifold;
(2) it is a group;
(3) the product A x B — AB and the inverse mapping A — A~! are analytic.

The following result is an immediate consequence of the definition.
THEOREM 181. GL(F) is a bundled Lie group.

Proof. We already known that GL(F) is a bundled analytic manifold. We first
prove GL(F) is a group. It is ready to verify that (1) is the identity. Moreover,
(A)"" = (A~1). The conclusion follows.

Using a simple coordinate chart, it is obvious that the inverse and product are
two analytic mappings. O

6.2. Relationship with g¢i(F). Denote by
W= {A e M, | det(A) # 0},
and
Ws =WNMgxs, s§=1,2,---.

Consider the bundle: (Mj, Pr,X), where the map Pr : A — (A) is the national
projection. It has a natural sub-bundle: (W, Pr,GL(F)) via the following bundle
morphism

w — My
Pr| Pr (173)
GLF) —— %
In fact, the projection leads to Lie group homomorphism.

THEOREM 182.
(1) With natural group and differential structures, Wy = GL(s,F) is a Lie group.
(2) Consider the projection Pr. Restrict it to each leaf yields

Prl,, : GL(s,F) = GL(F). (174)

Then Pr’w is a Lie group homomorphism.
(3) Set the image set as Pr(GL(s,F)) :== U,. Then ¥, < GL(F) is a Lie sub-
group. Moreover,

Pr|,, : GL(s,F) = ¥, (175)
is a Lie group isomorphism.

DEFINITION 183. A vector field (§) € V (GL(F)), (where for each P € GL(F),
(€(P)) € Tp (GL(IF))), is called a left-invariant vector field, if for any (A) € GL(IF)

(Liay), (&) (P)) = {(La), (£(P))) = (E(AP)) = (&) (AP).

Then it is easy to verify the following relationship between GL(F) and gl (F):
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THEOREM 184. The corresponding Lie algebra of the bundled Lie group GL(TF)
is gl(F) in the following natural sense:

gl(F) ~ Ty, (GL(F)) M Ty (GL(F)) .

That is, gl(F) is a Lie algebra isomorphic to the Lie algebra consists of the vectors on
the tangent space of GL(F) at identity. Then these vectors generate the left-invariant
vector fields which form the tangent space at any (A) € GL(F).

Let Pr : Myux, — X be the natural mapping A — (A). Then we have the
following commutative picture:

gl(n,F) —=2 GL(n,F)

Pr Pr (176)
giF) ———  GL(F)
where n = 1,2,---. Recall (16), we know that the exponential mapping exp is well

defined V(X)) € gl(F).
Graph (176) also shows the relationship between g¢i(F) and GL(F), which is a
generalization of the relationship between gl(n,F) and GL(n,TF).

6.3. Lie Subgroups of GL(F). Tt has been discussed that gl(F) has some useful
Lie sub-algebras. It is obvious that GL(FF) has some Lie sub-groups, corresponding
to those sub-algebras of gl(F). They are briefly discussed as follows.

e Bundled orthogonal Lie sub-group

DEFINITION 185. (A) € GL(F) is said to be orthogonal, if AT = A~1.
It is also easy to verify the following:
PROPOSITION 186. Assume (A) and (B) are orthogonal, then so is (A)x (B).

We, therefore, can define the following bundled Lie sub-group of GL(F) as
follows.

DEFINITION 187.
O(F) := {(4) € GL(F) | ()" = ()~}

is called the bundled orthogonal group.
It is easy to verify the following proposition:

PROPOSITION 188. Consider the bundled orthogonal group.
(1) O(F) is a Lie sub-group of GL(F), i.e., O(F) < GL(F).
(2)

SO(F) := {(A) € O(F) | det((A)) =1}.

Then SO(F) < O(F) < GL(F).
(3) The Lie algebra for both O(F) and SO(F) is o(F).
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e Bundled special linear group

DEFINITION 189.
SL(F) := {(A) € GL(F) | det((A4)) =1}

is called the bundled special linear group.
Similar to the case of orthogonal algebra, it is easy to verify the following:

PRroOPOSITION 190. Consider the bundled special linear group.
(1) SL(F) is a Lie sub-group of GL(F), i.e., SL(F) < GL(TF).
(2) The Lie algebra of SL(F) is sl(F).

e Bundled upper triangular group

DEFINITION 191.
T(F) := {(A) € GL(F) | (A) is upper triangular}
is called the bundled upper triangular group.

PRrOPOSITION 192. Consider the bundled upper triangular group.
(1) T(F) is a Lie sub-group of GL(F), i.e., T(F) < GL(F).
(2) The Lie algebra of T'(F) is t(IF).
e Bundled special upper triangular group
DEFINITION 193.
N(F) := {<A> e T(F) | det((A4)) = 1}

is called the bundled special upper triangular group.

PROPOSITION 194. Consider the bundled special upper triangular group.

(1) N(F) is a Lie sub-group of T(F), i.e., N(F) < T(F) < GL(TF).

(2) The Lie algebra of N(F) is n(F).

e Bundled symplectic group
DEFINITION 195.
SP(F) := {(A) € GL(F) | A1 € My, satisfies (177), n € N},
is called the bundled symplectic group.
(AT () (A) = (J), (177)

where J is defined in (29).
PROPOSITION 196. Consider the bundled symplectic group.

(1) SP(F) is a Lie sub-group of GL(F), i.e., SP(F) < GL(TF).
(2) The Lie algebra of SP(F) is sp(F).
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6.4. Symmetric Group. Let S be the k-th order symmetric group. Denote
o0
S .= U Sk.
k=1

DEFINITION 197. A matrix A € My, is called a permutation matrix, if Col(4) C
Ay and Col(AT) € Ay. The set of k x k permutation matrices is denoted by Py.

ProroSITION 198. Consider the set of permutation matriz.
(1) If P € Py, then

PT = p~1, (178)
(2)
Pr < O(k,R) < GL(k,R).
Let o € Sy. Define a permutation matrix M, € Py as M, := [m; ;|, where

1 i) =1
’ 0, otherwise.

The following proposition is easily verifiable.

PROPOSITION 199. Define 7 : Sy, — Pk, where w(o) := M, € Py, is constructed
by (179). Then w is an isomorphism.

Assume o, A € Si. Then Proposition 199 leads to
MG’O)\ - MUM)\- (180)

Next, assume o € S, A € S,,, we try to generalize (180).

DEFINITION 200. Assume o € S,,,, A € S,,. The (left) STP of o and A is defined
by

Mywy = My x My € Py, (181)
where t = m V n. That is,

ox \:=7"1 (M, x M) €8S;. (182)

Similarly, we can define the right STP of o and .
Now, it is clear that (S, x) < (My, X) is a sub-monoid. To get a bundled Lie
subgroup structure, we consider the quotient space

D:=(S,x)/~y.
Then we have the following:

THEOREM 201. D is a discrete bundled sub-Lie group of GL(TF).

D may be used to investigate the permutation of uncertain number of elements.
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7. V-equivalence. This section considers the vector equivalence (V-
equivalence) of vectors. Since many results are parallel and simpler than M-
equivalence, some detailed discussions are omitted.

7.1. Equivalence of Vectors of Different Dimensions. Consider the set of
vectors on field F. Denote it as

V= [j Vi, (183)
1=1

where V; is the i-dimensional vector space, which is a subset of V.
Our purpose is to build a vector space structure on V, precisely speaking, on
equivalence classes of V. To this end, we first propose an equivalence relation.

DEFINITION 202.
(1) Let X, Y € V. X and Y are said to be V-equivalent, denoted by X «+ Y, if
there exist two one-vectors 1, and 1; such that

X®1l,=Y®1,. (184)
(2) The equivalent class is denoted as
[X]:={Y|Y + X}.

(3) In an equivalent class [X| a partial order (<) is defined as: X <Y, if there
exists a one-vector 1, such that X @1, =Y. X; € [X] is irreducible, if there
are no Y and 14, s > 1, such that X; =Y ® 1;.

REMARK 203.

(1) The equivalence defined above can be seen as the left equivalence. Formally,
we set =<

(2) The right equivalence can be defined as follows: Let X, Y € V. X and Y are
said to be right equivalent, denoted by X <, Y, if there exist two one-vectors
1, and 1; such that

1.9 X=1,®Y. (185)

(3) The right equivalent class of X is denoted as [X],. Of course, we have
[ X = [X].

(4) Hereafter, the left equivalence is considered as the defaulted one. That is, we
always assume <>=<;. But with some obvious modifications one sees easily
that the arguments/results in the sequel are also valid for right equivalence.

The following properties of the M-equivalence are also true for V-equivalence.
The proofs are also similar to the M-equivalence. Therefore, they are omitted.

THEOREM 204.
(1) If X <Y, then there exists a vector I' such that

X=T®ls Y=T®l,. (186)

(2) In each class [ X there exists a unique X1 € [ X, such that Xy is irreducible.
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REMARK 205.

(1) If X =Y ® 1, then Y is called a divisor of X and X is called a multiple of
Y. This relation determined the order ¥ < X.

(2) If (186) holds and «, f are co-prime, then the I" satisfying (186) is called the
greatest common divisor of X and Y. Moreover, I' = ged(X,Y") is unique.

(3) If (184) holds and s, t are co-prime, then

E=X®1l,=Y®1, (187)

is called the least common multiple of X and Y. Moreover, Z = lem(X,Y)
is unique.

(4) Consider an equivalent class [X], denote the unique irreducible element by
X1, which is called the root element. All the elements in [ X | can be expressed
as

Xi=X1®1;, i=1,2---. (188)

X is called the i-th element of [X|. Hence, an equivalent class [X] is a well
ordered sequence as:

I—X~| = {X17 X27 X37"'}'
We also have a lattice structure on [X] = {X1, X2, -+ }:

PRrROPOSITION 206. ([X], <) is a lattice.

Proof. Tt is easy to verify that for U, V € [X],
sup(U, V) =lem(U, V); inf(U, V) = gcd(U, V).

The conclusion follows. O

ProroSITION 207. Let A1 € M and X1 € V be both irreducible. Then the two
lattices (A) and [X], generated by Ay and X1 are isomorphic. Precisely,

((4), =) = ([XT], <) (189)

The isomorphism is: ¢ : As = A1 ® [, — X = X1 ® 1;.

Next we investigate the lattice structure on V. Consider V; and V;, where i|j and
k = j/i. Then we have V; ® 1 C V;. This order is denoted by

Vi E V.
Using this order, the following result is obvious.

PROPOSITION 208. (V,C) is a lattice with
sup(Vi, Vj) = Vi\/j, inf(Vi, Vj) = Vi/\j. (190)
PROPOSITION 209. Assume [X]| has its irreducible vector X1 € R'. Define
v: [X] = Vasp(X1):=Vi. Then¢: ([X],<) = (V,C) is a lattice homomorphism.

([X], <)~ WV, 5). (191)
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We also have the following isomorphic relation:
ProrosiTION 210. Define ¢ : V — M, as:
o (Vi) = M, (192)

Then ¢ is a lattice isomorphism.

DEFINITION 211.
(1) Let p € N. The p-lower truncated vector space is defined as

vel= ] v. (193)
{s | pls}
(2) The quotient space of V/ <« is denoted as
Qy = {[X]| X eV}. (194)
(3) The subspace

vi=V a={1X] | Xy eV} (195)

Consider an equivalence [X]. Let X; € [X] be the irreducible element and
dim(X;) = r. Then we define a mapping ¢ : [X] — V as

V(X)) =V, 1=1,2,--- (196)

Similar to matrix case, we have

PROPOSITION 212. Let v : [X] — V be defined by (196). Then ¢ : ([X], <) —
(V, ©) is a lattice homomorphism.

7.2. Vector Space Structure on V-equivalence Space. To begin with, we
define an addition between vectors of different dimensions.

DEFINITION 213. Let X € V, and Y € V. t =pV q. Then
(1) the vector addition H:V x V — V of X and Y is defined as

XHY = (X®@1) + (Y ©1y,); (197)
(2) the subtraction F is defined as
XFY := XH{(-Y). (198)

REMARK 214. Let X € VpT and Y € VqT be two row vectors. Then we define
(1) the vector addition as

XHY = (x@1],) + (Y @1),); (199)
(2) the subtraction as

XFY := X{{(-Y). (200)
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PROPOSITION 215. The vector addition I-T—st consistent with the equivalence .
That is, if X < X and Y < Y, then XHY < XHY .
Proof. Since X <« X, according to Theorem 204, there exists I', say, I' € V,, such
that
X=I'®l,, X=T®ls.
Similarly, there exists II, say, II € V,, such that
Y=Iwl, Y=Ix®1,.
Let E=pVgq, n=paV sq, and n = &L. Then
XHY = T®1,) FII®1,)
[ @10 ®1y/(ap] + [TO 1 ® 1y)(aq)]
[F ® 177/17] + [H ® ln/q}

[F ® 15/1)] + [H ® lﬁ/qD ®1,
(THID) © 1.

Hence XHY <« DHIL Similarly, we can show that XHY « I'ffIl. The conclusion
follows. O

COROLLARY 216. The vector addition K- (or subtraction p) is well defined on the

quotient space Qy, as well as QZ\',, i=1,2,---. That is,
[XTH[Y] = [XHY], X, Y eV (or[X], [Y]€Q). (201)

Let [X] € Qy (or [X] € Q). Then we define a scale product
a[X7:=[aX], a€F. (202)

Using (201) and (202), one sees easily that ), becomes a vector space:

THEOREM 217. Using the vector addition defined in (201) and the scale product
defined in (202), we have

(1) Qy is a vector space over F;

(2) QL,i=1,2,--- are the subspaces of Qy;

(3) if ilj, then 2, is a subspace of €.

Let E C V be a set of vectors. Then
[E]:={[X]|X € E}. (203)
The following proposition shows that the vector equivalence keeps the space-
subspace relationship unchanged.

PROPOSITION 218. Assume E C V; is a subspace of V;. Then [E] C Qﬁ, 5 a
subspace of Q3,.

Definition 213 can be translated to its corresponding right one as follows:

DEFINITION 219. Let X € V, and Y € V. t =pV q. Then
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(1) the (right) vector addition H: V x V = V of X and Y is defined as
XAY = (1, ®X) + (14 ®Y) ; (204)
(2) the subtraction 1 is defined as

XY = XH(-Y). (205)

Then all the arguments in this subsection and the following several subsections
can be stated in a parallel way for right addition and corresponding linear spaces.

7.3. Inner Product and Linear Mappings.

DEFINITION 220. Let X € V,, CV, Y €V, C V, and t = m V n. Then the
weighted inner product is defied as

S

(X|Y)y = (X @1y | Y @ Lyym), (206)

where <X } Y> is the conventional inner product. Say, if F = R, <X | Y> = XTy,
and if F =C, <X } Y> =XTy.

DEFINITION 221. Let [ X, [Y] € Qy. Their inner product is defined as

(IXV[[Y]) == (X |Y),,, Xe[X]YelY]. (207)

It is easy to verify the following proposition, which assures that the Definition
221 is reasonable.

PROPOSITION 222. Equation (207) is well defined. That is, it is independent of
the choice of X and Y.

Since 2y is a vector space, using (207) as an inner product on €y, then we have
the follows:

PROPOSITION 223. The Qy with inner product defined by (207) is an inner
product space. It is not a Hilbert space.

Proof. The first part is obvious. As for the second part, we construct a sequence
as

Xi=a€lF
XiJrl :Xi®12+2i% (5%i+1 _6§i+1)5 i:1,2,"'.

Then we can prove that {X;} is a Cauchy sequence and it does not converge to any
Xev. o

Given a vector X € V, then it determined a linear mapping ¢x : V — F via
inner product as

ox Y = (X|Y),,.
Similarly, [X] € Qy can also determine a linear mapping ¢rx7: Qy — I as

erx1 [YT= ([XT] [YT).
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Unfortunately, the inverse is not true, because €2y, is an infinite dimensional vector
space. But any vector in X has only finite dimensional representatives.

Next, we consider the linear mappings on V. It is well known that assume A €
Mxn and X € V,,. Then the product X : M, xn XV, = Vp, defined as (4, X) —
AX, for given A is a linear mapping. We intend to generalize such a linear mapping
to arbitrary matrix and arbitrary vector.

DEFINITION 224. Let A € Myxpn, X € Vp, and t = n V p. Then the vector
product, denoted by X, is defined as

AXX = (A® L) (X ®14y) (208)

REMARK 225.
(1) The vector product defined in (208) is the left vector product. Of course, we
can define right vector product, denoted by X, as

(2) In fact, X is a combination of ~, of matrices and ¢, of vectors, and X is a
combination of ~, of matrices and <>, of vectors. Of course, we may define
two more vector products by combinations of ~; with <. and ~, with <
respectively.

(3) Note that when n = p, AXX = AX. That is, the linear mapping defined in
(208) is a generalization of conventional linear mapping. It is also true for
other vector products.

(4) To avoid similar but tedious arguments, hereafter the default vector product
is .

The following proposition is easily verifiable.

PROPOSITION 226. Consider the vector product
X: MxV—V.
(1) It is linear with respect to the second variable, precisely,
AKX (aXHDY) = aAX XHDAKY, a,beF. (210)

2) Assume both A, B € M,,, then the vector product is also linear with respect
n
to the first variable, precisely,

(aAHDB)K X = a AKX XTbBX X (211)

The following proposition shows that the vector product is consistent with both
M-equivalence and V-equivalence.

PROPOSITION 227. Assume A~ B and X <Y . Then

AX X < BXY. (212)
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Proof. Assume A = A®I;, B=A®I[,; X =T®1,,Y =T'®1g, where A € M, »,
and I' € V,;. Denote £ =pV g, n=psVqt, and n = k§. Then we have

AKX = (A@ L)X (T ® 1)

(A ®Is® In/pS) (F ®L® ln/qt)
Ao L) (T ®1,®1y)
[(A® Igp) (T @ Lesq)] @ [ 1]
(

AXT) @1y,
Hence
AXX +» AXT.
Similarly, we have
BXY ¢« AXI.

Equation (212) follows. O
The above propositions have an immediate consequence as follows:

COROLLARY 228. The wvector product X : M xV — V can be extended to
X @ X X Qy = Qy. Particularly, each (A) € X pq determines a linear mapping on
the vector space .

Next, we extend the vector equivalence to matrices.

DEFINITION 229.
(1) Assume V, W € M..,. V and W are said to be vector equivalent, denoted
by V < W, if there exist 15 and 1; such that

Vel,=Wal,. (213)
(2) The equivalence class of V' is denoted as

V] ={W|W«V}. (214)

REMARK 230.

(1) Tt is clear the equivalence defined by (213) is left vector equivalence <+;. The
right vector equivalence <+, can be defined similarly. Moreover, the right
vector equivalence class is denoted by [-],.

(2) A matrix can be considered as a linear mapping, and correspondingly the
M-equivalence is considered. A matrix can also be considered as a vector
subspace generated by its columns. In this way its V-equivalence, defined by
(213)—(214), makes sense. Denote the equivalence class as

QM = ./\/l/ <,
and

1_/7{/[ = M)(n/ .
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All the results about vector space V can be extended to M.y, for n € N. They

are briefly summarized as follows:

PROPOSITION 231.

(1) Assume V € Myxpn, W € Mgxn, V < W and r|s. Then we said V is a
divisor of W or W is a multiple of V.. Moreover, an order determined by this
is denoted as V T W.

(2) ([V1],E) is a lattice.

(3) Assume r|s, then an order is given in M.y, as

ern E MSXH'

(4) (M.xn,C) is a lattice.
(5) Assume V. € My, is irreducible. then ¢ : [V] = M.y, defined as V; —

Miren s a lattice homomorphism.
The operators H-and X can also be defined in a similar way as for vectors:

DEFINITION 232.
(1) Assume V. € My, and W € Mgyun, t = pV ¢q. The vector addition is
defined as

VEW == (V®1,) + (W 1y,).

(2) Let A € Myyxn, V € Mpxq, and t = n V p. Then the vector product of A
and V is defined as

AXV = (A® Iy,) (V@ 1,) (215)

We can denote the equivalence class of M., as
o= Mon/ &

For vector product and vector addition we also have the distributive law with

respect to these two operators for matrix case.

PROPOSITION 233. X : M x M — M is distributive. Precisely, Let A, B € M,

and C € My, D € Mpyg. Then

(aAHDB)XC = aAXCHbBXC, a,b € T (216)
AX (aCHbD) = aAKCHbAXD, a,b€F. (217)

Proof. We prove (216). The proof of (217) is similar. Denote mVn = s, mVp = r,

nVp)=t,and mVnVp=¢ Then for (216) we have

LHS = (aA® I,/ + bB® I,,) XC
= [(aA® I,/ +bB® I;),) ® I /] [C @ 1¢ ),
=a(A®Iem) (CO L) +0(BRIem) (C @ 1gyp)
a[(A@ Tym) (C@1yp)] @1ess +b[(BRTiym) (C@1ypp)] @ 1es
a[(A® Lym) (C®1,)| 0 [(B@ L) (C @ 1y)]
RHS. O
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The distributive law can be extended to equivalence spaces as follows.

COROLLARY 234. X : X x X%, — N7 is distributive. Precisely, Let (A), (B) €
%, and [C],[D] € £%,. Then

-

(a (A Wb (B)X[C] = a (A) X[C]Hb(B) X[C], a,becT. (218)
(A) X (a[CTHB[ D)) = a (A) X [CTHb (A) X[D], a,beF. (219)

7.4. Type-1 Invariant Subspace. Given A € Mf“ we seek a subspace S C V
which is A invariant.

DEFINITION 235. Let S C V be a vector subspace. If
AXS C S,

S is called an A-invariant subspace. Moreover, if S C V), it is called the type-1
invariant subspace; Otherwise, it is called the type-2 invariant subspace.

This subsection considers the type-1 invariant subspace only.

PROPOSITION 236. Let A€ M, and S =V,. Then S is A-invariant, if and only

(i)

if,
py = 1; (220)
(i) A€ M, where i satisfies
Iy VT = thy. (221)
Proof. (Necessity) Assume £ = iu, V t, by definition we have

AXX = (A®Iﬁ/iuz) (X® 15/,5) eV, XeV.

Hence we have

, §
— | =t 222
i (£ (222
It follows from (222) that
§_ Ha (223)
t oy

Since p, and p, are co-prime and the left hand side of (223) is an integer, we have
iy = 1. It follows that

E=tu,.
(Sufficiency) Assume (221) holds, then (222) holds. It follows that

AXX €V, when X €V,. 0
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Assume A € M, and S = V;, a natural question is: Can we find A such that S is
A-invariant? According to Proposition 236, we know that it is necessary that u, = 1.
Let k1, -, k¢ be the prime divisors of p, A ¢, then we have

fe = k& kStps = kP kP, (224)

where p, ¢ are co-prime and k; 1 p, k; 1 ¢, Vi.
Now it is obvious that to meet (221) it is necessary and sufficient that

i= kP kPN (225)

where A|(pq).
Summarizing the above argument we have the following result.

PRroprOSITION 237. Assume A € My, S =V,. S is A-invariant, if and only if,
(i) py =1, and (ii) A € M., where i satisfies (225).

REMARK 238. Assume A € My, S = V,. Using Proposition 237, it is clear that
S is A-invariant, if and only if, A € M with

ie ().

Particularly, when ¢ = 1 then A = a is a number. So it is a scale product of S,
i.e, for V € S we have aXV =aV € S. When i = ¢t then A € M;x;. So we have
AXV = AV € S. This is the classical linear mapping on V,. We call these two linear
mapping the standard linear mapping. The following example shows that there are
lots of non-standard linear mappings.

EXAMPLE 239.

(1) Assume p = 0.5, ¢ = 6. Then py = 1, py = 2. p; At = 2. Using (224),
y = 2x1and t = 2 x 3. That is, p = 1, ¢ = 3. According to (225)
i =2M )\ where f; =1, A =1 or A = 3. According to Proposition 237, Vs is
A-invariant, if and only if, A € M2 5 or A € M§ ;.

(2) Next, we give a numerical example: Assume

1 -1.0 0
A:[O 0 10]6/\/135. (226)

Then RS is A-invariant space. For instance, let

X=[1+i, 2, 1—i, 0, 0, 0]" eCS. (227)
Then
AKX =iX. (228)
Motivated by (228), we give the following definition.
DEFINITION 240. Assume A € M and X € V. If
AKX =aX, a€eF, X #0, (229)

then « is called an eigenvalue of A, and X is called an eigenvector of A with respect
to a.
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ExaMPLE 241. Recall Example 239. In fact it is easy to verify that matrix A in
(226), as a linear mapping on R®, has 6 eigenvalues: Precisely,

o(A) = {i,—i,0,0,0,1}.

Correspondingly, the first eigenvector is X, defined in (227). The other 5 eigenvectors
are (1 —14,2,1+14,0,0,0)%, (1,1,1,0,0,0)%, (0,0,0,0,1,0)T (this is a root vector),
(0,0,0,0,0,1)7, and (0,0,0,1,1,1)T, respectively.

Assume S =V, is A-invariant with respect to X, that is,
AXS C S. (230)

Then the restriction A|g is a linear mapping on S. It follows that there exists a
matrix, denoted by A|; € My, such that Alg is equivalent to A|;. We state it as a
proposition.

PROPOSITION 242. Assume A € M and S = V; is A-invariant. Then there exists
a unique matriz Al € Mixy, such that A|g is equivalent to Al;. Precisely,

AXX = A X, VX €S. (231)
Al is called the realization of A on S = V.

REMARK 243.
(1) To calculate Al; from A is easy. In fact, it is clear that

Col; (Als) = AXd, i=1,---,t. (232)

(2) Consider Example 239 again.

. 1 -1 0 0
COll(A|6) = AD<6(13 = |:|:0 0 1 0:| ®Ig:| [5% ® 12]
=(1,1,0,0,0,0)T.

Similarly, we can calculate all other columns. Finally, we have

1 -1 0 0 0 0
1 0 =10 0 0
0 1 —-10 0 0
A|6_000100
00 0 10 0
00 0 010

Finally, given a matrix A € ML, we would like to know whether it has (at least
one) type-1 invariant subspace S = V;?

Then as a corollary of Proposition 236, we can prove the following result.

COROLLARY 244. Assume A € ML, then A has (at least one) type-1 invariant
subspace S =V, if and only if,

fy = 1. (233)
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Proof. According to Proposition 236, i, = 1 is obvious necessary. We prove it is
also sufficient. Assume i is factorized into its prime factors as

i=]]d (234)

and correspondingly, p, is factorized as
n

pe =] i7p, (235)

Jj=1

where p is co-prime with i; ¢ is factorized as
n
L
t = H Zj]q, (236)
j=1

where ¢ is co-prime with 3.
Using Proposition 236 again, we have only to prove that there exists at least one
t satisfying (221). Calculate that

n

n
ing Vvt = [0 D v g wet =T pa.
i=1 j=1

To meet (221) a necessary condition is: p and ¢ are co-prime. Next, fix j, we consider
two cases: (i) t; > k; + r;: Then on the LHS (left hand side) of (221) we have factor

zzj and on the RHS of (221) we have factor i’ ", Hence, as long as r; =0, we can

1.
J
choose t; > k; to meet (221). (ii) ¢; < k;+r;: Then on the LHS we have factor i‘?ﬁ”

and on the RHS we have factor i;ﬁtj. Hence, as long as t; = k;, (221) is satisfied. O

Using above notations, we also have the following result

COROLLARY 245. Assume pi, = 1. Then V, is A-invariant, if and only if, (i) for
t; = 0, the corresponding v; > kj; (i) for t; > 0, the corresponding rj = k;.

EXAMPLE 246. Recall Example 239 again.

(1) Since the matrix A defined in (226) is in M3 ;. We have i = 2, u, = 1,
tz = 2 = ip and hence p = 1. According to Corollary 245, S = V, is
A-invariant, if and only if, ¢ = iqg = 2¢q and ¢ is co-prime with i = 2. Hence

V2(2'n,+1)7 ’I’L:O,l,2,"' )

are type-1 invariant subspaces of A.
(2) Assume ¢ = 5. Then the restriction is

—
o
I
—
o
o

Algio = Al1p =

A
DO O HOOOOO
O~ RO OoCOOOO
== N Nololol ool

OO OO O OO oo o
OO OO O OO oo o

OO OO OO OO
=R elelalBoBel el
SO OO+~ OOO
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The eigenvalues are
o(Algiwo) ={-1,4,—i,0,1,0,0,0,0,1}.
The corresponding eigenvectors are:

F, =(0,1,0,1,2,0,0,0,0,0)

E5 = (0.3162 + 0.10544, 0.5270, 0.4216 — 0.21084,
0.3162 — 0.4216,0.1054 — 0.3162i, 0,0, 0,0,0)”

B3 = (0.3162 — 0.10544, 0.5270, 0.4216 + 0.21084,
0.3162 + 0.42161,0.1054 + 0.31624,0,0,0,0,0)”

B, =(1,1,1,1,1,0,0,0,0,0)

FEs =(2,1,0,1,0,0,0,0,0,0)

R¢ = (0,0,0,0,0,0,1,0,0,0)T
R; =(0,0,0,0,0,0,1,1,0,0)
Fs = (0,0,0,0,0,0,0,0,0,1)7
FEy = (0,0,0,0,0,0,0,0,1,0)
F10 = (0,0,0,0,0,1,1,1,1,1)7.

Note that Rg, R7 are two root vectors. That is,

AXRg = R7; AXR; = Eg.

REMARK 247. In fact, the set of type-1 A-invariant subspaces depends only on
the shape of A. Hence we define

IfL = {Vt | Viis A € ML invariant} )
We can also briefly call Z, the set of M/ -invariant subspaces.

Before ending this subsection we consider a general type-1 invariant subspace
S C V;. The following proposition is obvious.

ProrosiTION 248. If S C V, is an A-invariant subspace, then Vy is also an
A-invariant subspace.

Because of Proposition 248 searching S becomes a classical problem. Because we
can first find a matrix P € My, which is equivalent to A|y,. Then S must be a
classical invariant subspace of P.

7.5. Type-2 Invariant Subspace. Denote the set of Type-1 A-invariant sub-
spaces as

Ta = {VS ‘ Vs is A—invariant} .

Assume A € M/,. Then T4 = T.
To assure Z # (), through this subsection we assume p,, = 1. We give a definition
for this.
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DEFINITION 249.

(1) Assume A € M,. A is said to be a bounded operator (or briefly, A is
bounded,) if p, = 1.

(2) A sequence {VZ- ‘ i=1,2,--- }, is called an A generated sequence if

AKXV C Vi1, i=1,2,---.

(3) A finite sequence {Vi } 1=1,2,--- ,p}, is called an A generated loop if V, =
V1.

LEMMA 250. Assume there is an A generated loop Vyp, Vg, -+, V., Vp, aS
depicted in (237).

A

v, v, A Ay Ay (237)

o

Then

g =p, Jj=1L---.,r (238)

Proof. Assume A € ./\/lL According to Definition 224, we have the following
dimension relationship:

Sp =1y VD = g1 = WKSo;
S1= e V @1 = Q2 = psi;
: (239)
Sp—1: =1y V @r_1 = g = [USr_1;
Sy =iy V qQr = p= USy.
Next, we
set  sg :=top then ¢ = ptop;
set s1:=tiq1 then g2 = u2titop;
set  Sp_1:=t,_1qr—1 then ¢, = pu"t.—1---titop;
set s, :=t,.q, then p= pu™ 4, - titop.
We conclude that
p g tg = 1. (240)

Equivalently, we have

ppt!
=t tp_q - to.
+1 rvr
11y
It follows that
fy = 1.

Define

Sp =itz V @ 1= ip1zE,
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where £ € N. Then from the last equation of (239) we have
p =1k (241)
That is,
plips V qr) = i€,
Using (240), and the expression
@r = ptr—1 - tatop,

we have

(Nm v utmé“) = g

From above it is clear that
tT‘uw, and p, A€ =1. (242)
Next, using last two equation in (239), we have
p (it V p(ipi, gr—1)) = p = €.
Similar to the above argument, we have
Epia| (um vV ou(p v %)) :

Hence

2
&t | <um V(v trif”_lf)) :

To meet this requirement, it is necessary that
trtr—l‘ﬂi'
Continuing this process, finally we have
bty -t T, s=r—1,r—2,--- 0. (243)
Combining (240) with (243) yields that
ts = gy, S=0,1,--- 7.

Thatis,qlqu:--.:qT:p,D

THEOREM 251. A finite dimensional subspace S CV is A-invariant, if and only
if, S has the following structure:

S =t S, (244)
where

AxSt Cc 8 =1, 0 —1.
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Proof. Since S is of finite dimension, there are only finite V;, such that
Si:=8n Vi, # {0}.

Now for each 0 # X € §7 C Vi, we construct Xj := = AXX € V;, for certain t¢,. Note
that S is A-invariant, if for all Xo € 57, we have t, = t;, then this $7 = S is the end
element in the sequence. Otherwise, we can find a successor S™ = S NV;,. Note that
since there are only finite S7, according to Lemma 250, starting from X € S there
are only finite sequence of differen S7 till it reach an A-invariant S* (equivalently,
A-invariant V;,). The claim follows. O

7.6. Higher Order Linear Mapping.

DEFINITION 252. Let A € ./\/lf“ V; is A-invariant subspace of V. That is, A :
Vi — V; is a linear mapping. The higher order linear mapping of A, is defined as

{Am XX = AXX, X e, (245)

AR Z X — AR (A[k]gx), k> 1.

DEFINITION 253. Let X € V. The A-sequence of X is the sequence {X;}, where

X = X,
Xi1 = AXX;, i=0,1,2,--.

Using notations (234)—(236), we have the following result.

LEMMA 254. Assume A € ML is bounded. X € V;, where i, p = l%, and t are

described by (234)-(236). Then AXX € Vs € Ly, if and only if, for each 0 < j < n,
one of the following is true:

r; =0; (246)
or
tj S kj + Tj. (247)
Proof. Since
. max k Tty .max(k;+r;,t;
iy Vit = i )q\/Hz a|l=11% ( )(PVQ)a
j=1 Jj=1

we have

n
s = (ipe V) = [+ (p v q) fp.
j=1

Then we can calculate that

n
H jmax(kjtrj maz(kjtrj.t;)—r;) (
J

iy V 8 = pVaq),

j=1
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and
Hos = ﬁ i BT v g).
j=1
Note that Vs € 7, is A-invariant. Using Proposition 236, (221) leads to
max (kj + r;, max(k; +r;,t;) — ;) = max (k; +7;,¢;). (248)
Case 1 : t; > k; + 2r;, (248) leads to r; = 0. Hence, we have
r; =0 and t; > k. (249)

Case 2 . kj —I—Tj S tj S kj —|—2Tj, Wthh 1eads to kj —|—’I”j = tj.
Case 3 : t; < k;j + r;, which assures (248). Combining Case 2 and Case 3 yields
t; < kj+r;. (250)
Note that when r; = 0, if t; < k; we have (250). Hence t; < k; is also allowed. The
conclusion follows. O
The following result is important.

THEOREM 255. Let A € ML be bounded. Then for any X € Vo the A-sequence
of X will enter a Vi € T at finite steps.

Proof. Assume X1 := AXX € V;. Using notations (234)-(236), it is easy to
calculate that after one step the j-th index of ¢ becomes

t} = max (k; —l—rj,tjo-) - ;.

Assume r; = 0, this component already meets the requirement of Lemma 254. Assume
for some j, r; > 0 and t? > kj + r;, then we have

1_ 40 _ 40
th=19—r; <.
Hence after finite times, say k, the j-th index of X}, denoted by t?, satisfies

th =19 — krj, (251)

will satisfy (247), and as long as (247) holds, ¢ = tf Vs > k. Hence, after finite steps
either (246) or (247) (or both) is satisfied. Then at the next step the sequence enters
into Vy € Z4. 0

DEFINITION 256. Given a polynomial
p(x) =2" +cp 12"+ 41z + oo, (252)

a matrix A € M and a vector X € V.
(1) p(x) is called an A-annihilator of X, if

p(A)X = AR X e, 1 APTIR X e AR X e = 0. (253)

(2) Assume ¢(z) is the A-annihilator of X with minimum degree, then ¢(z) is
called the minimum A-annihilator of X.
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REMARK 257. Theorem 255 shows why A € M, with p, = 1 is called a bounded
operator. In fact, it is necessary and sufficient for A to have a finite dimensional
invariant subspace of either type-1 or type-2. We also know that if A has type-2
invariant subspace, it also has type-1 invariant subspace. If p, # 1, A is called an
unbounded operator.

The following result is obvious:

PROPOSITION 258. The minimum A-annihilator of X divides any A-annihilator
of X.

The following result is an immediate consequence of Theorem 255.

COROLLARY 259. Assume A is bounded, then for any X €V there exists at least
one A-annihilator of X.

Proof. According to Theorem 255, there is a finite & such that A X e V, with
Vs being A-invariant. Now in V, assume the minimum annihilator polynomial for
A X is g(z), then p(z) = 2F¢(z) is an A-annihilator of X. O

EXAMPLE 260.

(1) Assume A € M%/B. Since p, = 2 # 1, we know any X does not have its
A-annihilator.
Now assume Xy € Vg, where & = 3°p, and 3, p are co-prime. Then it is
easy to see that the A sequence of Xy has the dimensions, dim(X;) := d;,
which are: di = 2 x 37 Ip, dy = 22 x 35 2p --- dy = 2°p, dy1 = 25T 1p,
dsyo = 2°T2p, ..., It can not reach a V; € Z4.

(2) Given

We try to find the minimum A-annihilator of X. Set Xy = X. It is easy to
see that

X = AD?XO €EVs €Zy.

Hence, we can find the annihilator of X in the space of R6. Calculating

1 1 2

1 1 2

0 1 1
Xl - 0l° X2 - 1! X3 - 0l’

0 0 0

0] 0 1)

(2] [ 3 (3]

1 3 2

1 1 2
X4 ~ 12| X5 =1 Xﬁ ~ 14]>

1 -1 2

1) 0 2]
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it is easy to verify that X7, X5, X3, X4, X5 are linearly independent. More-
over,

Xe=X1 + Xo+ Xz + Xy — X5.

The minimum A-annihilator of X = X follows as
plr) =a® +2° -2t — 2% — 2% — .

7.7. Invariant Subspace on V-equivalence Space. Recall that
Qpm =M/ QY i=Mn/ .

We extend the vector product to the equivalence spaces.
DEFINITION 261. Let A € M and B € M.,,. Then we define X : S x Q%, —
Q1 as
M

(A) X[B] := [AXB]. (254)

The following proposition shows that (254) is well defined.
PROPOSITION 262. (254) is independent of the choice of A and B.

Proof. Assume A; € (A) is irreducible and A1 € M,,xn; B1 € [B] is also
irreducible and By € Mpyxq. A = Ay ®1; and B; = By ® 1;. Set s = n V p,
t=niVpj, and s¢ =t. Then

(AixBj) = (A; @ Imi) (Bj © Luyp;)
= (A @ L @ Iyni) (B1 @ L@ 1yp5)
= (AL ®@®Iy) (B1®1¢y)
= (A1XB;) ®1¢ < (A1xXBy). O
Precisely speaking, because V is not a vector space, “invariant subspace” is not
a rigorous subspace. But Q) := V/ + is a vector space. It is easy to see that the

results about V, and M., can be extended to ) and Q. For instance, (A) € ¥,
is a bounded operator on {2y if and only if, u, = 1.

7.8. Generalized Linear System.

DEFINITION 263 ([30, 35]). Let S be a semigroup, X a Hausdorff space. A
mapping ¢ : S x X — X is called a topological dynamics, if

(1)
0(s1,0(52,7)) = P(5152,2), 1,82 € S, x € X. (255)

(2)
ple.x) =z, w€X, (256)

where e € S is the identity of S.
(3) For each s € S, ps: X — X is continuous.
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THEOREM 264. Let S = M and X =V. Then X : S x X — X is a topological
dynamics. Precisely, let F =R, and A € M, then

r(t+1):= Axz(t), z(0)=x9 €V, (257)
is a topological dynamics, which is called a generalized linear system.

To prove this theorem we have to prove that the conditions (1)—(3) are satisfied.
It is not difficult to see that (2) and (3) are satisfied. So we need to prove (255). We
state it as the following lemma.

LEMMA 265. For any two matrices A, B € M and any vector X € V, it holds
that

(Ax B)XX = AX(BXX). (258)
Proof. Assume A € My,xpn, B € Mpyy, X € R". Then
(Ax B)XX = [(A® I;/,,)(B® I;/,)] XX
(A® Lyn)(B® L) ®I%} (X ®1,,,)

{1
(A ® Isp) (B®I,) (X ®1,,,) (259)
(
(

AQI: p) [(B®Iyq) (X ®1y,)] @14}

A@ Ly ) [(BRX) @1y,

where
t=nVp
S (q—t)\/r
P
=qVr
L.

Note that BXX € R% . By definition if

pl
TL\/q sp

== 260
g (260)
and
n\v et
ey, (261)
a
then (259) becomes
AX (BXX),
and we are done.
It is clear that both (260) and (261) are equivalent to
1
vE -2 (262)

q q
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Hence as long as (262) holds, we are done.
In the following we prove (262).
Since t = n V p, assume

nAp=u,
then
n=au, p=pu, t=afu, aAf=1.
Next,
s = q—t Vr=qaVr.
p
Assume dy,ds, - - - ,ds are the set of prime factors of g Ar. Then we can express g and

r as follows:
g= PP i@, = AR iy,

where g Ao =1, g9 Ad; =1, and ro Ad; =1, Q; >0, R; >0,i=1,---,s.
Assume €1, -+, € are the common prime factors of o and r, which are distinct
from {dj,--- ,ds}. Then we can express o and r respectively as follows:

o= d‘f‘ldé42 -~-d;4°‘efgle§2 - €ePray,
r= d{%ldQR2 ~~d55ef1e§2 ~~etc‘r00,
where B; > 0,C; >0,i=1,---,t, 4; >0,j=1,---,s. A; might be zero, if a has
no such a factor. Now agArgg =1, agAdj =1, rpoAd; =1, j=1,---,5 aghe =1,
rooNe;=1,1=1,--- 1.
Now we can calculate the left hand side of (262):

(= qvr = drlnax(Ql.,Rl) o d?aX(QS"RS)EfI . Etctqoroo;
l . _
6 _ dllna.X(Q17R1) Q1 . dgnax(QS,Rs)stelcl . etCtTOO;
! . _
% _ dllndX(Qth) Q1 . d;nax(QS,Rs)stelcl . etCtTOOﬂu-

Hence, we have

¢
ny P (uaogf‘l R etBt>
q

v (drlnaX(Qth)*Ql e @ax(Qan ) =Qs (O Etct'f'OOBU)

(263)
— uaoTOOﬁd;’lax(max(Ql)Rl)levAl) o
dmax(max(Qs,Rs)—Qs,As) max(C1,B1) max(Cy,Bt)
. € €, .
Next, we calculate the right hand side of (262):
qo = d1141+Q1 . d?s+Qs€{31 . EtBtQOaOQ
5 — (qa) V= d;nax(A1+Q1,R1) . drsnax(As+Qs,Rs)einax(Blycﬁ) . e;nax(Bt;Ct)quoTOO.
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Then we have

Sp grax(A1tQuR)—Q1 | max(A+Qs,Re)— Qs
1 s

q (264)
max(B1,C max(B,Ct
€ (Br,Cy € ( )ﬂuozoroo.

Comparing (263) with (264), one sees easily that to prove (262) it is enough to prove
max(A; + Qi, R;) — Q; = max(max(Q;, R;) — Qi, A;), i=1,--+,s. (265)
Note that the left hand side of (265) equals to
max(A;, R; — Q).

Then it is easy to verify that when R; > @, both sides of (265) equal to max(4;, R; —
Q;), and when R; < @Q;, both sides equal to A;. The proof is completed. O

REMARK 266.

(1) The invariance subspace has been discussed in previous subsections. Then
it is clear that the general linear system (257) is dimension bounded, which
means there exists an n such that dim(xz(t) < n, V¢, if and only if, A is
bounded.

(2) Tt is easy to extend (257) to equivalence space X and the vector space Qy.

8. Concluding Remarks. Matrix theory is one of the most fundamental and
useful tools in modern science and technology. But one of the major weaknesses is its
dimension restriction. To overcome this barrier, the purpose of this paper is to set up
a framework for an almost dimension-free matrix theory.

First, we review the STP (ix), which extends the conventional matrix product to
overall matrices M. The related monoid structure for (M, ) is obtained. The M-
equivalence ~ is proposed. A lattice structure over each equivalence class is obtained.
The equivalence space, as the quotient space M/ ~ is introduced and discussed.

Second, the set of overall matrices is partitioned into subspaces as M =
UueQ+ M,,. The STA (#) is proposed. Under this addition the quotient spaces
X, = M,/ ~ become vector spaces. Certain geometric and algebraic structures are
revealed, including topological structure, inner product structure, differential mani-
fold structure, etc.

Particularly, when g = 1, (corresponding to square matrices) we have extended
the Lie algebra and Lie group theory to Mj. A fiber bundle structure, called the
discrete bundle, is proposed for M,, and the extended Lie group and Lie algebra.

Finally, the set of overall vectors V are considered as a universal vector space,
based on the vector equivalence <». A matrix A of any dimension can be considered
either a linear mapping on V, or a subspace generated by its columns. The A-invariant
subspace is discussed in details. Many key concepts such as eigenvalue/eigenvector,
characteristic polynomial of a matrix have been extended from square matrices to
no-square matrices.

It was said by Asimov that “Only in mathematics is there no significant correction
- only existence. Once the Greeks had developed the deductive method, they were
correct in what they did, correct for all the time.” [43] All extensions we did in this
paper consist with the classical ones. That is, when the dimension restrictions required
by the classical matrix theory are satisfied the new operators proposed in this paper
coincide with the classical ones.
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There are many questions remain for further discussion. For instance, is it possible
to construct an equivalence over M, which is consistent with certain matrix product,
such that the quotient space becomes a vector space?

The followings are some possible equivalences on M.

(1) Equivalence 1:

DEFINITION 267. Let A, B € M. A is said to be equivalent to B, denoted
by A ~ B, if there exist I;, I;, 15, 1; such that

1/ 0A® L =1, ®B® I;. (266)

It is easy to verify that ~ is an equivalence relation. Moreover, similar to
M-equivalence or vector equivalence, we have the following result:

THEOREM 268. Assume A ~ B, then there exists a A, such that

A=1TeA®I, B=1I'eAcI,. (267)

Hence the lattice structure similar to M-equivalence exists.
It may be considered as a combination of M- and V-equivalences. Unfortu-
nately, (i) it is not consistent with STP (x); (ii) the quotient space is not a
vector space.

(2) Equivalence 2:

DEFINITION 269. Let A, B € M. A is said to be equivalent to B, if there
exist 1;, 1;, 15, 1; such that

1/0A®1;=1,8B®1;. (268)

The lattice structure can also be determined in a similar way. Moreover, the
quotient space is a vector space. Unfortunately, a proper product, which is
consistent with the equivalence, is unknown.

Further geometric/algebraic structures may be investigated.

(1) More geometric structure on equivalence space could be interesting. For in-
stance, a Riemannian geometric structure or a Symplectic geometric structure
may be posed on the equivalence space.

(2) Under the STP and H- (&), for any A € M, and B € M,

[A,Bj]=AxBFBx A (269)

is well defined. Moreover, the three requirements (146)—(148) in Definition
146 can also be satisfied (under obvious modification). Exploring the prop-
erties of this generalized Lie algebra is challenging and interesting.

One may be more interested in its applications. For instance, can we use the ex-
tended structure proposed in this paper to the analysis and control of certain dynamic
systems? Particularly, we may consider the following special cases:

(1) Consider a dynamic system

=Alt)z, xeR",
where A(t) satisfies
At = V(.I),

where V(z) is a vector field on M,,x,,. What can we say about this system?
Is it possible to extend this system to the equivalence space %7
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(2) A dimension-varying dynamic control system as

In

o(t + 1) = AXz(t)FBXu(t)
y(t) = Ca(t),
where z(t) € V.

What can we say about this, say, controllability? observability etc.?
one word, this paper could be the beginning of investigating dimension-free

matrix theory and its applications.
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