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Abstract

The concept of eigenvalues is associated with the linearity one, through the structure of vectorial
space. The multiplicative linear algebra is a structure in which an expression such as x3y* can
be considered a linear combination of variables x and y. This article is reserved to show the cor-
responding analogues for an Eigenvalue Theory. We exemplify its applications by introducing a
connection with the analysis of a nonlinear dynamical system in the standard sense, although a
linear recurrence in the multiplicative one.

Keywords . Linearity concept, multiplicative linear algebra, multiplicative linear maps.

Resumen

El concepto de valores propios estd asociado al de linealidad, a través de la estructura del espa-
cio vectorial. El dlgebra lineal multiplicativa es una estructura en la que una expresién como 31>
puede ser considerada una combinacion lineal de las variables x y vy. Este articulo estd destina-
do a mostrar los andlogos correspondientes para una teoria de valores propios en este contexto.
Se ejemplifican sus aplicaciones mediante la introduccion de una conexion con el andlisis de un
sistema dindmico no lineal en el sentido estdndar, aunque con una recurrencia lineal en el marco
multiplicativo.

Palabras clave. Concepto de linealidad, 4lgebra lineal multiplicativa, aplicaciones lineales multiplicati-
vas.

1. Introduction. The concept of linearity is not independent of the underlying arithmetic struc-
ture, where the expressions make sense. So, in the standard linearity algebraic term, ax + by is a
linear combination of the variables x and y with real parameters a and b. Here we observe the
concurrence of the addition operation and the multiplication,i.e., we have the action of the complete
ordered field (R, +, -). However, an expression such as z%y° could also be considered linear in an
appropriate arithmetic context. In fact, it is the case when we consider the complete ordered field
(R, -, ), where R, is the set of positive real numbers, with the usual product as the first operation
and a type of exponentiation * as the second. Specifically, in [1, 2] this numeric field is presented
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in the framework of a non-Newtonian calculus construction, one of multiplicative type in the sense
that the respective derivative of a product of functions is the product of the derivative of the factors
[3]. This is an isomorphic calculus in relation to the standard one, but with some direct applications
[4] that justified its development [5, 6].

In [7], the concepts of m-vectorial space are introduced, m-linear transformations, and the ele-
ments of a respective m-matrix theory as its representations, where (R, -, *) is the base numerical
field. The idea of a matrix raised to a matrix is another interesting construction, with several applica-
tions appearing to have many potentialities. Nevertheless, the basic conceptual elements to introduce
a respective spectral theory, with its multiple applications, for example, in the qualitative analysis of
dynamic systems, are a debt.

In order to further explore m-linear transformations and advance the m-matrix theory for a wide
range of applications, we will introduce the concept of the pair of m-eigenvector and its correspond-
ing m-eigenvalue, and demonstrate its main properties. Moreover, we present specific examples of
its determinations and meanings. Although, behind our matrix multiplicative theory, there is the
action of an isomorphism with the classic matrices, to install a general operative view or perspec-
tive of the linearity concept, we think it necessary to show explicitly the involved objects and their
properties.

Intending to facilitate reading and understanding for the reader, it has generally been privileged
to work, particularly in the exemplifications, in dimension two, as well as to avoid back-to-detail
the most classic and well-known demonstrations of the standard linear algebra. In Section 1, we
review one by one the mathematical preliminaries necessary to propose and develop an introduction
to the theory of m-eigen-(vector, value). Section 2 is reserved to present the corresponding spectral
concepts. Finally, in Section 3, we explore some possibilities for applications, in particular to the
theory of dynamical systems. The article concludes with a discussion of this new perspective and its
projections.

2. Preliminaries concepts.

2.1. The field of real positives. Just as multiplication shares a conceptual relationship with
addition, by repetition (for example, adding three times two is multiplying three by two), we see that
raising to a power is related to multiplication. However, in contrast to the product, working with
exponentiation has the difficulty of not being a commutative operation. Despite that, the existing
difference between 22 and 32 could be avoided (not without paying a cost) if we introduce some
appropriate function, for example the natural logarithm function, so that 2"() = 3™(2)_ So, consid-
ering the domain of the natural logarithm function, the positive real numbers R, we can consider
the triadic (R, -, %) where, to the multiplication operation, we add the commutative exponentiation
a* b= a™®_ In this way, we obtain the positive real numbers as an isomorphic copy of the field of
the real numbers (R, +, ).

Regarding this field of positive numbers, it is important to remember some notations and prop-
erties derived from axiomatic:

o Concerning the algebraic: The neutral element for the operation * is the Euler number, e.
So, if a € Ry and a # 1, the associated inverse element of a will be denoted ¢~~~ which
corresponds to e!/'™(®) In fact, we have a * a="'" = a'/"™(® = ¢ In general, given
a € Ry anda # 1, we denote a * a* - --*a (n times) and a= "1~ xa="1" ... x a1~ by
a="" and a=~~"" respectively. Moreover, a~°~ will be another representation of e. Using
this notation, we have

<n> <m> <n+m>

a % qQ =a and (a<n>-)<m>- — qSnm>

a )

for all n, m € Z.

e Concerning the order: If we consider R, =P_ U {1} UP,, withP_ = (0,1) and P, =
(1,00), then for a € R, there are three mutually exclusive possibilities: ¢ € P_, a = 1
ora € P,. Moreover, a € P, if only if a=* € P_. In the set P, both multiplication and
exponentiation are closed operations. With this, [P, is called the set of e-positives numbers.
A key function is the relative value of a number [a], which for a € R, is defined by a~! if

a € P_anda,ifa € P, U{1}. Additionally, introducing the distance [a/b] in R, we have
the positive real number set as a relative metric space.
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e Concerning completeness: Given a bounded subset A of R, and € > 1, there exists
as, ag € A, such that ag < ¢ -inf(A) and sup(A4)/e < ag. By A as a bounded
set, we understand the existence of p € P, suchthat 1/p < a < pforall a € A.

Other properties can be found in references [1, 2].

2.2. Multiplicative vector spaces. Given a not empty set W, we use the field R to call a pair
(W, (R, -, %)) a m-vector space, if there are:

e A product in W, that to each pair (u,v) € W x W associates some u - v € W, which

implies that (W, -) forms an Abelian group. The null element will be denoted 1. Moreover,
given u € W, the vector u~* € W is the associated inverse.

e A scalar product, that to each (a,v) € R, x W corresponds a x v € W, such that we have:

(a) Compatibility of scalar product * with the commutative exponentiation in the field: For
scalars o, 5 € R, and a vector v € W, it is satisfied

(axB)xv=ax(fx*v).

(b) Distributivity of scalar product * regarding vector - product: For a scalar « € R, and
vectors v and w in W, we have

ax(v-w)=(a*xv)- (a*xw).

(c¢) Distributivity of vector multiplication - regarding scalar product *: For scalars o, 8 €
R, , and a vector v € W, we have

(- B)xv=(ax*xv)-(Bx*v).

(d) Regularity in the sense that e x v = v, foreach v € W.

2.3. Multiplicative Euclidean space. An example of multiplicative vector space, that has the
obvious extension to higher dimensions, is the multiplicative Euclidean space R} := R, X R
defined by the operations:

(fﬁlayl)'(ﬂfzayz) = (fUlfUzaylyz)a and

In(a In(a
(a) 1())

a*($1,y1) — (a*xl)a*yl):(‘rl 'Y )

forany (z1,41), (22,92) € R? anda € R,

Regarding the idea of what we are going to understand by a m-linear combination, let us note
that

(z,y) = (x*é1) - (y*é2),

where é; = (e, 1) and é; = (1, e), which are denominated the m-canonical vectors, that form the
B = {é;,é2} an m-base, the canonical one. In Figure 2.1, the canonical vectors é;, i € {1,2},

defining the coordinate axes, are represented, which intersect in the neutral element I:= (1,1) of
the product.
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Figure 2.1: Representation of the canonical m-base, B = {é;, é&;}. In addition, we highlight three
elements of the vector space ((2, 3/2)). Note the convenience of considering the coordinate axes,
which are (é;) and (é,), intersecting at the proper origin (1,1).

It is well known that in the standard Euclidean space R? := R x R the addition of vectors has
a geometric interpretation through the parallelogram rule, that is, if two vectors « and v are located
having the same initial point at the center of coordinates (0, 0), and by parallel translation of them a
parallelogram is completed, then © + v can be represented by the diagonal arrow that begins at the
point of origin (0, 0) and ends at its opposite vertex. Parallelism has to do with the notion of parallel
straight lines. In this sense, first, let us agree that a m-straight line in R? through the origin (1, 1) is

given by a vector w = (a, b), a,b > 0, and all points (z,y) € R X R such that x * w, withz € R.
The equation for this m-straight-line is

L - y:{b*a—<—1>—}*x:wln(b)/ln(a), .'L'E]R+
The term b * a~~1~ corresponds to the m-slope. Associated with L we have the straight line
L': y/yo = {bxa™ "} x (/w0) = (w/amo)" ™,z e Ry,

which is the m-affine-straight-line that passes through the point (g, yo). Notice that if (xo, yo) ¢ L,
then LN L' = (.

Consequently, if u = (5/2,2) and v = (2,5/2), we can associate the m-lines

Ly y={2x%(5/2) "} xx Ly: y/2={2x(5/2)""}  (2/(5/2))
and
Ly: y={(5/2) 27"} xx Ly: y/(5/2) ={(5/2) x27 '} * (z/2).
We affirm that: L; || L}, i € {1,2}, in the sense that L; N L’ = (). Then, we observe L} N L), =

{(5,5)},and (5,5) =u-v =(5/2,2)-(2,5/2), which gives us the geometric interpretation of the
product in R? as the diagonal of a multiplicative parallelogram, as illustrated by Figure 2.2.
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Figure 2.2: Representation of vectors u = (5/2,2) and v = (2,5/2) defining m-straight-lines L,
and L, respectively. We have the m-affine-straight-lines L and L as its respective parallels. They
form a parallelogram whose diagonal in a dotted line represents the product « - v.

2.4. Matrices as a multiplicative algebra. Another example of m-vector space is the set of
matrices M,, (R, ), i.e., with positive inputs and the following products operations:

e Given A, B € M, .,,(R;), with A = (a;;) y B = (b;;), wehave C = A® B = (¢;5),
defined by ¢;; = a,;b;;. For its inverse operation, we denote D = A©® B = (d;;), where
di; = ai;/bi;.

e Given A € M,,,,,(R), with A = (a;;) and a € Ry, we have C' = a * A = (¢;;), defined
by Cij = a * Aij.

We note that matrices also form an algebra considering the following operation:

Definition 2.1 (x operation). Given A € M, ,,(R;) and B € M,x,,(R;), A = (a;;)y
B = (b;;), let us define

Ax B = (c;j) € Myym(Ry) where c¢;; =11 (ay * byy).

This is called the x-product and follows the same idea as the usual product, where a row of the
first matrix is operated term by term with a column of the second matrix. It is associative, distributive
regarding the standard product of the matrices, and has neutral elements given by any square matrix
E = ey, where [ is the usual identity matrix. This is, if £ = (e;;), thene;; = 1ifi # jande;; = e

if i = j. Notice that for a square matrix A € M,,,,(R,), we will denote A=<*~ the *-product
Ax Ax---x Awith k factors.

This product of matrices is associative, that is, for any trio of matrices A, B, and C, with
compatible dimensions for the * products, satisfy (A * B) « C' = A x (B x C'). Moreover, we have
the following distributive property

Ax(BoOC)=(A*xB)®(A*x(C) and (AGB)*C=(AxB)® (BxC).
Moreover, the new product satisfies a bilinearity property or m-bilinearity, in the sense that:
{laxA)© (B B)}+C={ax(AxC)}O{f*(BxC)}

and

Axf{(axB)®(B*C)} = {ax (Ax B)} @ {8+ (4% C)).
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2.5. Multiplicative linear transformations. Let be two m-vector spaces W; and W5, we say
that a function T" : W; — W5 is a m-linear transformation (or m-linear map) if and only if

T((axu)- (Bxv)) = (a*xT(u)-(B+T(v)),
for any u,v € Wi and o, 8 € R,

Example 2.1. Consider f : R, — R with f(x) = \/x. It is a m-linear transformation from
the m-space W1 = R to itself. In fact,

fllaxu)-(Bxv) = flu™@o™?)
= V(@)
= V(@) . y/yn(8)
(ax f(u))- (B f(v)).

Example 2.2. Note that g : Ry x R, — R, with g(x,y) = 23y? is a linear transformation
between the m-space W, = R, x R, and Wy = R, as m-Euclidean space of two and one
dimension, respectively. Indeed,

gllax (@1,11)) - (B (22,42))) = gl oy @y @y
L 3@ 31 2in(@) 21n(3)
= (zhy)™ ) - (a3y3)™)
= (ax(zy)), B * (7393))
= (axg(zi,m)) (B *g(x2,92)).

3. The eigen-concepts. In this section, we present the definitions, results, and corresponding
proofs related to the extension of eigen-concepts.

Definition 3.1 (m-Eigenvector). Given I' : W — W a m-linear transformation. We say that
w € W, w # 1, is an m-eigenvector if T'(w) = a * w, for some a € R,.

Definition 3.2 (m-Eigenvalue). In Definition 3.1 the parameter a such that T(w) = a * w is
called an m-eigenvalue.

Definition 3.3 (m-Eigenspace). Given an m-eigenvalue of a m-linear transformationT : W —
W, the set W, = {v € W : T(v) = ax*v}, is called the m-eigenspace.

Importantly, W, is a vector subspace of W since given u,v € W, and «, 5 € R, then
T((axu)- (B+v)) = (axT(w)- (B+T(v)) = (ax(axu)-(8x(axv))
= ((axa)xu)-((Bxa)*v)=ax[(axu) (6x0v)],
so that, we have (« * u) - (8 x v) € W. Therefore, W, is a subspace of W.

Definition 3.4 (m-Exponencial function). For a matrix A = (a;;) € M, (R), we define
exp,, (A) := (e"7),
it is called the m-exponential of A.
Definition 3.5 (m-Logarithm function). For a matrix A = (a;;) € M,xm(R,), we define
In,,(B) == (In(bi;)),
it is called the m-logarithm of A. From this definition, it follows that exp,,(I) = E, In,,,(E) = I,

exp,,, (A + B) = exp,,(A) © exp,,(B), exp,, (A — B) = exp,,(4) @ exp,, (B), In, (A © B) =
In,,(A) +1In,,(B) and In,,(A® B) = In,,,(A) — In,,(B), for A and B matrices in the domain and
with sizes where operations and functions are defined.

Theorem 3.1. Given matrices A = (a;;) € M, x,(K) and B = (b;;) € My, (K), where K is
R or R, according to the necessary domain, we have:
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(a) exp,,(A - B) = exp,,(A) x exp,,(B) and exp,,(A™") = exp =" (A) if the inverse A~*
exists.

(b) In,,(Ax B) = 1In,,(A) - In,,(B) and In,, (A=) = In_" (A) if the inverse A~~'" exists.

Proof:
(a) Notice that the isomorphism exp : (R, +,:) — (R4, -, %), satisfies

exp(a-b) = {exp(a)}’ = (e*)™") = e x e’

So, with which, if C' = (¢;;) = A - B, then:

k=1 k=1 k=1

exp(c;j) = exp (Z Qi - bk]-> = H exp(a;y - byj) = H{exp(aik) s« exp(bg;) }-

In this way, we get
exp,, (C) = (exp(ci;)) = (exp(ai;)) * (exp(bi;)) = exp,,(A) * exp,,(B).
(b) Let us remember that isomorphism In : (R, -, %) — (R, 4+, -), satisfies
In(a * b) = In(a™®) = In(a) - In(b),
with which, if C' = (¢;;) = A * B, then:

In(¢;;) =In (H Qifp * bkj> = Zln(aik s« byj) = Z{ln(aik) -In(by;)}-

k=1

Thus, we have In,,,(C) = (In(c¢;;)) = (In(ay;)) - (In(b;;)) = In,,(A) - In,, (B).
O

Its properties are natural extensions of the properties of exponential and logarithmic functions,
exp:R — R, and In : R, — R, respectively.

Definition 3.6 (m-Determinant). Given A € M, (R, ) and considering the standard in-
variant det : M, ., (R) — R determinant, we define the m-determinant of a positive matrix A,
by:

det,,(A) := exp(det(ln,,(A))).

Let us consider the following function M,,,, (R, ) itself related to elementary operations. We
denote by E;;(-) the operation that exchanges the row ¢ with row j. The function that *-multiply the
i-th matrix row by a positive number «, will be denoted F;*. We will denote by Rf; the operation

that multiply 7 *-multiplied by « to row z.

Theorem 3.2. Let us consider matrices A, B € M, «,(R,), then function det,,(-) has the
following properties:
(a) Rows/columns m-linearity: If C' = (c;;) is such that ¢;; = a;; = by for all j and i # k,
some k € {1,...,n}, then
det,,(C) = {a = det,,(A)} - {5 xdet,,(B)},

ifer; = (axay;) - (Bxby;) forallj € {1,...,n}.
(b) Permutation of rows/columns: If B = F;;(A), somepari,j € {1,...,n}, thendet,,(B) =
1/det,,(A).

(¢) Row/column x-amplified by a scalar: If B = F*(A), somei € {1,...,n}, thendet,,(B) =
a x det,, (A).

(d) m-triangular-matrix: If A = (a;;) such that a;; = 1, for any pair (i,j) with j > i (i.e., a
m-triangular matrix), then det,, (A) = ayy * - - * @yy,. In particular, det,,(E) = e.

(e) The x-product of matrices: det,,(A x B) = det,,(A) = det,,(B). In particular, since
Ax A== = E, we have det,,,(A="1") = (det,,(A))~1".
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(f) Transposed matrix: det,,(A") = det,,(A).
(g) Matrix with identical rows/columns: If A = (a;;) is such that a;; = ay;, for all j and some
pair i, k, then det,,,(A) = 1.

(h) Matrix with unitary row/column: If A = (a;;) is such that a; = 1, forsome k € {1,...,n}
and all j, then det,,(A) = 1.

Proof: As an illustration, we will only demonstrate some items, since the rest is very similar to
the standard case.
(a) Notice that k-th row of In,,(C) is given by elements In(cy;) = In(a) - In(ag;) + In(5) -
In(by;). Considering all other inputs of In,,, (A) and In,,, (B) are equal, we have det(In,,, (C)) =
In(e) - det(In,,,(A)) + In(B) - det(In,,(B)). Thus, the proof is achieved by applying the
exponential function.

(b) Since the row i and j of In,, (F;;(A)) are the permutations of In,,(A), we have that
det(In,,(F;;(A))) = —det(In,,(A)) and when applying the exponential function, the re-
quired equality immediately follows.

(e) Notice that det,,,(A * B) = exp(det(In,,(A * B))) = exp(det(In,,(A) - In,,(B))) =
exp(det(In,,(A)) - det(ln,,(B))). Since exp(a - b) = exp(a) * exp(b), forall a, b € R,
the proof ends.

O

Definition 3.7 (m-Trace). Given A € M,,,,(R.) and considering the standard invariant

det, Tr : M,,.(R) — R,
the standard trace, we define the m-trace of a positive matrix A, by:
Tr,,(A) := exp(Tr(In,,(4))).
g Notice that, if A = (a;;) then Tr,,(A) := exp(Tr(In,,((ai;)))), which is exp(Tr(In(a;;))).
o,

Tr,.(A) = exp(Zln(aii)) = H ag;

is obtained.

Theorem 3.3. Let us consider matrices A, B € M, «,(Ry), then function Tr,,(-) has the
following properties:

(a) The m-linearity: For any pair o and (3 in R, it is satisfy
Ty, ({ax A} © {6 * B}) = {ax Trp(A)} - {5+ Tr,(B)}.
(b) Invariance under transposition: Tr,,(A") = Tr,,(A).
(c) Invariance under change of basis: If B = P=~'" x A x P, then Tr,,(B) = Tr,,(A).
(d) The x-product of matrices: Tr,,(A x B) = Tr,, (B x A).
(e) The ®-product of matrices: Tr,,(A ® B) = Tr,,(A) - Tr,,(B).

Proof: As an illustration, we will only demonstrate some items, since the rest is very similar to
the standard case.

(a) If A= (a;;) and B = (b;;),then C' = (a % A) ® (B * B) = ((aw* a;;) - (B * b;;)). Thus,
In,,(C) = (In(a * a;;) + In(SB * b;;)) and

Tr(ln,,(C)) = Z{lﬂ(a xa;;) + In(B * b))},

In(e) Y In(az) +(8) Y In(b;) = In(a)Tr(In,,(A)) + In(8)Tr(In,,(B)).
Therefore,i
exp(Tr(In,, (C))) = exp(In(a)Tr(In,, (4))) - exp(In(3) Tr(In,,, (B))).

Since exp(In(a) - In(b)) = a * b, finally
Tr,,(C) = {a*Tr,,(A)) - {8 * Tr,,(B)}.
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(d) We need to prove that

Tr(In,,, (] [ @i * 13))) = Te(ln, (] ] ba * ai)))).-

=1

This is,
Tr((z In{a; = b;})) = Tr((z In{b;; * ai;})).

Then

SN nfag by} =Y Infaq} - In{by}
=1 [=1 =1 l=1

has to be equal to

n

Z Z In{b; * a;} = Z Zln{bil} -In{ay,},

i=1 =1 i=1 =1
which is clear.
(e) Notice that Tr(In,,,(A ® B)) = Tr((In(a;;b;;))) = Tr((In(a;;)) + (In(b;;))). It is equal to
Tr((In(a;))) + Te((In(b;;))) = Tr(In,, (A)) + Te(ln,, (B)).
Thus, all that remains is to apply the exponential function.
O

Definition 3.8 (m-Characteristic polynomial). Given A € M,, (R, ) the characteristic poly-
nomial p4(\) of A is defined by

pa(\) :==det,,(A® (N x E)).

Since In,,,(A®(A+E)) = In,,(A) —In,,(A*E) = In,,(A) —In(\)- I, we have det(In,,, (A/(\x
E))) = det(In,,,(A) — In(\) - I). Then, it is equal to q,, (In(\)), where q,, (x) is the characteristic
polynomial of the matrix B := In,, (A). Finally,

P(A) = exp(q,,,, (In(A)))-

Definition 3.9. Two matrices A and B in M, «,(R.) are m-similar if there exists a matrix
m-invertible P such that B = P=71" x A x P.

This similarity relation implies that A and B represent the same m-linear transformation, but on
a basis different. Two m-similar matrices have the same eigenvalues. In fact, if a is an eigenvalue
of A, then there exists w such that A x w = a * w. Therefore, (P x B * P*7'") x w = a x w,

and B x (P~ xw) = a * (P~ % w) is obtained. So, a is an eigenvalue of B. Similarly, an
eigenvalue of B is the eigenvalue of A.

Moreover, det,,,(P='"xAxP) = det,,(P~"'")xdet,, (A)*det,,(P). Since, det,,,(P~~'") =
(det,,(P))=~'~, we have det,,(B) = det,(A). In addition, by (c) of Theorem 3, we have
Tr,,(B) = Tr,,(A).

4. The 2 x 2 matrices. If A = (a;;) € May>(R, ), then we have the m-linear transformation
T4 : R2 — R%, given by

[ ann a2 T\ (a1 *x) - (a12 * y) _ i) yinle)
Ta(y,y) = * = = In(as:) . In(ass) | °
a1 Q22 Y (as1 * x) - (az2 * y) T Y
Then, the m-linear map 7" : R2 — R, defined by the formula

2 3 3 2
T(l‘,y) — (1‘2y3,$3y2) — (xln(e )yln(e ),xln(e )yln(e ))

is a Teyxp () m-linear transformation with
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Finding an eigenvector w = (x,y) of T4 associated with an eigenvalue of \ implies the relation
Ta(w) = X\ x w, this is,

xln(all) yln(alg) T xln()\)
I(as)  n(azs) | = - () |
x Y Y y
expression that can be rewritten as the following system

xln(all)—ln(k)yln(alg) — 17
wln(agl)yln(azg)fln(/\) = 1.

When we apply the natural logarithm function on both sides of the equalities, assuming the
change of variables © = In(x) and v = In(y), we get

In(a1/A) u+1n(ap)v = 0
In(ag)u + In(agzg/A)v = 0,

a system that supports the matrix expression given by

In an/)\ a2 u _ ln(an/)\) ln(alg) u _ 0
" a9 agg/)\ v 11’1(0;21) ln(agg/)\) v 0 ’
and equivalent to {In,,(A® (A% E))}(u,v)" = (0,0). Then, to have non-null solutions (u, v), we

need
det{ln,,(A®@ (A« E))} =0, ie, pas(A) =det, {(A®(AxFE))} =1,
so that

pa(N\) :(%*%)/(am*agl), det,,(A) = pa(1) and T, (A) = ay, - as

are obtained. Importantly, the condition p4(\) = 1, implies
(a11- A7) % (age - A1) = a1z * ag,
a condition that can be written
A2 (T, (A) x A7) - det,, (A) = 1,

an equivalent expression to

AT T, (A)} 7 = A,

with A = \/Trm(A)<2>/detm(A) = (Tr,,(A)=?")Y/*/det,,(A). Since a=?~ > 1, for any a €
R, a condition for the existence of A € R, is A > 1, i.e.,

Tr,,(A)~*" > det’ (A).
Notice that for the Tty (5) map, we have
Pesp(m)(A) = (A7 12X /(€® x €%) = 1,

that implies €2\~ x 2\~ = €3 x €3, i.e., (€2/N)=¥" = (¢%)=?7. Since In(a=*") = In*(a), we
get |2 — In(\)| = 3. With z = In(\), it can be expressed as 22 — 4z — 5 = (z —5)(z + 1) = 0,
which is the standard characteristic polynomial of the matrix B. So, the roots of the polynomial are
the eigenvalues of B, these are z; = +5 and z; = —1. Then, we have the pair of m-eigenvalues
M =etPand \y = e 1.

Taking \; = e, the system for have (u,v) is:
[2 —In(ay)]u+3v=—-3u+3v=—-3(u—wv)=0.

That determines the subspace: W (e®) generated by the vector (u,v) = (1,1), this is, the m-
eigenvector w; = (e, e). Now, with A, = e ™!, the system for have (u, v) is: 3u+3v = 3(u+v) = 0.
That determines the vector (u,v) = (1, —1), then the m-eigenvector w, = (e, e~ ). Indeed,

T(e,e) = (e?e®,ee?) = (e°,€”) = (e® xe,e” xe) = €° x (e, €),
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and
T(e,e ') = (e 3 e )= (e e)=etx(e,e7?)

are obtained.

Looking for v and 3 such that (z,y) = [a x (e,e)] - [ * (e,e™!)] = (af,a/B), we get the

decomposition
(2.9) = [Vay * (e.0)] - [\ y/z * (e, 7).

Using the linearity, we recuperate the transformation formula by:

T(e,y) = [VEy«T(e.o) - [/u/esT(e.e™)
VIy * € x (e, e)] - [\/%* e tx (e, et

(#5/272) (e, e)] - [£/2 ) 5 e, )]

[
[

= (= 5/2 5/2 5/2y5/2)]-[1‘1/2y—1/2,:ﬂ_1/2y1/2)]
(2

6/2 4/2 4/2y6/2)

(wy,fcy)-

Now regarding the diagonalization, let’us note that

e’ ée? e e e’ et
exp(B) * (wq|wy) = * =
p( ) ( 1‘ 2) ( ER ) ( e el ) ( €5 e+l >
e e e’ 1 e’ et
* di AL, ) = * = .
(w1’w2) lagm( 1y 2) ( e ol ) ( 1 et ) ( ed etl )

Then exp(B) * (wq|ws) = (wq|ws) * diag,, (A1, A2). Thus

and

(wi|w2) ¥ x exp(B) * (wi|ws) = diag,, (A1, A2).

5. A non-linear but m-linear dynamical system. Let us consider the non-linear discrete dy-
namical system with state space Ri and transition function defined by:

Tpy1 = w%yf (5.1)
Ye+1 = ':U;cyyli

where «, 3, v, and J are real numbers. We know that for mediation of the logarithm function,
it can be seen and studied as a standard linear system. Nevertheless, (5.1) is a linear system in a
multiplicative sense (m -linear) because it is defined by the m-liner map:

T(z,y) = (z*y’, 27 y°).

As m-linear system, (5.1) admits the following matrix representation:

(ka):exp(A)*(xk) with A:<a 5)
Yr+1 Yk v oo

In order, from an initial condition (9, %) ", to get its positive orbit

@<(xo,yo)T) = {(xkayk)T : k> 0},

we define
d(k,v") = exp(A)** x0T,

where v € R?, which satisfies the flux property:
®(ky + ko,v") = ®(ky, ®(ko,v")), forall ky, ko> 0.

Then, returning to system (5.1) the positive orbit of an initial state (z¢, o) " is

O((zo,50)") = {@(k, (z0,90) ") : k > 0} = {exp(A)™* = (wo,0)" : k > 0}.
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Equilibria:. Tt is clear that (1, 1) is always a fixed point. Now if there exists another (x,y) #
(1,1), it is clear that the matrix exp(A) must have the number one as an m-eigenvalue and W (1, 1),
the set of respective m-eigenvectors, as the set of all fixed points. Now, if (xz,y)" # (1,1)is a
fixed point, then exp(A) x (z,y)" = (x,y)". Thisis, (exp(4) ® E) * (z,y)" = (1,1). So, we
have the condition det,, (exp(A) @ E) = 1, which is equivalent to e~ ! x 71 = e/ x ¢, i,
(o — 1)(6 — 1) = . Therefore, det(A) = 0.

Periodic orbits:. Since det,, (B x C') = det,,(B) * det,,(C). We have, that the condition for
the existence of a n-periodic orbit exp(A)="") * (x,y)" = (z,y) ", implying {exp(A)~"" ©® E} x
(x,y)" = 1, in terms of the determinant is det,, (exp(A)") ©® E) = det,,(exp(A") @ E) = 1,
Therefore, det(A™) = det"(A) = 0, i.e., det(A) = 0.

Now, if we take In,, (+) to both sides of the original system (z 41, Yr11)' = exp(A)* (2, yi) ',

we get (Ugy1,Vpp1) = A-(ug,vi) . Thus, they are equivalent because (in the sense that) the orbits
are bijectively related.

We note that delving into the dynamics in terms of m-eigenvalues and characterization of pe-
riodic orbits (e.g., with rotation matrices) involves introducing us to the field of complex numbers.
In this regard, it only remains to say that these efforts are outside the objectives of this article. We
only give here the required number field structure: C, := {u - (v * k) : u,v € R}, where an
element u; - (v; * k) is equal to the other uy - (vq * k) if u; = ug and vy = vy. Now, introducing
in C, the operations (i) Product standard: {a - (bx k)} - {c- (d* k)} = (ac) - {(bd) x x} and (ii)
Exponentiation: {a - (bxk)} *{c-(d*k)} = {(axc)/(bxd)} - {(axd)(bxc)}* K, we have that
(C,,-,*)is afield, where k=*~ = 1/e.

6. Conclusion. Just as the isomorphism between the bodies (R, +, -) and (R, , -, *) implies the
existence of isomorphic calculi, e.g., the one existing between the Newtonian calculus and multi-
plicative calculus, this also implies an extension of the isomorphy to the realm of linear algebras.
This is the case, which we have tried to highlight, between the matrices with real entries and those
with positive entries (isomorphic algebras), and some of their spectral concepts.

Just to let you know, from a purely abstract perspective, the novelty of what was presented could
be considered by citing only a nominal exercise. However, in contrast, we must note that the gain is
that isomorphic structures are not a reality parallel to the standard one but rather they are inside it and
contain it. We mean that the real matrices and their linear structures contain the matrices of positive
entries with the presented structure, and so on. Defining a cascade of isomorphic structures within
each other. Thus, before each true proposition of the theory, there are infinite true propositions
(of similar architectures) within the same theory. For example, it is enough to remember that the
geometric mean in real numbers, between positive numbers, is the equivalent, or the isomorphic
image, of the arithmetic mean [8, 9]. However, we cannot deny that proper understanding of the
geometric mean is a technical necessity and we would not be willing to go back and forth through
isomorphism every time we want to calculate it.

Author contributions. Conceptualization, F.C.-L.; methodology, F.C.-L., and R.G.; valida-
tion, F.C.-L.; formal analysis, F.C.-L.; investigation, F.C.-L., EL.-M., R.H.-C., and R.G.; writ-
ing—original draft preparation, F.C.-L., and R.G.; writing—review and editing, F.C.-L., FEL.-M.,
R.H.-C., and R.G.; supervision, F.C.-L., and R.G.; project administration, F.C.-L. All authors have
read and agreed to the published version of the manuscript.

Funding. F. L.-M. and R. H.-C. thank the Vicerrectoria de Investigacién y Postgrado at the
Universidad Catdlica del Maule, Chile. For F. L-M. and R. H.-C., this research was partially funded
by the Beca Doctoral UCM .

Conflicts of interest. The authors declare no competing interests.

ORCID and License

Fernando Cérdova-Lepe* https://orcid.org/0000-0001-6515-6880
Franco Lara-Mufioz' https://orcid.org/0009-0000-9613-3294

Ranghely Herndndez-Castafieda* https://orcid.org/0009-0002-1769-6393
Rodrigo Gutiérrez® https://orcid.org/0000-0002-1119-9989

This work is licensed under the Creative Commons - Attribution 4.0 International (CC BY 4.0)


https://orcid.org/0000-0001-6515-6880
https://orcid.org/0009-0000-9613-3294
https://orcid.org/0009-0002-1769-6393
https://orcid.org/0000-0002-1119-9989
https://creativecommons.org/licenses/by/4.0/

154

(1]
(2]

(3]
(4]

(5]
(6]

(71
(8]

(9]

Cérdova-Lepe F. et al.- Selecciones Matematicas. 2025; Vol.12(1):142-154
References

Cérdova-Lepe F. The multiplicative derivative as a measure of elasticity in economics. TEMAT-Theaeteto Athe-
niensi Mathematica. 2006;2(3):1-8.

Coérdova-Lepe F, Pinto M. From quotient operation toward a proportional calculus. International journal of mathe-
matics, game theory and algebra. 2009;18(6):527-36.

Torres DF. On a non-Newtonian calculus of variations. Axioms. 2021;10(3):171.

Mora M, Cérdova-Lepe F, Del-Valle R. A non-Newtonian gradient for contour detection in images with multiplica-
tive noise. Pattern recognition letters. 2012;33(10):1245-56.

Pinto M, Torres R, Campillay-Llanos W, Guevara-Morales F. Applications of proportional calculus and a non-
Newtonian logistic growth model. Proyecciones (Antofagasta). 2020;39(6):1471-513.

Campillay-Llanos W, Guevara F, Pinto M, Torres R. Differential and integral proportional calculus: how to find a
primitive for f (x)= 1/2 7 e-(1/2) x 2. International journal of mathematical education in science and technology.
2021;52(3):463-76.

Cérdova-Lepe F, Del Valle R, Vilches K. A new approach to the concept of linearity. Some elements for a multi-
plicative linear algebra. International Journal of Computer Mathematics. 2020;97(1-2):109-19.

Vilches-Ponce K, Cérdova-Lepe F, Pavez-Rojas C. Introductory elements for the development of a multiplicative
statistic. In: Proceedings of the 17th International Conference on Computational and Mathematical Methods
in Science and Engineering (CMMSE 2017). Costa Ballena, Rota, Cadiz, Spain; 2017. p. 1649-1653.

Cérdova-Lepe F, Rojas-Castro H. On measures of central tendency and dispersion: formal analogies in statistics.
In: Research in Education: Teacher Training Issues. Nova Science Publishers; 2019. p. n.d.



