. mathematics

Article

On S-Evolution Algebras and Their Enveloping Algebras

Farrukh Mukhamedov V'*

check for

updates
Citation: Mukhamedov, E; Qaralleh,
I. On S-Evolution Algebras and Their
Enveloping Algebras. Mathematics
2021, 9, 1195. https://doi.org/
10.3390/math9111195

Academic Editor: Nelson Martins

Ferreira

Received: 12 April 2021
Accepted: 21 May 2021
Published: 25 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Izzat Qaralleh 2

Department of Mathematical Sciences, College of Science, United Arab Emirates University,

Al Ain P.O. Box 15551, United Arab Emirates

Department of Mathematics, Faculty of Science, Tafila Technical University, P.O. Box 179, Tafila 66110, Jordan;
izzat_math@ttu.edu.jo

*  Correspondence: farrukh.m@uaeu.ac.ae

Abstract: In the present paper, we introduce S-evolution algebras and investigate their solvability,
simplicity, and semisimplicity. The structure of enveloping algebras has been carried out through the
attached graph of S-evolution algebras. Moreover, we introduce the concept of £-linear derivation of
S-evolution algebras, and prove such derivations can be extended to their enveloping algebras under

certain conditions.
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1. Introduction

It is well-known that several classes of non-associative algebras such as baric, evolu-
tion, Bernstein, train, stochastic, etc., were tied up with abstract algebra and biology [1-3].
The investigation of such kinds of algebras has offered many significant contributions to
population genetics theory [3]. We point out that first population genetics problems can
be traced back to the work of Bernstein [4] where evolution operators were examined,
which naturally describe genetic algebras (see [3,5]). Evolution algebras are considered
as a type of genetic algebras which are non-associative algebras with a dynamic nature.
Such a type of algebras has been introduced in [6,7]. After that, in [8] the foundations of
these algebras have been established. Later on, evolution algebras are used to model non-
Mendelian genetics laws [9-13]. Moreover, these algebras are tightly connected with group
theory, the theory of knots, dynamic systems, Markov processes and graph theory [14-18].
Evolution algebras allowed introduce useful algebraic techniques and methods into the
investigation of some digraphs because such kind of algebras and weighted digraphs
can be canonically identified [7,19]. In most investigations, considered evolution alge-
bras were taken nilpotent [19-24]. A few papers are devoted to non-nilpotent evolution
algebras [25-27]. In [28-30], a new class of evolution algebras, called Lotka—Volterra evolu-
tion algebras, has been introduced (see also [31]). It turns out that such kind of algebras
are not nilpotent. Given an evolution algebra &, then its enveloping algebra M(¢&) is con-
sidered as a subalgebra of full matrix algebra hom (&, €) of the endomorphism of linear
space &, generated by all left multiplications. The common properties between algebra
and its enveloping algebra are essential tasks in algebra [32]. Therefore, it is natural to
find which algebraic properties can be extended from the algebra to its enveloping. Some
extendible properties among those algebras have been found (see [33] and the references
given therein). It is worth pointing out that majority of studies constraint nilpotent algebras.
In the present paper, we introduce a new class of evolution algebras called S-evolution
algebras. These algebras are not nilpotent, but naturally extend Lotka—Volterra ones [30].
We point out that directed weighted graphs associated with S-evolution algebras have
meaning while the Lotka—Volterra ones do not. Therefore, the study structure of these
algebras may give some information about electrical circuits, find the shortest routes, and
construct a model for analysis and solution of other problems [9,10,34].
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One of this paper’s main aims is to study basic algebraic properties of S-evolution
algebras such as simplicity, semisimplicity [25]. Up to now, there are not any investigations
between evolution algebras and their enveloping algebras. Therefore, we will investigate
the evolution algebras together with the specific properties of their enveloping algebras.
Besides, the extendibility of derivations of S-evolution algebras will be examined as well.
We notice that derivations of evolution algebras have been studied in [16,20,33,35-38].

Let us briefly highlight an organization of this paper. In Section 2, we provide ceratin
basic properties of S-evolution algebras and their graphs. In Section 3, we study the struc-
ture of enveloping algebras generated by S-evolution algebras, whose attached graphs are
complete. Furthermore, we prove that if two S-algebras are isomorphic, then their corre-
sponding enveloping algebras are isomorphic, but the converse is not valid. In Section 4,
we investigate properties of enveloping algebras generated by S-evolution algebras. Fur-
thermore, in Section 5, a concept of -linear derivation is defined of enveloping algebras
of S-evolution algebras. In the final Section 6, a description of all £-linear derivations of
enveloping algebra generated by 3-dimensional S-evolution algebras is provided.

2. S-Evolution Algebras and Their Graphs

Let us start with a definition of evolution algebras.

Definition 1. Let € be a vector space over a field K with multiplication - and a basis {eq, €3, ..., e, }
such that

ei'ej':O,i#]',

n
ei-ej =) ageg, i>1,
k=1
then € is called an evolution algebra and the basis {e1, s, ..., ey} is said to be natural basis.
Here, the matrix A = (aij)?jzl is called a structural matrix of the algebra € in the natural

basis {e1,...,en}.

One can immediately see that every evolution algebra is commutative (therefore, flexi-
ble). Moreover, we have rankA = dim(€ - 8) this yields that for every finite-dimensional
evolution algebra its rank of the matrix does not depend on the choice of natural basis. In
what follows, we will consider non-degenerate evolution algebras, i.e., ¢;e; # 0 for any i.
For convenience, we write uv instead of u - v for any u, v € € and we shall write &2 instead
of €-&.

Definition 2. A matrix A = (al-j):?j:l is called an S-matrix if

(i) a;=0foralll <i<um;
(i) a;; # Oifand only if aj; # 0.

We notice that if A = (aij)?,]':1 is an S-matrix, then there is a family of injective
functions {f;; : K — K}1<j<j<, with f;;(0) = 0 such that a;; = fj;(a;;) forall 1 <i <j <n.
Hence, each S-matrix is uniquely defined by off diagonal upper triangular matrix (a;j);;
and a family of functions (f;;);;. This allows us to construct lots of examples of S-matrices.

Example 1. Let (a;;)i<; be a given upper triangular matrix. Let us construct certain examples of
S-matrices as follows:

1. Assume that B is a symmetric matrix such that bjj = a;; and bj; = aj; for all i < j. In this
setting, one can see that ﬁj(x) = x;

2. Assume that C is a skew-symmetric matrix such that c;; = ajj, c;; = —ajj forall i < j. Itis
clear that fi;(x) = —x;
3. Assume that M is a matrix such that mj; = —aj;;, mj; = (—1)i+faij foralli < j. In this

setting, we have fij(x) = (—1)Hix,
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Definition 3. An evolution algebra € is called an S-evolution algebra if its structural matrix is an
S-matrix.

Remark 1. We note that evolution algebras corresponding to skew-symmetric matrices are called
Lotka—Volterra (or Volterra) evolution algebras. Such kind of algebras have been investigated
in [30,39]. From the given Example 1, we can see that Lotka—Volterra algebras and S-evolution
algebras (different from those ones) may not share common properties. For example, if A is a
skew-symmetric matrix, then its rank could be even, while if one considers an S-matrix which is
symmetric, then its rank could be any positive integer.

Remark 2. The motivation behind introducing S-evolution algebra is that such algebras have
certain applications in the study of electrical circuits, find the shortest routes, and construct a model
for analysis and solution of other problems [9,38]. From the physical point of view, if one considers
{1,2,- -+, n} species than a pair (i, j) interacts with a;; rate. Therefore, it is natural investigate
algebraic properties of such kind of interactions. On the other hand, such kind of interactions lead
us to the game theory like zero-sum games [40,41]. Moreover, recently, Lotka—Volterra matrices
have been considered within the framework of phase transitions and Gibbs measures [42—44].

Example 2. Let us provide a more concrete example. Let us consider two players A and B stochastic
game, who move a token along one of the outgoing arcs [34]

1

oedilip>
To determine whose turn, a coin is flipped. If head it is A's turn and if tail then B's turn. A pays to

B the weight of the arc along which the token is moved. Such kinds of games have a lot of applications
in economics, evolutionary biology, etc. One can see that the given weighted graph defines a matrix.

0o 1 2
-3 0 -2
-1 3 0

which is clearly an S-matrix. Hence, we can investigate the algebraic properties of the corresponding
evolution algebra ( This is an S-evolution algebra). It is stressed that the evolution algebra is not
Lotka—Volterra one. Therefore, it is natural to investigate such algebra, which may open some shed
into these games from an algebraic point of view. Note that evolution algebra associated with the
Markov process has been considered in [8,15,45]. However, the considered evolution algebra is not
Markov evolution algebra, and hence, it is needed for the investigation (algebraic properties )

Example 3. Another implementation of S-evolution algebras could be in a face recognition. Suppose
we are interested in designing a model to face recognition. The first step in any model of face
recognition is devoted to finding out the coordinates of faces. If one person stands in front of the
camera, the system will find the coordinates of the face and install them in a big matrix. If we
assume that the region is related to the coordinate A(i,i) = 0, this region is common and has the
same properties in each person. One of the significant challenges of any face recognition system
is the rotation of the person’s face when he stands in front of the camera. Usually, the company
stored several images of its Customers in its database. The implementation of S-evolution algebra
as follows:

Suppose the system took a picture of person A and installed it in the matrix, then the corre-
sponding S-evolution algebra is denoted by &, and if we assume that this person has ten pictures
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in the database, then each picture related to S-evolution algebra &,, wherei =1,...,10. Now our
model will check the isomorphism between €, and all S-evolution algebras generated by the pictures
in the database. Surely, the system will find &, = €,,, wherei =1, ...,10. Hence, in this way, we
can identify this person.

In what follows, for the sake of simplicity, we always assume that K is taken as the
field of the complex numbers C.

Let € be an S-evolution algebra w.r.t. natural basis {e1, ey, ..., e, }, then the canonical
form of the table of multiplications is given by

ei-ej=01#]; 1
i—1 n

ei-ei =Y frilak)ec+ Y, Gimem 2)
k=1 m=i+1

We notice that if i = 1 then the first summand of (2) is zero, if i = n then the second
summand is zero.
Let us define the following sequences:

eM) — g elk+l) _ ek)g(k)

7

e<l> _ e, e<k+1> _ 8<k>8,

k
81 _ 8, 8k+1 — Z 8i8k+17i’ k Z 1
i=1

Next inclusions are true fork > 1 :
8<k> C Sk S(k-i-l) C €2k.

Due to the commutativity of & one has &k = ) gigh=,
1<i<k—i

Definition 4. An evolution algebra € is called

(i) solvable if there exists n € N such that £ = 0 and the minimal such number is called index
of solvability;

(ii)  right nilpotent if there exists n € N such that €<"> = 0 and the minimal such number is
called index of right nilpotency;

(iii) nilpotent if there exists n € N such that £" = 0 and the minimal such number is called index
of nilpotency.

Remark 3. We point out that the nilpotency of evolution algebra implies its right nilpotentcy and
solvability. Moreover, the solvablity of evolution algebra does not imply its right nilpotency ([20],
Example 2.4).

Definition 5. Let & be an evolution algebra with a natural basis B = {e, ..., e, } and a structural

matrix A = (j).

(i) AgraphT(€,B) = (V,E), withV ={1,...,n}and E = {(i,j) € V. x V :a;; # 0}, is
called the graph attached to the evolution algebra € relative to the natural basis B.

(i) The tripleT%(E,B) = (V,E,w), with T'(€,B) = (V,E) and where w is the map E — F
given by w((i,])) = wj, is called the weighted graph attached to the S- evolution algebra &
relative to the natural basis B.

A graph I'(€, B) is called complete if every two vertices of the graph are connected
by an edge. Moreover, I'(€, B) is connected if there is a path between any two vertices,
otherwise is called disconnected.
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Definition 6 ([25]). An evolution subalgebra of an evolution algebra & is a subalgebra &' C &
such that &' is an evolution algebra, i.e., &' has a natural basis.

We notice that the definition of evolution subalgebra, which is given in [7,8] has more
restrictive than the Definition 6. The concepts of evolution subalgebra and evolution ideal
in the sense of definition given in [7,8] are equivalent. However, they are not equivalent
in the sense of Definition 6 (see Example 2.6 [25]). In this paper, we will consider the
Definition 6.

Definition 7 ([25]). An evolution ideal of an evolution algebra & is an ideal I of € such that I has
a natural basis.

Recall that an evolution algebra € is called simple if €2 # 0 and it has no non-trivial
proper ideal, and it is called semisimple if it can be written as direct sum of simple subalge-
bras. An ideal is called simple if it does not contain any proper sub-ideal.

Remark 4. In [46] a notion of basic ideals of evolution algebras is defined and corresponding
basic simple evolution algebras are studied. A relation between simplicity and basic simplicity is
established as well. These results allowed to describe four dimensional perfect non-simple evolution
algebras over a field with mild restrictions.

Proposition 1 ([25]). Let A be an evolution algebra and B = {e; | i € V'} be its natural basis.
Consider the following conditions:
(i) €& issimple.
(ii) € satisfies the following properties:
(a) € is non-degenerate.
(b) &=lin{e? |ieV}
(c) lin{e? | i € V'} is a non-zero ideal of A for a non-empty V' C V then |V'| = |V|.
Then (i) = (ii) and (ii) = (i) if |V| < co.

In what follow, we always consider |V| < 0.

3. Some Properties of S-Evolution Algebras

In this section, we are going to study some properties of S-evolution algebras.
In [30] we have recently proved the following fact.

Theorem 1 ([30]). Let € be a non-trivial Lotka—Volterra evolution algebra then & is not nilpotent.

It turns out that this result could be extended for S-evolution algebras in a more
general setting.

Theorem 2. Let € be a non-trivial n-dimensional S-evolution algebra, then & is not solvable.

Proof. Let &€ = alg(ey,e,...,e,), since & is non-degenerate, then there exists
e; € alg(ey, e, ..., e,) such that 61‘2 # 0. Therefore, one finds k # i such that a;; # 0,
since the structural matrix of € is a S-matrix, then f(a;) # 0, so, {(e;, ex) C €2, We claim
that (e;,ex) C &), for any positive integer 1. Let us prove it by induction. Assume that
(ei,ex) C =1, due to € = ¢=Delr=1) and (e;,¢) C "1, we get (e;,¢) C M.
This yields that &(") # 0 for any positive n. Hence, € is not solvable. [

The proved theorem together with Remark 3 implies that any non-degenerate S-
evolution algebra is not nilpotent.
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Let B = {¢; | i € V} be a natural basis of an evolution algebra & and let iy € V.The
first-generation descendants of iy are the elements of the subset D!(ij) given by:

D'(ip) := {j € V| aji, # 0}.

Note that j € D(ip) if and only if, ”j(eizo) # 0 (where 7; is the canonical projection of
&€ over Ce;). Similarly, we say that j is a second-generation descendant of iy whenever
j € D' (k) for some k € D'(iy). Therefore,

D*(ip)= |J D'(k).

keD? (10)

By recurrency, we define the set of mth-generation descendantsof iy as

D"(ip)= |J DY(k).

keD™m=1(iy)

Finally, the set of descendants of ij is defined as the subset of \VV given by

D(ip) = |J D" (ip).

meN

On the other hand, we say that j € V is an ascendant of i if iy € D(j); that is, iy is a
descendant of j.

Proposition 2. Let € be an S-evolution algebra with natural basis B = {e; |i € V}.If T'(&,B) is
complete, then D(ig) = V forany ip € V.

Proof. Since the attached graph is complete, then, for any iy € V
Dl(ig) = {j € V: j # io}.

From iy € D'(j) we infer
D%*(ip)= |J D'(k)=V.

kEDl(iO)
Consequently,
D"(ip)= |J D'Yk)=V.
kEDmfl(llg)
Therefore,

D(ip) = |J D" (i) = V.
meN

Due to the arbitrariness of iy we get the assertion. [

Theorem 3. Let & be an S-evolution algebra with B = {e; : i € V'}. Then € is simple if and only
if det(A) # 0, where A is the structural matrix of &.

Proof. Let & be a simple algebra then by Proposition 1(b), we have € = lin{e? | i € V}.
Hence, the set {¢? | i € V} contains linearly independent vectors, this implies that det(A) # 0.
Conversely, let us assume the contrary, i.e., € is not simple. Then, there exists I € £

such that (I) is a non-zero proper ideal of €. Let j € V such that 7;(I) # 0. Then <e]2> isa
non-zero ideal of £ contained in (I) but

<e]2> =lin{e?: k€ D(j) U {j}}
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Due to det(A) # 0, we have

D()uijt=V
which means <ez> = & which is a contradiction as <e]2> a proper ideal of €. This completes

]
the proof. O

Corollary 1. Let & be a simple S-evolution algebra with B = {e; : i € V}. Then T'(E, B)
is connected.

We stress that the converse of Corollary 1 is not true. For example, let us consider a
three dimensional S-evolution algebra with a table of multiplication given by:

2 2 2
e] = e, 65 =e1t+e3, €5 = ép.

It is clear that I'(€, B) is connected. However, € is not simple as lin{e?,¢3} is a non-zero

proper ideal of €.

Proposition 3. Let € be an n-dimensional S-evolution algebra with disconnected attached graphs,

p

ie,T(& B) = U Ajand Ay N Ap = ¢, for any m # k, where p is the number of disconnected
i=1

graphs. Then each graph A; corresponds to a proper ideal of €.

Proof. Asbefore, the attached graph of € is denoted by I'(E, B). Let I4, := {e; : i € V(A;)}.

We claim that span{l,, } is an ideal. Since I4, N 14, = ¢ for any k # m one finds e,es = 0

forall e, € Iy, and es € I4,. Next, fix i and pick e, € I4, then e% = le we;. Hence,
ec A

e? € I, whenever, e, € I, This means that span{l,,} is anideal of &. O

Example 4. Let us consider an algebra € with the following structural matrix:

(o] ° )
\

The attached graphs are

@ @

Then span{la, } = span{ey, ep} and span{la,} = span{es, ey} are proper ideals of €.

Corollary 2. Let € be an n-dimensional S-evolution algebra with disconnected attached graphs,
p
r'(e,B) = JI(&;,B)),
i=1

where T (Ex, By) NT(Em, Bm) = ¢, for any k # mand p is the number of disconnected graphs. Then
ex=Pe;,
i

if and only if each &; is a simple S-evolution algebra .
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Theorem 4. If a non-trivial finite dimensional S-evolution algebra & is semisimple, then the
attached graph T (€, B) of € is disconnected.

Proof. Assume that € is semisimple, then there exists a non-trivial proper ideal I of €. Let
us define the following set
AZ:{iZ 6,‘6[}.

It follows that if m ¢ A then e, ¢ I. Since eiz € I, one has that a;,, = 0 for any i € A.
Hence, the vertex m is not connected to any vertex of A. Therefore, the attached graph
is disconnected. [

Remark 5. The converse of the Theorem 4 is, in general, not true. Namely, if the attached graph is
disconnected then an evolution algebra may be not semisimple.

Example 5. Let us consider an S-evolution algebra € with the following table of multiplication:
et =ey 03 =ey, &3 =0.

It is clear that the attached graph is disconnected. However, € # &1 © &, where &1 = (eq,e), and
€ = (e3). From €3 = 0 we infer that &, is not simple.

In [30] we have established an isomorphism criteria of Lotka—Volterra evolution algebras.

Theorem 5 ([30]). Let €1, and E; be two Lotka—Volterra evolution algebras whose attached graphs
are complete. Then €1 =2 &, if and only 1fZ—;/] = Z;i,foranyl <i#j<nand1 <l #m<n.

Next result extends the formulated one to S-evolution algebras.
Theorem 6. Let &1 and &; be two S-evolution algebras with (”ij)?,j:y (bi/-)?/]-:l structural matri-

ces, respectively, whose attached graphs are complete. Then €1 = &, if and only if the following
conditions are satisfied

() (255) - (1) (&) a=icicrsn
Api i(api) \? a; ? ik\%i
() () = () (269)
) AN 2 . (a )\ 2
) G) = ) iay) 2 =rsarer

Proof. Let & = (e1,ez,...,64) and & = (f1, f2,..., fu). Assume that & = &, then one
can write

n
fi= 2 XikCk-
i=1
From f;f; = 0 for any i # j, without loss of generality, we can assume that f; = a;;e;. Then
) ) i—1 n
ff= "‘ii( pri(api)ep + Z aiqeq>. 3)
p=1 q=i+1

On the other hand,
i—1 n
f= ( Y app&pi(bpi)ey + ) “quiqeq) 4)

p=1 g=i+1
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Comparing (3) and (4), we obtain

fpi(api)“zzi = gpi(bpi)“pp/ p=1i-1 5)
2

ajghi; = biggq, g =1+1,n.
For any i < j, from (5) one finds
ajjoc; = bijaj
fijl@i)o: = giji(bij) i

Solving the above equations, we get
wjj = (%)2(&]‘(5,‘]-)), or =, (bij)2<gif(bi]')> (1 + \/§1>
aij )\ fij(aij) aij )\ fij(aij) 2
o= () i) oren =3 () Gl (457)
n aij) \ fi(ai) ) "7 aij ) \ fij(aij) 2
The arbitrariness of j implies
Cwy(MWW):(Wﬂzcmwm>]Kd<j<k<n
bij ) \gij(bij) i/ \8i(bi) )"~ ~ -
2 2
“pi) (fpi(”pi)> _ (ﬂik> (fik aik)) 1< -
_r =X ,1<p<i<k<n.
(bpi Spi(bpi) bi ) \gix(bir) P
(a,ﬂ)(fpi(am)z: (%)(fqi<aqi>>2 l<p<g<i<n
bpi ) \ &pi(bpi) byi ) \ &4i(bgi) T B

Conversely, the isomorphism between €; and €, can be established by the following
change of basis

©w

(6)

=82 (32
o () Gt o=

4. Enveloping Algebras Generated by S-Evolution Algebras

O

Let us recall some notions from [32]. Let E be an evolution algebra, by L, we denote
the left multiplication operator by an element a:

Ly:x+—x-a.

By Hom(E, E) we denote the full matrix algebra of endomorphisms of E. A subalgebra
of Hom(E, E) generated by {L, : a € E}, is called multiplication algebra of E, denoted
by M(E).

Proposition 4. Let & be an S-evolution algebra and M(&) be its associative enveloping algebra.
Then the vectors R, o Rg],, Re;oRg 0...0R,, 0 Re], are linearly dependent.
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Proof. We first observe that
n
Re,v ¢} Rg], = {Ill']‘ kzl ajkEik-

and

n
Rgi o Rek 0...0 Rem o jo = ik - - - A kzl a]-kEl-k.

If ajj = 0, then R,; o Re; = 0 which implies that these two vector are linearly dependent. If
ajj # 0, one has that

Aik - - - Amj
Re;0Rg0...0R,, © Re]. = TREi o Rej.
g

Hence, in both cases they are linearly dependent. O

For fixed i, we define
AW = {Ry oRy : j#i, j=1n}.

Proposition 5. Let € be an S-evolution algebra whose attached graph is complete, with matrix

of structural constants A and M(E) be its associative enveloping algebra, then the following

statements hold true:

(1) if & is simple then for each i, dim(span(A())) = Rank(A) — 1.

(2) if & is not simple then for each i, dim(span(A(?))) = Rank(A).

(3) i the sets A1), AU) contain linearly independent vectors then AU U AU) contains linearly
independent vectors for any i # j.

Proof. (i) Consider
n
Zaj(Rei o jo) = Zajaij Z ajkEik =0.
J#i j#i k=1
Since a;; # 0 for any 1 < i # j < n. Then one gets the following system of homogeneous
linear equations:

X
[4%)

<ai1,al~2,...aii_l,aii+1,...,ain>o<a§,a§,...,af_1,af+1,...,a£1> o1 :[O]nxl (7)
i1

Kn

where aj, ay,...,a;_1,a;41,...,a, are the row vectors of the structural matrix A without
the ith row, and e stands for the dot product given by

t .t t t t\ t t t
<ﬂi1,ﬂl‘2,.. A1, 441, - ..,ain> ° <a1,a2,. NPT FEEPY: ENI P .,an> =apa; +apa, +...+aa,.

Denote
/ R t t t
Anxnfl = apag + apap +.t Ainay-.
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then we can rewrite (7) as follows
&1

X3

/n><n—l &i—1 :[O]nxl
Xi1

[ 7]

Since det(A) # 0, then Rank(A’) = n — 1. Therefore, the only solution of (7) is
M =ap=...=0;_1 =041 =...=0a&, =0.

Hence, A() contains Rank(A) — 1 linearly independent vectors. Let x,y € A() then one
can easily show that xy, x + y € span(A()). Hence, dim(span(A())) = Rank(A) —

(ii) Next, assume that det(A) = 0 and rank(A) = m < n. Now, by removing dependent
rows, we obtain a matrix A}, ,,. Clearly, Rank (A}, ,) = m. Then, let us consider

m+1

Z “k(Rei Ong) = [O]nxnfm.
k=1, ki

From the last equation, we get

X1
119

Al | @iz | = 1001
iyl

L&1+1

The solution of the last system is trivial, hence a maximum number of independent vectors
is rank(A) = m. Therefore, dim(span(A())) = rank(A).

(iii) Finally, assume that AU contains linearly independent elements for all 1 < i < n.
Then span(A()) is a subspace. Now let us suppose that span(A()) Uspan(A()) are linearly
dependent It is clear that A) N AU) = ¢ for any i # j, which yields span(A M) N
span(A(®)) = {0}. Assume that

n n
Y ax(Re; o Re) + ) Bu(Re; 0 Re,, ) =0, k,m =1, n.
ki m#j

Now, we consider the following cases:

If ay = O for all k then we get AU) is linearly dependent which is a contradiction. If
Bm = O for all m then we get A(?) is linearly dependent which is again a contradiction.
Now, if

szk R oRe) = 2 Bu(Re; o Re,,)
ki m#j

then — Z:ln?éj Bm (Re]. oR,,) € span(A()), butit contradicts to span(A()) Nspan(A®) = {0}.
Hence, A) U AU) contains linearly independent vectors for any i # j. [
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Corollary 3. Let AV, AQ?), ..., AU contain linearly independent vectors then LnJ AW s lin-
k=1
early independent.

Proposition 6. Let M(&) be an associative enveloping algebra generated by an S—evolution
algebra & whose attached graph T'(&, B) is complete. Then the following statements are true:

(i) wvectorsof A ={Re,;: 1 <i<n}are linearly independent;
(i) if & is simple then for each i, the set A() U {Re } is linearly independent;
(iii) if & is not simple then for each i, the set A" U {Re,} is linearly dependent.

Proof. (i). Let us consider
n n n
Y iRy, =) a (Z ﬂikEik> = [0]nxn-
i=1 i=1 k=1

Since I'(€, B) is complete, then a;, # 0 forany i # k, i,k = 1,n. This implies that a; = 0 for
all 1 <i < n. Hence, the set A contains linearly independent vectors.
(if) Consider the equality

n
a1Re; + Z ag(Re; 0 Ry ) = [0

k=2
Then
X1
ot N R
<ai11ai2/‘"lllaii+l/"'laii’l> ° <a1/a2/"'/an> . - [O}nxn/ (8)
K

here, as before, aj, ay, . . ., a, are row vectors of the structural matrix A. Now,

a1 a1

bt N /|2
<ail/ai2/'"lllaii+1/'~-/ain>.<a]/a2/'--/an> . =A . - [O]HXW' (9)

Xn Kn

with det(A") = (apap ... 14541 ... a;,)det(A). Since det(A) # 0 and the attached graph
is complete, we find det(A ) # 0. Hence, the only solution of the system Equation (9) is
trivial. Therefore, the set A() U {R,,;} contains linearly independent vectors.

(iii) Due to the fact det(A’) = (a4 ... 14541 ... a;,)det(A) and from det( ) =0,
one has that there is a non-trivial solution of (9). Hence, in this case the set A() U {Re;}
contains linearly dependent vectors. This completes the proof. O

Theorem 7. Let M(E) be an associative enveloping algebra generated by an S-evolution algebra &
whose attached graph T'(€, B) is complete. Then the following statements are true:

(i)  if € is simple then
M) = |J (ADU{RY), dim(M(E)) = dim(€)dim(e?) = n®
i=1

(ii) if & is not simple and rank(A) = m. Then

U( JU{R, ) dim(M(&)) = dim(&)dim(€2) = nm,
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where A1) = Al) 5 {Re; o R, }
Proof. By compiling Propositions 5 and 6, we get the assertion. [J
Definition 8. If a graph T has a vertex with no edges, then such vertex is called isolated.

Let us denote the set of isolated vertices by iso(V). It is obvious that in a complete
graph |iso(V)| = 0, where |iso(V)| is the number of isolated vertices in T'(€, B).

Remark 6. Ifi € iso(V), then R,, = 0. Hence, R, o Re; = Rej o Re; = 0forall1 < j<n.

Corollary 4. Let M(&) be an associative enveloping algebra generated by an n-dimensional S-
evolution algebra & with disconnected attached graph T(&,B) = T'(€1, B1) UT (&2, By) where
I'(&1,By) is complete and T'(E,, By) contains the isolated vertices. Then the following statements
hold true:

(i) If & is simple then dim(M(&)) = 2|E| + |V| — |iso(V)|, where |E| is the number of edges
inT(&, B).
(i) If &1 is not simple and rank(A) = m. Then dim(M(&)) = m(|V| — [iso(V)]).

Proof. Note that
span(A) = (R, : i ¢ iso(V)).

Then,
dim(span(A)) = |V| — |iso(V)].

Consider
E={(ij): w(ij) # 0}.
It is clear that Re, o R,; € AW if and only if (i,j) € E. Since the structural matrix is an
S-matrix, then (i,j) € E if and only if (j,i) € E. This implies that R, o R, € AW if and
only if R, o Re; € AU). Then dim(span(U?:lA(i))) = 2|E|. Therefore, by Theorem 7
dim(M(€)) = dim(span(U"_; A"))) 4+ dim(span(A)) = 2|E| + |V| — |iso(V)].
Next, if det(A) = 0,and rank(A) = m. Then

span(A) = (R, : i ¢ iso(V)).

Then,
dim(span(A)) = |V| — |iso(V)].
Note that ‘
dim (span(A) N (span(U?:lA(l)))) =m.
However,

dim (span(fl) N (span(u?zlfi(i)))) =0.

Now, after removing dependent vectors from the structural matrix A we have a new
structural matrix say AJ,,,, where its attached graph has 1 vertices such that the first m
vertices will joint m — 1 vertices and the rest will join m vertices. Hence,

dim(span(U_; A%)) = (m = 1)(|V| - liso(V)]).



Mathematics 2021, 9, 1195

14 of 23

Consequently,

dim(M(€)) = dim(span(Ul;A")) + dim(span(A))

(V] = liso(V)])(m = 1) + V] — |iso(V)]

m(|V| = liso(V)])
This completes the proof. [

Remark 7. We point out that a table of multiplication of the enveloping algebra M(E) is given
as follows:

RgiO(REIORgm):%(ReiORem) ifi <l <m.

Re; 0 (Re 0 Re;) = ailfil(ailzliéiﬂ ifi <l (10)
(Re; 0 Re;) © (Re; © Re,, ) = =L (Ry, 0 Re, ) if i < j <1 <.

(Re; o Re;) o (Re 0 Re;) = ayjaji fir(ain) R, fi<j<l

Theorem 8. Let M(&) be an associative enveloping algebra generated by an n-dimensional simple
S-evolution algebra & whose attached graph T (&, B) is complete. Then

Proof. Let us denote M := lin{E;; : 1 < i,j < n}. Then dim(M) = n?. Due to R,, € M
for any i = 1,1, we infer that M (&) is a subalgebra of M. Now, let us pick any arbitrary
element of M say E,;, we have to show that E,; € M(&). Indeed, if we consider the
following equality

n
qu — DCpRgp + Z D(k(Rgp o Rek).
Zp

Then we have the following system of equations:

&1
t ot t a2
(aﬂ,aiz,...,1,al-i+1,...,ain)-<a1,a2,...,an> . :qu. (11)
&n
Now,
&1 &1
ot iy |2 |42
(aﬂ,aiz,...,1,a1~i+1,...,am>-<a1,a2,...,an> . =A . :qu. (12)
an “n

n
with det(A’) = < I ap]-) det(A). Now the simplicity of & (as det(A) # 0) implies
=1 ]#p
det(A’) # 0. Hence, by the Gaussian elimination of system (12) we obtain a unique solution.
Therefore, Ep; € M(E), so M C M(€). This completes the proof. [

Corollary 5. Let M(&) be an enveloping algebra generated by a simple S-evolution algebra €
whose attached graph is complete, then M(&) = M,(C).

Let us consider the following example.
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Example 6. Let € be a two dimensional S-evolution algebra with the following matrix of struc-

tural constants.
0 a
—a 0

The table of multiplication of enveloping algebra M(E) is given by

Re, 0 Rey = —a®Eqy.
= —a’Ep
(Ry © Rey) -
(Rey 0 Re;) 0 Rey = —a?Re,

(Re )

(Rﬁz ° Rfl) o (Rﬁ‘z ° Re]) = _a3(R€2 ° RE])

then the attached graph as follows:

oG

Then A = {Re,,Re,}, A1) = {R,, 0 R, },and A® = {R,, oR,, }

. —a 0 00 0 a 0 0
e =1 (5" o) (0 0) 6 o) (o))
with dim(M(€)) = 2(1) + 2 = 4. Furthermore, this algebra is simple.

Example 7. Let € be a three dimensional S-evolution algebra with the following structural matrix:

0 a O
—a 0 0
0 00

Re, 0 Rey = —a®Eqy.

R, 0 Rey = —a’Ex

(Rfl © sz) ° Rel =—a Rfl (14)
(Re; ©Rey) © Re, = —a*R,,

(Rey © Rey) © (Rey 0 Rey) = ‘ZB(Rt‘l °Re,)

(Rﬁz © Rﬁl) o (Rﬁ‘z ° Re]) = a3(R€2 ° R€1)

then the attached graph is:

In this example, we have |iso(V)| =1, and |V| = 3 then dim(M(&)) = 2(3 — 1) = 4. Further-
more, this algebra is neither simple nor semisimple.

Theorem 9 ([47]). Every finite-dimensional simple algebra over C is isomorphic to M, (C).

Theorem 10. Let & be an n-dimensional S-evolution algebra &, whose attached graph T (€, B) is
complete. Then € is simple if and only if M(&) is simple.
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Proof. Let I be an ideal of M(€) such the I # {0}. We notice that one dimensional
subalgebras (R,,) and (R, o Re,,) (for some 1 < i,m,] < n) are notideals. As R,,I C I, then
any ideal of M(&) should contain R,, for some 1 < i < n. This implies that the subalgebras
Re,M(€) and M(E)R,, are contained in I. For fixed i, let

Ki:=(Re;,Re;0Re;, Ry o Ryt £ =1,--- ,n,0 #1i).
It is easy to check that K; contains R, M (&) and M(&)R,,. Moreover,

dim(K;) = w ey

Since R, oR,, € I, forall 1 <[ # i < n, then (R, o Re;)M(E) is a sub-algebra. Let
Ki = ((Re; o Re;)M(E)) © (Re; 0 Re;) = (Rey, Rey 0 Re, : p # i),

where © stand for removing the subalgebra (R,, o Re;) from K;. Note that K; is a sub-
algebra. Moreover,

n
(N K ={0}.
1=1,#i
Assume that

n
N := U Kl-
1=1,#i

Then dim(N) = w + 1. Moreover, N N K; = {0}. Then

. . 2 . . 2
dim(K;UN) = w -1+ w +1 = dim(&)dim(&?).
However, K; UN C I, then dim(I) = dim(&)dim(€2) = dim(M(€)). Hence, I = M(E).
This implies that M(€) is simple.
Conversely, let us assume that M(€) is simple, then by Theorem 8, we have
M(€) = Span{E;; : 1 < i,j < n}. Hence, for any Ej; € M(E) again by the proof of
Theorem 8, one has

A’ = qu.
&n

n
Then, det(A’) # 0 but det(A’) = < 11 apj> det(A), as & has complete attached graph,
j=1, j#p
so det(A) # 0. Therefore, Theorem 3 implies that & is simple. This completes the proof. [J

Corollary 6. If M(€&) is an enveloping algebra generated by an n-dimensional not simple S-
evolution algebra, then M(E) is not simple.

Proof. Since € is not simple and dim(M(&)) = nm, then M(€) 2 M,(C). Hence, by
Theorem 9, we have M(€&) is not simple. [

Corollary 7. Let £ and &, be two n-dimensional simple S-evolution algebras, whose attached
graphs are complete. Then M(€1) = M(&7).

Proof. As £ and &, are simple. Hence, by Theorems 9 and 10, one gets M(&1) = M, (C),
M(&;) = My, (C),s0 M(€1) =2 M(&). O
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From the above corollary, we infer that if the attached graphs of two simple S-evolution
algebras are complete, then the corresponding enveloping algebras are isomorphic. How-
ever, the corollary does not give an explicit isomorphism. Therefore, it will be interesting
to find an explicit construction of the isomorphism. However, the job of finding explicit
isomorphism between two enveloping algebra is tricky. In the next result, it turns out that
such an isomorphism can be constructed explicitly for Lotka—Volterra evolution algebras.

Theorem 11. Let & and &, be Lotka—Volterra evolution algebras whose attached graphs are com-
plete. If &1 = &;, then M(€1) = M(E,). Moreover, the isomorphism can be explicitly constructed.

Proof. Let M(€1) = (ReoRe, Ry, : 1 < i # j < n), and M(&y) = <RfioRfj’Rfi :
1 <i# j < n).Define a mapping ¢ : M(€1) — M(&;) by

w(Re,-) = Rfi and w(Re,— o Re]-) = Rfi o Rfj'

Let us check that 1 is a homomorphism. Indeed,

w(Rei o (Rfi © Re]-)) = lp(az‘;alm (R@i © Rem)) = M (Rfi © Rfm)‘

im Aim

On the other hand,

bitbiy,
$(Re,) o p(Re; 0 Ry;) = R0 (Ry 0 Ry,) = ﬁ (Rfl_ o Rfm).

Due to &1 = &, by Theorem 5 we have “Ln — b”éﬁ. Hence,
m

IIJ(REi o (Ré‘i o Ré‘j)) = IP(REI‘) o IP(RE’,' o RE’j))'

The equality of other elements in the table of multiplication are proceeded by the same way:.
Thus, ¥ is an algebra homomorphism from M(&1) into M(&;). Moreover, ker(¢) = {0}.
This implies that the mapping ¥ is an isomorphism. [J

Remark 8. The converse of Theorem 11 is not true, i.e., if two S-evolution algebras are not
isomorphic then their corresponding enveloping algebras could be isomorphic.

Example 8. Let & and &, be two three dimensional S-evolution algebras with the following
structural matrices:

0o 1 -2 01 -1

-2 0 1], (1 0 -1

2 -1 0 11 0
respectively. Then by Theorem 6, these algebras are not isomorphic. Since €1 and €y have complete
attached graphs, and their determinates are not zero then Theorem 10 implies the corresponding
enveloping algebras M (&1) and M(&,) are simple, then by Theorem 9, we have M(€1) = M(&y).

Theorem 12. Any non-trivial finite dimensional S-evolution algebra € is semisimple if and only if
its enveloping algebra M (&) is semisimple.

Proof. Assume that € is semisimple, then by Theorem 4, its attached graph I'(&, B) is
n
disconnected. Therefore, I'(§, B) = | T, then by Proposition 3 each I'; corresponds to a
i=1

n
simple ideal, say Ir,. Due to the semisimplicity of € one has &€ = @ Ir,. Define
i=1

M(S[ri) = {Rek Dep € Il",-} U {Rek ORe @ e, ¢ € Irl.}.
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We claim that M(Ej.) is a proper simple ideal of M(E). First observe that
M?(€r. ) € M(EL.). On the other hand, for any ep ¢ Ir,, then by Theorem 4, we have
epe = 0 for any e € Ir;. Consequently, R., M(Ey, ) = 0. Hence, M(€}; ) is a proper simple
n
ideal of M(&), then M(€) = @ M(&y, ). Thus, M(€) is semisimple.
i=1 ‘

Conversely, assume that M(€) is semisimple, then there exists a non-trivial proper
ideal I of M(&). On the contrary, suppose that € is not semisimple, then by Theorem 4
I'(&, B) is connected. Hence, dim(M(€)) = 2|E| + n. Due to the connectivity of T'(¢, B),
then there is a path between any two different vertices. Fix R, € I, then we have a non-zero
element R, o Re]., Re,- oR,, € I. Additionally, connectivity allows the existence of a cycle
path, which means that there is a non-zero element, say R, o R, 0...0 R, = aR,, € L
This implies that R,, € I forall1 < k < n. Therefore, dim(I) = 2|E| +n = dim(M(E))
which contradicts to the simisimplicity of M(&). Thus, € is semisimple. [

Remark 9. We emphasize that the above theorem is not valid for general evolution algebras, i.e., if
an evolution algebra is semisimple then the corresponding enveloping algebra may not be semisimple.
The following example ensures this fact.

Example 9. Let € be an evolution algebra, with the following matrix of structural constant:

(o)

It clear that € = (e1) @ (ea), where (e1), {(ep) are ideals of . The corresponding enveloping algebra
M(E) = alg(Re¢,, Re,, Re, © Rey, Re, © R, ) which is simple.

5. E-Linear Derivation of Enveloping Algebras Generated by S-Evolution Algebras

In this section, we are going to describe E-linear derivations of enveloping algebras
generated by S-evolution algebras.

Definition 9. A linear mapping A : M(E) — M(E) is called E-linear if

n
A(Ry) =Y dyRe, 1 <i<n. (15)
k=1

for some matrix (dy).
Definition 10. A derivation A of M(&) is called E-derivation if A is E-linear.
By Djy(e) we denote the set of all £-derivations of M(€).

Theorem 13. Let M(E) be enveloping algebra generated by & whose attached graph is complete.
Then the following assertions hold true:

(i) Ifn=2,then
a 0
DM(S) = {(0 —Dé) LN E C}

(i) Ifn >3, then Dyyey = {0}, i.e., any E-derivation is trivial.

Proof. (i) Assume that n = 2, then the structural matrix of £ is given by

(sior 0)
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Note that the attached graph is complete, therefore, a # 0. Since A is £— linear, then
A(Rfi °© Rfi) = A(Rfi) © Rei + Rei © A(Rei) = dij(RL’j © Rfi) + dij(REi °© Rej) =0.

Since R, o Re]., Re]. o R, are linearly independent, we have d;; = 0, forany 1 <i # j <2.
Consequently,
A(Re; o Re;) = (dii +djj) (Re; o Re;).

Next,
A(Re; 0 Rej o Re;) = Alaf(a)Re,).

Then
af(a)(dii +djj)Re; +af(a)diiRe; = af (a)d;iRe,.

So, one has d;; = —d;;. This completes prove of (i).
(ii) Assume that n > 3, for fixed i we have

n n
AR oRe) = ) dij(Re,oRe) + Y dij(Re,0Re) =0
i#j=1 i#j=1

Since the set {R; oR.} and the set {Re, o R} are linearly independent for any
1 <i#j<mn,thend;=0.So,

Dyey C diag{d;;: 1 <i<n}.
Now, consider
A((Re; o Re;) o Re;) = ajjfij(aij) (dii + djj) Re; + aij fij(aij) di-
One the other hand,
A((Re; © Re;) o Re;) = aij fij(aij) A(Re;) = aijfij(aij)dis.
Since the attached graph is complete, then f;;(a;;)a;; # 0, for any 1 < i # j < n. Hence,
dij = —dj;. This implies
Dpe) C diag{—d;; : 1 <i<n}.
Therefore,
Dyey € diag{d;; : 1 <i<n}ndiag{—d;;: 1 <i<n}={0}.
This completes the proof. [

In [30] we have established the following result.

Theorem 14 ([30]). Let € be a Lotka—Volterra evolution algebra whose associated graph is complete.
Then any derivation of € is trivial.

Theorem 15. Let M(E) be an enveloping algebra generated by an n-dimensional S-evolution
algebra € whose attached graph is I' = Hy U Hyp where Hy is complete graph and H, contains all
isolated vertices, and |Hy| = k. Then any &-linear derivation of M(€) has the following form

/(O)nkanfk ‘ (O)nkak \

dk,k dk,n

(O)kxn—k

’

R
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Proof. From A(R,, o R,;) = A(R;)R.; + Re,A(R,;), due to the E-linearity of A, we have

k=1 k=1
A(ReoRe) = ) dij(ReoRe) + ) dij(Re 0 Re;) = 0.
i7#j=1 i#j=1
Since the set {Re, o R}, and the set {R.; o R, } are linearly independent for all j # i, then
dij=0forall1 <j # 1 < k — 1. Next, act A on the basis R,, o Re]., as

A(Rei o Rej) = (dii + d]])(Rel (¢] Rej).

Therefore,
A((RE,‘ o RL’]) © Rei) = _(Zdii + d]])REI

On the other hand, one has
A((Rei o Rg].) o Rei) = _A(Rgi) = _diiRgi + dikREk +...+ dinRen'

Comparing both sides, we obtaindjy = ... =d;;, = 0,and d;; = —d]-]-, forany1 <i <k-1
Since (Re; o Re;) © (Re; © Re;) = a5 fij(a;j)aij(Re; o Re;), and applying A for both sides, one
gets dj; = d]'j =0,forany 1 <i <k —1.Finally let1 <my <k—1and k <y < n, thenit
is clear that Re,, o R = 0.Consider A(Re,, © R%) = RemOA(R%) = 0. This implies that
dpp =0, forall1 < p <ly— 1. This completes the proof. [

Remark 10. We point out that Theorem 13 is a particular case of Theorem 15 when Hy is empty.

6. E-Linear Derivation of Enveloping Algebras Generated by Three Dimensional
S-Evolution Algebras

In this section we are going to fully describe all possible E-linear derivations of
enveloping algebras generated by three dimensional S-evolution algebras.

The possible graphs of three dimension non-isomorphic S-evolution algebras are the
following ones

1

1
O—0@ 6
Theorem 16. Let M(&) be an enveloping algebra generated by three dimensional S-evolution
algebra &, then the following statements hold true:

(i) If the attached graph is a complete, then any E-linear derivation is trivial.
(ii)  If the attached graph is disconnected, then any E-linear derivation has the following form

0 0 O
0 0 ds

(iii) If the attached graph is connected, but not complete, then any E-linear derivation has the

following form
a 0 0
DM(E) =0 —ua 0
0 0 -—ua

Proof. (i) Since the graph is complete, then by Theorem 13 any £-derivation of correspond-
ing enveloping algebra is trivial. The attached graph of (ii) can be represent as H; U H»,
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where Hj is K; and Hj is a graph containing the isolated vertex e3. Then by Theorem 15
the derivation in this case has the following form

0 0 O
0 0 ds

Therefore, the only case left to prove is (iii), when the enveloping algebra generated by
S-evolution algebra whose attached graph has no isolated vertex. Without lost of generality,
we may assume that the structural matrix constant has the following form:

0 a b
Ag=|f(a) 0 0
g(b) 0 0

Acting A on Rgl, yields that d1, = d13 = 0. Doing the same job for R?z and Ré, one finds
d21 = d31 = d23 = d32 = 0. Next, consider

A(Rel ° Rez) = (dll + dZZ)(R€1 o Rez)

and
A(Re; 0 Rey) = (d11 +d33) (Re; © Rey).

Therefore, applying A to R, o (R, © R,, ), we obtain
af(a)(di +dx) =0.

By the same argument, applying A to R, o (R.; © R, ), one gets
bg(b)(d11 +ds3) = 0.

Finally, from A(Rez o (Rel o REZ))’ and A(RE3 o (Rel o RE3)), wegetdyy +dy =dyg +dzz3 =0.
These imply that dy = d33 = —dq1 which completes the proof. O

Remark 11. From the proved theorem and ([30], Theorem 7.5), we infer that any derivation of
Lotka—Volterra evolution algebra & can be extend to E-linear derivation of enveloping algebra for
the cases (i) and (ii), but it is not extendible for the case (iii).

Remark 12. Here, we should point out that to describe derivations when n > 3 is a tricky job, due
to many cases and sub-cases of attached graphs will appear. Hence, we have demonstrated even in
dimension 3, there are non-trivial derivations.

7. Conclusions

The main aim of this work was to introduce S-evolution algebra and discuss its
solvability, simplicity, and semisimplicity. We have proved that such kind of algebras
are not solvable, hence are not nilpotent. Moreover, we have demonstrated that if S-
evolution algebras is simple, then the attached graph is connected. If S-evolution algebra
is semisimple, then the attached graph is disconnected; this result motivates us to study
when two S-evolution algebras are isomorphic. The second main aim was to study the
enveloping algebras generated by S-evolution algebras, whose attached graph are complete.
The main result in this direction was € is simple if and only if M(¢&) is simple. However, in
the case of € is semisimple, then M(€) is semisimple, but the converse is not valid, and
the counter-example has been introduced. Finally, the concept of £-linear derivation has
been introduced and proved such derivations can be extended to their enveloping algebra
under certain conditions.
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