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1. Introduction

The primary aim of this Special Issue is to explore innovative encoding and decoding
procedures that leverage various algebraic structures to enhance error-control coding tech-
niques. By examining the application of algebraic structures in error-correction codes, this
Special Issue highlights the development of new algorithms designed to improve both the
error-correction capacity and the efficiency of encoding and decoding processes. The alge-
braic structures covered include commutative algebras, computational algebras, ordered
algebras, and hypercompositional algebras, with an emphasis on combinatorial aspects
drawn from lattice theory, category theory, graph theory, and mathematical modeling.

This Special Issue contains 10 papers published in the journal Axioms. These papers
explore various aspects of algebraic structures in the context of error-control coding, cryp-
tography, and related fields. They present new theoretical developments and practical
applications aimed at improving encoding and decoding processes. We hope that this issue
will inspire further research and innovation at the intersections of algebraic structures,
coding theory, and cryptography.

2. Overview of the Published Papers

Contribution 1 introduces ()-ideals in (2-algebras, linking them to ()-congruences and
O-homomorphisms, while exploring equation-solving in Q)-rings and ()-fields. ()-algebras,
defined by lattice-valued ()-equality, fulfill identities as lattice formulas.

Contribution 2 presents relative versions of Brauer’s, Robinson’s, and Olsson’s con-
jectures on finite group direct products, proving that the anchor group of an irreducible
character of a finite simple group with an odd prime degree is trivial.

Contribution 3 characterizes Sheffer stroke and Hilbert algebras using ideals and
stabilizers, investigating their properties and minimal ideals, and defining stabilizers
within these algebras, with illustrative examples provided.

Contribution 4 proves that sequences defined by prime and composite number conditions
are bounded and periodic under certain conditions on the set K and the real number 7.

Contribution 5 classifies four-dimensional 3-Hom-Lie algebras with a nilpotent twist-
ing map, analyzing their solvability and nilpotency and providing a classification up to
Hom algebra isomorphism.

Contribution 6 explores coding results over Frobenius local rings, focusing on linear
codes over Z, [u]/(u* — p®B, pu), and examining generator matrices and MacWilliams
relations in error-correction.

Contribution 7 studies p-numerical semigroups of triples (W;, W2, W; k), defining
the p-Frobenius number and p-genus, and exploring the structure of these semigroups.

Investigating the relationship between ring commutativity and multiplicative gen-
eralized derivations, Contribution 8 provides insights into semiprime ideals and their
structural implications for rings.
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Contribution 9 presents an algebraic and geometric technique for constructing topo-

logical quantum codes using quotient lattices and geometric projections, including the
introduction of new surface and color codes.

Contribution 10 introduces two-term differential Leibs-conformal algebras, classifies

certain subclasses, and explores non-Abelian extensions and the inducibility of automor-
phisms, deriving Wells exact sequences for differential Leibniz conformal algebras.
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Abstract: In this paper, we introduce two-term differential Leibs-conformal algebras and give
characterizations of some particular classes of such two-term differential Leibs-conformal algebras.
Furthermore, we discuss the classification of the non-Abelian extensions in terms of non-Abelian
cohomology groups. Finally, we explore the inducibility of pairs of automorphisms and derive the
analog Wells exact sequences under the circumstance of differential Leibniz conformal algebras.
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1. Introduction

Kac in [1] has proposed Lie conformal algebras, usually considered as an axiomatic
description of the singular part of the operator product expansion of chiral fields in con-
formal field theory. The past few years have witnessed considerable scholarly attention
to this algebraic structure in the past few years because they are closely related to vertex
algebras [2]. Many more properties and structures of Lie conformal algebras have been
developed; see [3-7] and references cited therein.

Leibniz conformal algebras were introduced in [8], which are closely related to field
algebras [9] and vertex algebras. Later, the author further elaborated upon and elucidated
the concept of a conformal representation of a Leibniz algebra in [10]. After that, Zhang
introduced the cohomology of Leibniz conformal algebras in [11] and Wu articulated the
notion of a Leibniz pseudoalgebra, which is a multivariable generalization of the concept
of Leibniz conformal algebras in [12]. Recently, Feng and Chen studied O-operators, also
known as relative Rota—Baxter operators on Leibniz conformal algebras with respect to
representations in [13]. Subsequently, the first author and Wang investigated some prop-
erties of relative Rota—Baxter operators on Leibniz conformal algebras with respect to
representations and their connections with Leibniz dendriform conformal algebras in [14].
For further details on Leibniz conformal algebras, see [15,16]. Recently, the authors [17]
introduced Leibs-conformal algebras where the Leibniz conformal identity holds up to
homotopy. Additionally, they presented equivalent descriptions of Leibe-conformal alge-
bras and identified certain characteristics of some particular classes of Leibs-conformal
algebras in terms of the cohomology of Leibniz conformal algebras and crossed modules
of Leibniz conformal algebras as a generalization of [18]. This study would introduce
two-term differential Leibs-conformal algebra and generalize the common characteristics
of some particular classes of such homotopy differential Leibniz conformal algebras, which
constitute the major academic focus of this paper.

The extension problem has persisted and incurred scholarly dispute. Non-Abelian
extensions were first developed in [19], which induces cohomology to the low dimensional
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non-Abelian group. The authors examined non-Abelian extensions of Leibniz algebras
in [20]. See [21] and references cited therein. Naturally, we look into non-Abelian exten-
sions of a differential Leibniz conformal algebra by another differential Leibniz conformal
algebras. Another interesting study linked to extensions of algebraic structures is given by
the inducibility of a pair of automorphisms, which, after all, is intimately connected with
extensions of algebras. Such a study was first initiated by Wells in extensions of abstract
groups in [22]. Later, the authors investigated extending automorphism in [23]. In [24], the
authors studied the inducibility of a pair of automorphisms about a non-Abelian extension
of Lie algebras. The results of [20,24] have been extended to Rota—Baxter Leibniz algebras
in [25]. Naturally, we study the inducibility of a pair of differential Leibniz conformal
algebra automorphisms and characterize them by equivalent conditions. This forms the
second research focus of this paper.

The paper is organized as follows. In Section 2, we recall some basic definitions
of differential Leibniz conformal algebras. In Section 3, we introduce homotopy differ-
ential operators on two-term Leibw-conformal algebras. A two-term Leibe-conformal
algebra equipped with a homotopy differential operators is called a two-term differential
Leibs-conformal algebra, and we give characterizations of some particular classes of such
two-term differential Leibs-conformal algebras. In Section 4, we introduce non-Abelian
cohomology groups and classify the non-Abelian extensions in terms of non-Abelian co-
homology groups. In Section 5, we explore the inducibility of pairs of automorphisms
and derive the analog Wells exact sequences under the circumstance of differential Leibniz
conformal algebras.

2. Preliminaries

Throughout the paper, all algebraic systems are supposed to be over a field C. We
denote by Z the set of all integers and Z- the set of all nonnegative integers. We now recall
some useful definitions in [8,11,26].

Definition 1. A Leibniz conformal algebra is a C[d]-module R endowed with a A-bracket [-)-|r,
which defines a C-bilinear map from R ® R to R[A] = C[A] ® R such that the following axioms hold:

[Px YR = —A[XAY]R, [X20Y]R = (0 + A)[x)y]R, (conformal sesquilinearity)
[Alyuz]RIR = [[XA¥]RA+p2]R + [Yu[*2Z]R]R, (Jacobi identity)

forany x,y,z € R.

Definition 2. A representation of a Leibniz conformal algebra R is a C[d]-module R endowed with
left and right A-actions, which are two C-linear maps

AR®V = V[A], - : VR = V[A]
that satisfy the following conditions:

(0x) u = —Axpu, x,(0u) = (d+ A)xyu,
(Qu)px = —Auyx, u)(9x) = (0 + A)uyx,
up[xuyl = (ax) a4y + xu(ury),

xp(upy) = (Xut) a4y + ur[xuylr,
xx(yut) = [xaylraptt +yu(xan),

forany x,y € Randu € V.
It follows that any Leibniz conformal algebra R is a representation of itself with

xay=(Lo)a(y) = [xay]lr and y-yx = (Ry)r(y) = [yax], for x,y € R.
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Here, Ly and R, denote the left and right A-bracket on R by x, respectively. This is called
the regular representation.

Let R be a Leibniz conformal algebra and V a representation of R. For n > 1, an
n-A-bracket on R with coefficients in V is a C-linear map f, ... o, : R¥" = V[Aq,.., Ay_q]
denoted by

xl ® e ® Xn — f/\lr"‘//\n—l (xl/ e /xi’l)/

satisfying the following sesquilinearity conditions:

f)\l,-“,/\”,l (xll e /axi/ e xl’l) = _/\if)\l,--~,)L,1,1 (xl, e /xﬂ)ll S i< n,
Fave Ao (X1, 0x0) = (A1 4+ Ay +9) fag o a, oy (X1, X))

Let CE eibc = V/0V. Forn > 1,let C ;- = C (R, V) be the space of all n-A-brackets
on R with coefficients in V. Define C} ;, = ©,enC{ ¢ as the space of all poly A-brackets.
Forn > 1, f € C{ ¢, define

(OreibCf ) Ay, An (X1, Xng1)
< i1 1

= Y (- @iy g 2 (X1, X)) + (1) fag e d (X X)) Ay e dy Xl
-

+ Z (_1)if)\1,~~-,Ai+)\j,~~-,)\n(x1/ coo [ xglR, e xn)-
1<i<j<n+1

The cohomology of this complex denoted by H{ ;. (R, V) is called the cohomology of the
Leibniz conformal algebra R with coefficients in a representation V.

Let R be a Leibniz conformal algebra. Recall that a C[d]-linear map dg : R — R is
called a differential operator such that

dr([xay]) = [dr(x)ay] + [xadr(y)] + a[dr(x)rdr(y)], Vx,y €R. 1

One denotes by Der(R) the set of differential operators of the Leibniz conformal
algebra R.

Definition 3. A differential Leibniz conformal algebra is a Leibniz conformal algebra R with a
differential operator dgr € Der(R). One denotes it by (R, dR).

Definition 4. Given two differential Leibniz conformal algebras (R,dR), (Q,dg), a homomor-
phism of differential Leibniz conformal algebras from (R,dg) to (Q,dq) is a Leibniz conformal
algebra homomorphism ¢ : R — Q such that ¢ odr = dg o ¢.

Definition 5. Let (R, dR) be a differential Leibniz conformal algebra.
(i) A representation over the differential Leibniz conformal algebra (R,dR) is a pair (V,dy),

where dy € Cend(V), and V is a representation over the Leibniz conformal algebra R, such
that for all x € R, u € V, the following equalities hold:
dy(x-yu) =dr(x) yu+x-pdy(u) +adr(x) 2 dv(u),
dy(u-yx)=u-ydr(x)+dy(u) ) x+ady(u)-)dr(x).

(i) Given two representations (U, dy), (V,dy) over (R,dR), a conformal linear map f : U — V
is called a homomorphism of representations, if f o dy = dy o f and

flxau)=xpf(u),  fluprx)=f(u)ax, Vx€Ruev.
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Define the set of n-cochains by

ClapcR V)@ CILL (R V), n>2,
DrLeibc (R, V) == { Clopc(R, V) = Hom(R, V), n =1,

C)c(R V)=V, n=0.

For n > 1, we define a linear map ¢ : C' ;. (R, V) — CJ ; (R, V) by

5f)\1,"',/\n (xl, ceey Xn) .

n
= lek71 Z fAl,‘..,,\n(xl,...,dR(xl-l),...,dR(xl-k),...,xn)—deAlr...,)\n(xl,...,xn),
k=1 1§i1<--~<ik§n

forany f € C' , (R, V) and
6v = —dy(v), Yve Cuc(R V)=V/aV.
Define dppeibc : Cl e (R V) = C2pc (R, V) by
IpLeibc (f) = (OLiec(f), —0f),  Vf € Hom(R, V).

Then, for n > 2, we define dpgeibc : Cl oy (R, V) = ClEL(R, V) by

IDLeibC (fr,8n-1) = (Oreibc (fn), Oeibc (§n—1) + (—1)"0fn),

for any fu € Clyc(R V) and g1 € C/; (R, V). The cohomology of the cochain
complex (Cf; uivc (R, V), dpreibc), denoted by Hf; . (R, V), is called the cohomology of
the differential Leibniz conformal algebra (R, dg) with coefficients in the representation
(V,dy).

3. Crossed Modules and Two-Term Differential Leib.-Conformal Algebras

In this section, we introduce homotopy differential operators on two-term Leibeo-
conformal algebras. A two-term Leibe-conformal algebra equipped with a homotopy
differential operator is called a two-term differential Leibe-conformal algebra. We show that
skeletal two-term differential Leibo-conformal algebras correspond to the third cocycles of
differential Leibniz conformal algebras. Next, we introduce crossed modules of differential
Leibniz conformal algebras and show that crossed modules of differential Leibniz conformal
algebras correspond to strict two-term differential Leib.-conformal algebras.

Definition 6 ([17]). A two-term Leibeo-conformal algebra is a triple (Ry — Ro, p2, p3) consist-
ing of a complex Ry — Rq of C[0]-modules equipped with

»  a C-linear conformal sesquilinear map p3 : R; ® Rj — Ry j[A], for 0 <i,j,i+j <1,
*  q C-linear conformal sesquilinear map p3 : Ry ® Rg ® Ry — Ry[A, y]

that satisfy the following set of identities: for all x,y,z,w € Roand u,v € Ry,
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(Leib1) (p2), (1,2) = 0,
(Leib2) 7e((p2)a (x,1)) = (p2)a (x, 7u),
(Leib3) 7t((p2)2 (1,%)) = (p2)a (7, %),
(Leibd) (p2)a (w1, 0) = (p2)a (1, 70),
(Leit5) 7t(pa)a(%,4,2) ) = (02)a(x, (02)(4,2)) = (P2)rss(P2)a (%), 2) = (02)uy, (p2)a(x,2)),
(Leib6) (p3)ap (., 70) = (02)a (%, (02)u(,0)) = (P2)r4((P2)r (x,),0) = (02)u(y: (P2)2 (x,0)),
(Leib?) (p3)ap(x, 0, y) = (02)a (%, (02)(0,)) = (P24 (P2)r (%,0), ) = (02)u (2, (P2)a (x,1)),
(Leit8) (p3) (70, %,y) = (02)a (0, (02)u(x, ) = (P2)r4((P2) (0,%),9) = (p2)u(x, (p2)a (0,)),
(Leib9) (p2) (%, (03)uu (1,2, 0) ) = (p2)y (1, (P3)a (x,2, ) ) + (02)u (2 (P3)a (v, ) )

+ (p2)nsrs (0D (59, 2),0) = (P3)acus ((02)a (%), 2, 0) = (03) s (v (P2)a (x,2), )

—(03) v (y, z, (PZ)A(JC,ZU)) + (03) A+ (x, (02)u(,2), w) + (03)rn (x, 2, (02)4(y, w))
— (P3)Au (x, Y, (Pz)u(z,ZU)) =0.

Definition 7. Let R = (R —= Ro, 02,03) be a two-term Leibs-conformal algebra. A triple
d = (do,dy,dz), where dy : Ry — Rg and dy : Ry — Ry are conformal linear maps and
dy : A2Rg — Ry[A] is a conformal bilinear map, is called a homotopy differential operator on R,
ifrtody =dyorm, andforall x,y,z € Ryand u € Ry,

(D1) 7t((d2)a(x,y)) = do((p2)A(x,y)) — (p2)A(do(x), y) — (p2)A(x,do(y)) — a(p2)1(do(x), do(y)),
(D2) (d2)r(x, mu) = d1((p2)a(x,u)) — (p2)a(do(x), u) — (p2)a(x,d1(u)) — a(p2)a(do(x),d1(u)),
(D3) (d2)r(mru, x) = d1((p2)a (1, x)) — (p2)a (1, do(x)) — (p2)a(d1(u), x) — a(p2)a(d1(u),do(x)),
A (d ( )y, )+“(P3)Ay(x do(y), z) + &*(p3)ru(x,y,do(2)) — d1(p3)au(x, Y, 2)
)a ,2) = (p2)a+v((d2)A(x,2),y) — (p2)a(x, (d2) (¥, 2)) + (d2) A+ u((2)A(x,y), 2)
), ) = (d2)a(x, (p2)u (v, 2))-

A two-term differential Leiboo-conformal algebra is a two-term Leibe-conformal algebra

/\

d2)/\+v(( ) ( X,z

R = (Ry —= Ry, p2,p3) equipped with a homotopy differential operator d = (do, d1,ds).
We denote a two-term differential Leibs-conformal algebra by (R; 5 Ry, 02,03, do, d1,dp)
or simply by (R, d).

Definition 8. Let (R, d) be a two-term differential Leiboo-conformal algebra. It is said to be

(i) Skeletal if m =0,
(i) ~ Strictif p3 = 0and dy = 0.

Theorem 1. There is a one-to-one correspondence between skeletal two-term differential Leiboo-
conformal algebras and triples of the form (Rz, Vs, (f,0)), where (R, dR) is a differential Leibniz
conformal algebra, (V,dy) is a representation and (f,0) € C . ~(R, V) is a 3-cocycle.

Proof. Let (Rq 25 Ro, 02, 03,do,d1,dy) be a skeletal two-term differential Leibo-conformal
algebra. Then, according to (Leib5) and (D1), we obtain (Ry, p2) and operator dj is a
differential Leibniz conformal algebra. On the other hand, by conditions (Leib6), (Leib7),



Axioms 2024, 13, 685

(Leib8), (D2) and (D3), we obtain that (R, d;) is a representation of the differential Leibniz
conformal algebra (R, dy) with the left and right A-actions

A:Ro®@ Ry = Ry[A], x-pu=(p2)a(x,u),
A R1®Ry — Ry[A], u-px=(p2)a(11,x), Vx € Ro,u € Ry.

The conditions (Leib9) and (D4) are, respectively, equivalent to

D einc (03 —2) = (OLeibe (03), —OLeibe (d2) — dp3) =0

Thus, (p3, —d2) € C3| ;.c(R, V) is a 3-cocycle.
Conversely, given a triple ((R,dR), (V,dy), (03,d2)) as in the statement, define confor-
mal bilinear maps p, by

Bxy) =[ylr, (e2)a(xu)=xpu, (02)r(u,x) =u-)x,

forx,y € R,u € V. Then, (V BN R,p2, f,dr,dv, —dy) is a skeletal two-term differential
Leib-conformal algebra. O

Next, we introduce crossed modules of differential Leibniz-conformal algebras and
characterize strict two-term differential Leibs-conformal algebras.

Definition 9. A crossed module of differential Leibniz conformal algebras consists of ((Ro, do), (R1,d1),
7, 0%, pR), where (Ro, do) and (Ry,dy) are differential Leibniz conformal algebras, 7t : (Ry,dq) —
(Ro, do) is a differential Leibniz conformal algebra homomorphism , and p* : Ry ® Ry — Ry[A],
R Ry ® Ry — Ry[A] , and make (Rq,dy) into a representation of the differential Leibniz
conformal algebra (Ro, dy) satisfying

(Ca)  m(p"(x)a(w) = [earm(w)]ry, (R (x)2 (1)) = [m()ax]r,,
(Cb)  pH(m)a(v) = [urvlr,, PR (())r(v) = [DrulR,,

forany x € Ro,u,v € Ry.

Proposition 1. Let ((Ro,do), (Ry,d1), 7T, %, pR) be a crossed module of differential Leibniz con-
formal algebras. Then, (Ry @ Rq,dy & dy) is a differential Leibniz conformal algebra, where the
bracket is

[(x, 102 (v, 0)] = ([xay]ry, 0" ()20 + 0" (y)aus + (0], )
forany x,y € Ro,u,v € Ry.

Proof. Since Ry, Ry are both Leibniz conformal algebras and (Ry, p*, p®) is a representation
of Rp, then we have that Ry @ R; is a Leibniz conformal algebra. Moreover, for any
(x,u),(y,v) € Ry ® Ry, we have

x,u))\(y,0)]
= (do & d1)([xay]R, p" ()20 + p" (y
= (do([xAy]R,), d1(p" (x)20) + d1 ("
= ([do(x)ay]r, + [xado(y)]Rr, + a[do(
E(do(x))ad1(v) + R (y)ada (u) + p" (do(y)) are + ap® (do(y)) ad (1)
+[d1 (u)r0]R, + [”/\dl( 0)|R, +aldi(u)rd1(v)]R,)
= [(do ®d1)(x, u)r(y,0)] + [(x, u)r(do ® d1) (y,v)] + a[(do © d1) (x, u)\ (do & d1)(y, v)].

AU+ [upv]R,)
y)au) +di([upv]r,))
) ado(y)] Ry, P (x)2d1 (0) + " (do(x)) a0

)
(
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This shows that the map dy @ d; : Ry @ Ry — Ro @ R; is a differential operator. And the
proof is finished. O

Theorem 2. There is a one-to-one correspondence between strict two-term differential Leibeo-
conformal algebras and crossed modules of differential Leibniz conformal algebras.

Proof. Let (R LI Ro, p2, 13 =0,dydy,dy = 0) be a strict two-term differential Leiboo-
conformal algebra. Then, according to (Leib5) and (D1), we obtain (Ry, p2), and operator
dy is a differential Leibniz conformal algebra. Next, we define [-)-|g, : R ® Ry = Rq[A] by
[urv]R, = (02)r (711, v) = (02)(u, Tv), for any u, v € Ry. By conditions (Leib6) and (D3),
we obtain that (Ry,d;) is a differential Leibniz conformal algebra. On the other hand, the
condition (Leib2) implies that 7w : (Ry,d;) — (Ro,dp) is a differential Leibniz conformal
algebra morphism. Finally, we define

pt:Ro— Ry = Ri[A],  p"(x)au = (p2)a(x,u),
oR Ry — Ry — Ry[A], oR(x)au = (p2)r (1, x), YV € Ry, u € Ry.

Then, we obtain that ((Ry,dy), b, pR) is a representation of the differential Leibniz confor-
mal algebra (Ry, dp); by the conditions (Leib9) and (D4), we also have

(" (x)au) = 7(p2)a(x,u) = (p2)a(x, mu),  7e(p" (x)au) = 7(p2)2 (1, %) = (p2)a (77w, %),

ph(mu) a0 = 7(p2)r (7w, v) = [up0]R,, 0

R(mu) o = m(p2)a(v, mu) = [oaulg,,

for any x € Ry, u,v € Ry. Thus, ((Ro,dp), (R1,4d1), n,pL,pR) is a crossed module of differ-
ential Leibniz conformal algebras.

Conversely, let ((Ro,dp), (R1,d1), 7, p%, pR) be a crossed module of differential Leibniz
conformal algebras. Define conformal bilinear maps p; : R; x R; — R;j[A],i+j < 1by

(p2)2(x,y) = [aylry (p2)2(x,u) = ot ()11,
(p2)a (1, %) = p"(x)a,  (p2)a(u,0) =0,

for x,y € Ry, u,v € Ry. Hence, (Rq LN Ro, 02,03 = 0,dy,d1,dr = 0) is a strict two-term
differential Leibe-conformal algebra. O

Combining Proposition 1 and Theorem 2, we obtain the following result.

Proposition 2. Let (R, d) be a strict two-term differential Leibeo-conformal algebra. Then, (Ry &
Rq,do @ dy) is a differential Leibniz conformal algebra, where the bracket is

[(x,u)a(y,0)] = ((e2)a(x,y), (02)a(x,0) + (02)a (1, ) + (02)a(,0)),
forany (x,u), (y,v) € Ro @ Ry.

Example 1. Let (R, dy) be a differential Leibniz conformal algebra. Then, ((Ro,dp), (Ro,dp),id, Ly,
Ry) is a crossed module of differential Leibniz conformal algebras. Therefore, it follows that

id
(Ro == Ro, [, |y, 03 = 0,do, do,d2 = 0)
is a strict two-term differential Leibo.-conformal algebra.
Example 2. Let (Ro,dy) and (Ry,dy ) be a differential Leibniz conformal algebras, let f : (Ro, do) —

(Ry,dq) be a differential Leibniz conformal algebra morphism and let i : Ry — R be the inclusion
map. Then, (Kerf, Ry, 1, Ly, Ry) is a crossed module of differential Leibniz conformal algebras.
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4. Non-Abelian Extension of Differential Leibniz Conformal Algebras

In this section, we study non-Abelian extensions of a differential Leibniz conformal
algebra by another differential Leibniz conformal algebra.

Definition 10. Let (R,dr) and (Q,dq) be two differential Leibniz conformal algebras. A non-
Abelian extension of (R, dr) by (Q,dg) is a differential Leibniz conformal algebra (E, dg) equipped
with a short exact sequence of differential Leibniz conformal algebras

0— (Qdg) % (E,dg) B (R,dg) — 0. @)

Definition 11. Let (E,dg) and (E',dp) be two non-Abelian extensions of (R,dr) by (Q,dp).
They are said to be equivalent if there is a morphism T : (E,dg) — (E',dg/) of differential Leibniz
conformal algebras making the following diagram commutative:

0 — (Qdo) — (Ede) P (Rdg) — 0

idl Tl idl ©)
ip p2

0 — (Qdg) —— (E,dg) —— (Rdg) — 0.

The set of all equivalence classes of non-Abelian extensions of (R, dr) by (Q,dp) is
denoted by Extnap ((R,dR), (Q,dg)).

Example 3. Let ((Ro,do), (Ry,d1), 7, p%, pR) be a crossed module of differential Leibniz conformal
algebras. Then, the exact sequence

0— (Rl,dl) —l> (Ro @ Rq,dy @dl) ﬁ) (Ro,do) — 0,
is a non-Abelian extension of (Ro, dg,) by (Rq,dg, ).

We denote the set of equivalence classes of non-Abelian 2-cocyclesby H2, (R, dR), (Q,dg)).
Let (E,dr) be a non-Abelian extension of the differential Leibniz conformal algebra
(R,dRr) by (Q,dg) as of (2). A section of p is a linear map s : R — E that satisfies p o s = idg.
We define conformal maps w : AR — Q[A],4 : R® Q — Q[A],x-: Q® R — Q[A] and
Q:R— Qby
w(x,y) = [s(x)as(y)]e — s([xay]r),
xopp = [s()aple
poax=[pas(x)e
Q(x) :==de(s(x)) —s(dr(x)), Vx,yeR,peQ.
Further, we define R ® Q by the bracket

[(x, Ay, )] = ([xaylr, x A g+ P Ay +wr(xy) + [Padlo),

with the conformal linear map

da(x,p) = (dr(x),do(p) + Q(x))-

Lemma 1. With the above notations, R @ Q is a Leibniz conformal algebra if and only if w, -, -
satisfy the following conditions:

10
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PaylR Arp P =22 (Y up) =y u(xap) = [walx,y)r+uplo 4)
Puliaylr =x2A(puy) = (xap) aeny — [Ppwr(xy)lo, @)
P laylrR = (poux) agpy+xa(puy) = ppwr(xy)la, (6)
xa[pudlo = [(x A P)asudlo + [pu(x -2 @)]g ?)
X lppale = [pu(x A @)l — (P p ¥)arudlo ®)
[PrdlQ aspx = [palq - x)]Q — [gu(p -2 X)]q, )
x A wu(y,z) =y pwi(x,z) —wr(x,y) vz = wrru([Xaylr, 2) — wr(x, [yuzlr) + wuly, [x2z]R)- (10)

Proof. Forany x,y,z € R,p,q € Q, we have

[(0x +0p)a(y +q)]

([0xAy]r, (0x A q) + (AP - y) + war(9x,y) + [IpAq]o)

= (=Alxay]r, —Ax -2 q) = A(pay) — Awr(x,y) — Alpadglo)
=AM +phaly+9)]

P(x+paly+49)] =

Similar, we have
[(x+p)adly +9)] = 0+ A)[(x + p)rly +9)l.
Further, assume that R © Q is a Leibniz conformal algebra. By
XA lyupl] = [[xay]RA+pP) + [yulxapl],
we deduce that (4) holds. By
Lealpuyll = [xaplaruy) + [Pulxavlr],
we deduce that (5) holds. Similar to deduce that (6) holds. By
[xalpualal = [[xaplaspa) + [pulxagll,
we deduce that (7) holds. Similarly, we deduce that (8)—(9) hold. By
[xAlyuzlRIR = [[XA¥]RA+pZ]R + [V [x2Z]R]R,

we deduce that (10) holds.
Conversely, if (4)—(10) hold, it is straightforward to see that R & Q is a Leibniz confor-
mal algebra. The proof is finished. [

Lemma 2. The maps w, -5, -, Q) defined above satisfy the following compatible conditions: for all
x,y € Randp € Q,

dowy(x,y) + Q([xay]r) = Qx) Ay + wa(dr(x),y) +x -2 Qy) + wa(x,dr(y))

+adr(x) A Qy) +aQ(x) -5 dr(y) + awa (dr(x),dr(y)) + a[Q(x)2A Q(Y)]E, (11)
[Q(x)ap]e +adr(x) 2 dg(p) +a[Q(x)rdo(p)]e —do(x-x p) +dr(x) A p+x-ado(p) =0, (12)
[PAQ(x)]E +adg(p) A dr(x) +a[do(p)aQ(x)]e —do(p-ax) +dg(p) Aax+p-adr(x) =0. (13)

Proof. For any x,y € R, we have

11
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Q(x) -y y +wr(dr(x),y) +x -3 Qly

+w(x,dr(y)) — dowa(x,¥) — Q([xay]Rr)

)
+ adr(x) 2 Qy) +aQ(x) -2 dr(y) + awx(dr(x),dr(y)) + a[Q(x)1Q(y) e
= [de(s(x))as(y)]E )

= [s(dr(x))as(y)E + [s(dr (x))as(y)]E — s([dr (x)ay]r) + [s(x)adE(s(y))]E

2A

1D 1D 2B 2A

— [s(x)as(dr(¥))]E + [s(x)as(dr (¥))]E — s([xadr (y)|r) — dols(x)as(y)]e +dos([xry]Rr)

1C

1C 2B 2A 1B

—de(s([xay]r)) +s(dr([xay]r)) +a[s(dr(x))adE(s(y))]E — [s(dr(x))as(dr (y))]E

1B

2B 1E 1A

+alde(s(x))as(dr(y))]E — a[s(dr(x))as(dr(y))]E + a[s(dr(x))as(dr (y))]E — as([dr(x)rdr (¥)]R)

1F

1E 1E 2B

+alde(s(x)ade(s(y))]E — alde(s(x))as(dr(y))]E — als(dr (x))adE(s(y))]E + als(dr(x))rs(dr (¥)) £

= [de(s(x))aple — [sdr((x

2A

1F 1E 1A

and we deduce that (11) holds. Further, for any x € Rand p € Q, we have

[Q(x)ap]E +adr(x) 2 do(p) +a[Q(x)rdo(p)]e —dg(x-x p) +dr(x) A p+x-2do(p)
)

WPl +als(dr(x))ado(p)]e +alde(s(x))ado(p)]E —als(dr(x))rdo(p)]E
B

A B

—dgls(x)aple + [s(dr(x))Aple +s(x)ado(p)]E
—

A

[de(s(x))aple + [s(x)ado(p)]e + alde(s(x))ado(p)]E — dols(x)ap]E
0.

This means Equation (12) is satisfied. Similarly, one can check that Equation (13) holds. [

Definition 12.

(i)

(ii)

Let (R,dRr) and (Q,dg) be two differential Leibniz conformal algebras. A non-Abelian 2-
cocycle of (R,dR) with values in (Q,dq) is a quadruple (w, -, -, Q) of conformal linear
maps w : A°R = Q[A],'» : R®Q — Q[A]a-: Q®R — QAland Q : R — Q
satisfying the conditions (4)-(13).

Let (w,a,p -, Q) and (', 1 -, Q) be two non-Abelian 2-cocycles of (R, dr) with values
in (Q,dq). They are said to be equivalent if there exists a conformal linear map 17 : R — Q
that satisfies

!/

wr(x,y) —wh(x,y) = x5 n(y) +n(x) Ay —nlxaylr + 1))l (14)

xap—x-yp=[nx)ple (15)
pax—p-hx=I[pan(x)]e (16)
Qx) - O (x) =dg(n(x)) —n(dr(x)), ¥Yx,y€RpeQ. (17)

We denote the set of equivalence classes of non-Abelian 2-cocycles by H2  ((R,dr), (Q,dg)).

With the above notations, we obtain the following result.

12
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Theorem 3. Let (R,dg) and (Q,dq) be two differential Leibniz conformal algebras. Then,
the set of equivalence classes of non-Abelian extensions of (R,dr) by (Q,dq) is classified by
H2, ((R,dR),(Q,dq)). In other words,

nab

Extnab (R, dr), (Q,dg)) = Hy ((R,dR), (Q,dg)).

Proof. Let (E,dg) and (E’,dp) be two equivalent extensions of (R,dgr) by (Q,dg). If
s : R — E is a section of the map p, then it is easy to observe that the map s’ := osisa
section of the map p’. Let (', -1 -/, Q)') be the non-Abelian 2-cocycle corresponding to the

non-Abelian extension (E’, dr) with section s/, for any x,y € R, g € Q, we have

Wy (x,y) = [s"(x)as' (¥)]E — ' [xay]R
= [7os(x)anos(y)]e —noslxylr
=n([s(x)as(y)]e — s[xay]r)
= wr(x,y).

Similarly, x -y g = x-} q,4-Ax = -}, xand Q(x) = )/ (x). This shows that («’, -}, -

((R,dR),(Q,dq)). Therefore,

there is a well-defined map IT : Extnap ((R,dR), (Q,dq)) — H2,, (R, dR), (Q,dg)).
Conversely, let (w, 1,1 -, Q)) be a non-Abelian 2-cocycle on (R,dr) with values in

(w, a1 - Q). Hence they give rise to the same element in Hﬁab

(Q,dg). Define E := R & Q with the bracket

[(x, Ay, )] = ([xaylrR, x A g+ P Ay +wa(xy) + [Paglo)-

and the conformal linear map

di (x, p) = (dr(x), do(p) + Q(x)).

According to the conditions (4)-(10), it can be easily verified that E is a Leibniz conformal

algebra. Moreover, we observe that

+dg(wa(x,y)) + do(p)aglo + [Pada(q)]q + aldg(p)ada(q)]o)

= ([dr(x)ay]R + [xAdr (Y)]R + &[dR (x)rdR (Y)]R, Qx) -2y + Wr(dR(x),y) + 22 Qy)
A A B

-4

A B C
X

+wa(x,dr(y)) + adg(x) -2 Qy) +aQ(x) -y dr (y) + awp (dr (%), dr(y)) + «[Q(x)a A (y)]E
B

C

+ [Q(x)aqle +adr(x) 2 dg(q) + a[Q(x)ado(9)]e +dr(x) A q+x -1 do(q) +adr(x) -1 do(q)
N——— —_— — — —— —

+

A C A B C
[PAQy)]E +adg(p) A dr(y) +aldo(P)AQ(y)]E +do(p) Ay +p-rdr(y) +adg(p) A dr(y)
B C A C

13
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+ [do(p)rqlo + [Prdo(9)]g +aldo(p)rda(9)]l0)

A B C

= [(dr(x),dg(p) + Q(x))a(y,9)] + [(x, p)a(dr(y), do(9) + O(y))]

A B
a[(dr(x),dg(p) + Q(x))a(dr(y),do(q) + Q(y))]
C

= [d2(x, p)a (v, )] + [(x, P)rdE (v, 9)] + aldF (x, p)rdE (v, 9)]-

This shows that 4} is a differential operator on the Leibniz conformal algebra E. In other
words, (E, d%) is a differential Leibniz conformal algebra. Further, it is easy to see that

- (Qdg) 5 (E,d2) % (R,dg) — 0

is a non-Abelian extension of the differential Leibniz conformal algebra (R, dR) by (Q,dp).
Let (o', 4,2/, ) and (w, -1, -, Q) be two equivalent 2-cocycles. Thus, there exists a
conformal linear map #; : R — Q such that the identities (14)~(17) hold. Let (E,d$}) be a
differential Leibniz conformal algebra induced by the 2-cocycle (w’, -}, -/, )'). We define a
mapT:R®Q — R®Qby t(x,p) = (x,p+n(x)) forall (x,p) € R® Q. Then, we have

([(x, P)r(y, D]E)

=1([aylrR x A q+pay+walxy) +[paglo)

[XAY]R, x-Aq+P-Ay+wA(x,y) [Prglq +n([xaylr))

[xaylr, x4 g+ [(X)agle + p-h v + [pan()]e + w) (x,y) + x4 7(y)
(x)hy— ’7[x/\]/]R+[77(x n()lo + [paglo + n([xaylr)
[
(

_|_

A
YR XA g+ xAny) +p-hy+ux) Ay +wi(xy) +[(p+n(x)alg+1y)lo
x,p+n(x)a(y,q+ny)le
T(x, p)at(y, q)]E-

(
(
U
(
[
=

This is similar to checking that T o d} = dQ o 7. Hence, the map 7 : (E,d¥}) — (E/, dl?,/)
defines an equ1valence between two non- Abehan extensions. Therefore, we obtain a well-
defined map I' : H2, ((R,dR), (Q,dq)) — Extnap((R,dg), (Q,dq)). Finally, it is straight-
forward to verify that the maps I and I are inverse to each to each other. This completes
the proof. O

5. Automorphisms of Differential Leibniz Conformal Algebras and the Wells Map

In this section, we study the inducibility of a pair of differential Leibniz conformal
algebra automorphisms and characterize them by equivalent conditions.
Let (R,dg) and (Q,dp) be two differential Leibniz conformal algebras, and let

0 — (Q,do) - (E,dg) 5 (R, dg) — 0,

be a non-Abelian extension of (R,dr) by (Q,dg). Let Autg(E) be the set of all differ-
ential automorphisms Y € Aut(E,dg) that satisfy Y|o C Q. For any automorphism
Y € Autg(E, dg), then Y|g € Aut(Q,dg). We define a conformal linear map Y : R — Rby

Y(x) = pYs(x), Vx €R.
Assume that s; and s, are two distinct sections of E, since psi(x) — psa(x) = 0,

s1(x) —sa(x) € Kerp = Q, it follows that Y(s1(x) — s2(x)) € Q. Thus, pYsi(x) = pYsa(x),
which indicates that Y is independent of the choice of a section.

14
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For all x,y € R, we have

Y([xay]r) = pY(s[xay]r)

Further,

(drY — Ydg)(x) = (drpYs — pYsdr)(x)
= (pdpYs — pYsdg)(x)
= pY(dgs — sdg)(x)
-0,

which yields that Y is a homomorphism of differential Leibni- conformal algebras. It is
easy to check that Y is bijective. Thus, Y € Aut(R,dg). Then, we can define a group
homomorphism

Az Autg(E,dp) — Aut(R,dg) x Aut(Q,dg), A(Y) = (Y,Y|o).

Definition 13. A pair (®,¥) € Aut(R,dr) x Aut(Q,dq) is said to be inducible if (®,Y) is an
image of A.

Below, we mvestlgate when a palr (®,Y) is inducible.

Let0 — (Q,dg) — (E,dg) — (R,dr) — 0be a non-Abelian extension of (R, dR)
by (Q,dg) and (w, -p,) -, Q) be the corresponding non-Abelian 2-cocycle induced by a
section s of E. Given any pair (®,¥) € Aut(R,dg) x Aut(Q,dp). Define conformal maps
Ww®¥ :RxR—Q[A], ®¥Y:R®Q — Q[A], »®¥: Q@R — Q[A], Q%Y :R — Q
respectively, by

w0yt (x,y) = ¥ (@7 (x), @71 (y), (18)
x-PY g =¥(@7(x) 2 ¥ (), (19)
g7 x =¥ (¥ (g) 2 @7 (%)), (20)

Q% (x) =¥ (@ (x)), (21)

forallx,y € R,q € Q.

Proposition 3. With the above notations, (w®¥, TY, A -2, Q%) is a non-Abelian 2-cocycle.

Proof. Using (18)—(21), we obtain

YTyt (7T a) = (awlr) w

F(@ 7 (x) A (@7 (W) ¥ '9) = (@ () (@ ()Y 9) —¥([@ 7 (x)a @ (y)]RY ()
F (O () (@ W) 1 (9) =2 W)u(@T Y T (g) — [@7H(x)a 2 (W)]RY T (9))
Flwa (@1 (x), 2 W) (@)l

[Fw @ (x), 2 (¥)asudlo

[w?\)x(xfy)/\ﬂtﬂ

15
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which implies that (5) holds. Similarly, (6)-(13) hold. The proof is finished. O

Let0 — (Q,dQ) LN (E,dg) SN (R,dr) — 0be a non-Abelian extension of (R, dR)
by (Q,dg) . Suppose that (w, -5, -, ) is the corresponding non-Abelian 2-cocycle induced by
a section s. Define a linear map W : Aut(R,dg) x Aut(Q,dg) — H2, ((R,dr),(Q,dg)) by

W(®,¥) = (0,777, Q%) — (w0, a0 -, Q)]

It is remarkable that the map W is not a group homomorphism in general. The map W is
also said to be the Wells map.

Theorem 4. Let 0 — (Q,dQ) SN (E,dg) SN (R,dr) — 0 be a non-Abelian extension of
(R,dRr) by (Q,dg) and let (w, -, -, Q1) be the corresponding non-Abelian 2-cocycle induced by a
section s. A pair (®,¥) € Aut(R,dg) x Aut(Q,dq) is inducible if and only if W(P,¥) = 0.

Proof. Suppose that (®,¥) € Aut(R,dr) x Aut(Q,dq) is inducible; then, there is an
automorphism Y € Autg(E,dg) such that Y|g = ¥ and pYs = ®. Forall x € R, since sis a
section of p, that is, ps = id,

p(Ysd ! —s)(x) =x —x=0,

which implies that (Ys®~! — s)(x) € kerp = Q. So we can define a conformal linear map
7:R— Qby
n(x) = (Ys& 1 —s)(x), VxR

For x € R,q € Q, we have

¥
Xy g—XxX-aq

— ¥ (@D (1) A T (g) % ag
=¥([s(@ ()Y (@)]e) — [s(x)aqle

= [Ys(@  (x)AY (¥ (9)]E — [s(x)aglE
= [Ys(® 1 (x))aq]e — [s(x)aq]E
= [n(x)rqlo-

Hence, we obtain (15). Similarly, by direct calculations, we observe that (14), (16), (17) hold.
It follows from the above observation that the non-Abelian 2-cocycles (w®¥, ?\)"Y, A2, Q0T
and (w, -p,) -, Q) are equivalent via the conformal linear map 1 : R — Q. Hence, we have

W(q)/ T) = [<w<p/‘1’, 'j{\:.,‘ll/)\ 'CD,‘P/ Q@,IP) - (C(J, ATA /Q)] =0.

Conversely, suppose that (®,¥) € Aut(R,dr) x Aut(Q,dg), Since W(P,¥) = 0,
it follows that the non-Abelian 2-cocycles (wq"qj, f"y, 22, Qq"‘y) and (w, -y,5 -, Q) are
equivalent, there is a conformal linear map # : R — Q satisfying (14)—(17). Due to s being
a section of p, then for all e € E can be written as e = g + s(x) for some g € Q, x € R. Define
a conformal linear map Y : E — E by

Y(e) = Y(q+s(x)) = ¥(q) + 7P (x) +5P(x).
If Y(e) =0, then s®(x) = 0 and ¥(g) + n®(x) = 0. In view of s and @ being injective, we
obtain x = 0; it follows that ¢ = 0. Thus, e = g + s(x) = 0; that is, Y is injective. For any
e=q+s(x) €E,
Y(¥H(q) =¥ 1y(x) +57H(x) = g +5(x) = e,

which yields that Y is surjective. In all, Y is bijective.
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Next, we show that Y is a homomorphism of differential Leibniz conformal algebras.
In fact, foralle; = q; +s(x;) € E (i =1,2),

[Y(e1)rY(e2)]e
= [(Y(q1) +7P(x1) +5DP(x1))a (¥ (q2) + nP(x2) +5P(x2))]E

= [¥(q1)2¥(92) ] + [¥(q1)an®(x2) £ + [F(q1)A5P(x2) [E + [1P(x1)a ¥ (92)]E
+ [1®(x1)An®(x2)]E + [P (x1)A5P(x2)]E + [sP(x1)2A Y (92)]E + [sP(x1)anP(x2)]E + [sDP(x1) 5P (x2)]E
= [Y(qr¥(q2)]e + ¥ ((q1) -a x2) =¥ (q1) A P(x2) +¥(q1) A P(x2) +¥((x1) A 92)
—P(x1) A ¥(q2) +F(wi(x1,%2)) —wp(D(x1), P(x2)) —P(x1) A 1P(x2) —17P(x1) -1 P(x2)
) B A ¢
+17P([(x1)ax2]R) + 7P (x1) A Px2) + P(x1) 2 ¥(q2) + P(x1) 2 7P (x2) + wpr (P(x1), P(x2))
¢ D " ¥
+ 5[®(x1) A P(x2)]r
=¥ ([q1292]E + (91) -2 x2 + (x1) -2 92 + wa (%1, %2)) + 7P ([x12%2]R) + 5[ (x1)21 P (x2) R
=¥ ([q12q2]E + [(g1)as(x2)]E + [s(x1)Aq2]E + wa(x1,%2)) + 1P ([x12%2]R) + 5P[x12%2]R
= Y([q1092]E + [q125(x2)]E + [s(x1)Aq2]E + [s(x1)a5(x2)]R)
=Y ([(q1 +5(x1))r(q2 +5(x2))]£) = Y([erre2])-

Similarly, one can check that Y o dg = dg o Y. This proves that Y is an automorphism of
differential Leibniz-conformal algebras. Thus, Y € Ath(E, dg). Finally, we show that
Y|g =Y and pYs = ®. In fact,

Y(q) =Y(q+s(0)) =¥(q), Vg€Q
and
(pYs)(x) = pY(0+s(x)) = p(x(x) +5®(x)) = ps®(x) = D(x), Vx €R.

Therefore, Y|g = ¥ and pYs = ®. Thus, (®,¥) € Aut(R,dr) x Aut(Q,dgp) is in-
ducible. O

Theorem 5. Let 0 — (Q,dQ) SN (E,dg) AN (R,dr) — 0 be a non-Abelian extension of
(R,dRr) by (Q,dq). Then there is an exact sequence

1— AutSR(E,dg) — Aut(E,dg) - Aut(R,dg) x Aut(Qs) — H2,,((R,dr), (Q,dg)),
where Aut3™ (E,dg) = {y € Aut(Edg) | A(Y) = (idg,idg)}.

Proof. Obviously, KerA = Im: and ¢ is injective. By Theorem 6.3, one can easily check that
KerW = ImA. This completes the proof. O

More generally, if we define

AutS(E,dp) = {Y € Autg(E,dg) | Y|g =idg)},
Aut§(E,dp) = {y € Autg(E,dg) | Y := pYs = idg},

17
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we obtain two morphisms of groups Ag : Autg(E, dg) — Aut(R,dg),Y — Y and Ag :

Aut§(E,dg) — Aut(Q,dq),Y ~— Y|g. Define themaps Wg : Aut(Q,dg) — H2,, ((R,dr), (Q,dg))

and Wg : Aut(R,dg) — H2  ((R,dr), (Q,dg)) by

WR (QD) — [(w<1>,id’ 'f,id,/\ .d),id’ QCD,id) . ((U/ ASA s Q)],

WQ(‘Y) _ [(wid,‘I’, _i)ttl,‘I’,)L .id,‘PI Qid,‘f’) _ (w, A Q)]

Proposition 4. Let 0 — (Q, dp) SN (E,dg) LN (R,dr) — 0 be a non-Abelian extension
of (R,dr) by (Q,dq). Then, there are two exact sequences of groups

1— AutdR(E,dp) — AutS(E,dp) ™% Aut(R,dp) — H2,((R,dr), (Q.dg)),
1 — Aut3™(E,dg) — Aut§(E, de) Ao, Aut(Q,dg) Yo, H2,, (R, dR), (Q,dg)).

Author Contributions: H.W. and S.G.: Writing—original draft (equal). X.Z.: Writing—review editing
(equal). All authors have read and agreed to the published version of the manuscript.

Funding: The paper is supported the Guizhou Provincial Basic Research Program (Natural Science)
(No. ZK[2021]006), the Natural Science Foundation of China (No. 12161013 and 12271292), and the
Natural Science Foundation of Shandong Province (No. 2023MAQ08).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Kac, V. Vertex Algebras for Beginners; American Mathematical Soc.: Providence, RI, USA, 1998.

2. Hong, Y,; Li, F. Left-symmetric conformal algebras and vertex algebras. |. Pure Appl. Algebra 2015, 219, 3543-3567. [CrossRef]

3. Hong, Y.; Bai, C. On antisymmetric infinitesimal conformal bialgebras. J. Algebra 2021, 586, 325-356. [CrossRef]

4. Hong, Y, Li, FE On left-symmetric conformal bialgebras. J. Algebra Appl. 2015, 14, 1450079. [CrossRef]

5. Liu, J.; Zhou, S.; Yuan, L. Conformal r-matrix-Nijenhuis structures, symplectic-Nijenhuis structures, and ON-structures. ]. Math.
Phys. 2022, 63, 101701. [CrossRef]

6. Xu, M.; Hong, Y.; Wu, Z. Finite irreducible conformal modules of rank two Lie conformal algebras. J. Algebra Appl. 2021, 20,
2150145. [CrossRef]

7. Yuan, L. Liu, J. Twisting theory, relative Rota—Baxter type operators and Le.-algebras on Lie conformal algebras. J. Algebra 2023,
636, 88-122. [CrossRef]

8.  Bakalov, B.; Kac, V.; Voronov, A. Cohomology of conformal algebras. Commun. Math. Phys. 1999, 200, 561-598. [CrossRef]

9.  Bakalov, B,; Kac, V. Field algebras. Int. Math. Res. Not. 2003, 3, 123-159. [CrossRef]

10. Kolesnikov, P. Conformal representations of Leibniz algebras. Siberian Math. ]. 2008, 49, 429-435. [CrossRef]

11.  Zhang, J. On the cohomology of Leibniz conformal algebras. ]. Math. Phys. 2015, 56, 041703. [CrossRef]

12. Wu, Z. Leibniz H-pseudoalgebras. J. Algebra 2015, 437, 1-33. [CrossRef]

13. Feng, T.; Chen, L. Cohomology and deformations of O-operators on Leibniz conformal algebras. 2023, in press.

14. Guo, S.; Wang, S. Twisted relative Rota—Baxter operators on Leibniz conformal algebras. Commun. Algebra 2024, 52, 3946-3959.
[CrossRef]

15. Hong, Y.; Yuan, L. Unified products of Leibniz conformal algebras. Commun. Algebra 2021, 49, 2074-2090. [CrossRef]

16.  Zhou, J.; Hong, Y. Quadratic Leibniz conformal algebras. J. Algebra Appl. 2019, 18, 1950195. [CrossRef]

17.  Das, A.; Sahoo, A. Homotopification and categorification of Leibniz conformal algebras. arXiv 2023, arXiv:2309.02116.

18. Khudaverdyan, D.; Poncin, N.; Qiu, J. On the infinity category of homotopy Leibniz algebras. Theory Appl. Categ. 2014, 29,
332-370.

19. Eilenberg, S.; Maclane, S. Cohomology theory in abstract groups. II. Group extensions with non-Abelian kernel. Ann. Math. 1947,
48,326-341. [CrossRef]

20. Liu,J.; Sheng, Y.; Wang, Q. On non-Abelian extensions of Leibniz algebras. Commun. Algebra 2018, 46, 574-587. [CrossRef]

18



Axioms 2024, 13, 685

21.

22.
23.
24.
25.

26.

Das, A.; Sen, S. 2-term averaging Le-algebras and non-Abelian extensions of averaging Lie algebras. ]. Algebra 2024, 644, 126-151.
[CrossRef]

Wells, C. Automorphisms of group extensions. Trans. Amer. Math. Soc. 1971, 155, 189-194. [CrossRef]

Passi, S.; Singh, M.; Yadav, K. Automorphisms of Abelian group extensions. J. Algebra 2010, 324, 820-830. [CrossRef]

Bardakov, V.; Singh, M. Extensions and automorphisms of Lie algebras. J. Algebra Appl. 2017, 16, 1750162. [CrossRef]

Guo, Y.; Hou, B. Crossed modules and non-Abelian extensions of Rota—Baxter Leibniz algebras. . Geom. Phys. 2023, 191, 104906.
[CrossRef]

Guo, S.; Zhang, X. Cohomology of differential Leibniz conformal algebras and applications. 2024, in press.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

19



|§| axioms

Article

Sheffer Stroke Hilbert Algebras Stabilizing by Ideals

Tugce Katican 1 and Hashem Bordbar >*

check for
updates

Citation: Katican, T.; Bordbar, H.
Sheffer Stroke Hilbert Algebras
Stabilizing by Ideals. Axioms 2024, 13,
97. https://doi.org/10.3390/
axioms13020097

Academic Editor: Florin Felix
Nichita

Received: 8 December 2023
Revised: 22 January 2024
Accepted: 28 January 2024
Published: 30 January 2024

Copyright: © 2024 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/).

Department of Mathematics, Izmir University of Economics, Sakarya Street, 35330 Balcova, Turkey;
tugce.katican@ieu.edu.tr

Centre for Information Technologies and Applied Mathematics, University of Nova Gorica,

5000 Nova Gorica, Slovenia

*  Correspondence: hashem.bordbar@ung.si

Abstract: This manuscript aims to provide a new characterization of Sheffer stroke Hilbert algebras
due to their ideals and proposes stabilizers. In the setup of the main results, we construct particular
subsets of Sheffer stroke Hilbert algebras and we propose important properties of these subsets by
investigating whether these sets are ideals or not. Furthermore, we investigate whether the introduced
subsets of Sheffer stroke Hilbert algebras are minimal ideals. Afterwards, we define stabilizers in a
Sheffer stroke Hilbert algebra and obtain their set theoretical properties. As an implementation of the
theoretical findings, we present numerous examples and illustrative remarks to guide readers.

Keywords: (Sheffer stroke) Hilbert algebra; Sheffer operation; ideal; stabilizer

MSC: 06F05; 03G25; 03G10

1. Introduction

Sheffer stroke is a binary operation which was introduced by H. M. Sheffer in his
landmark paper [1]. This notion enables mathematicians to reduce and unify the number
of axioms and notations in algebraic structures, and it provides compact representations.
In the last three decades, Sheffer stroke has attracted remarkable interest from researchers
and is extensively applied to algebraic structures. In addition to the theoretical point of view,
Sheffer stroke has been utilized in numerous crucial research projects in the engineering
sciences. Conducting a quick literature review, one may easily find important applications
of Sheffer stroke in the design of chips. We refer readers to the interesting projects found
in references [2-6]. Motivated by the application potential of Sheffer stroke, scholars have
applied this binary operation in implicational algebras, ortholattices and Boolean algebras.
Undoubtedly, there is a vast wealth of literature on this topic and we refer to [7-9] as
particularly interesting papers.

As an algebraic counterpart of Hilbert’s positive implicative propositional calculus [10],
Hilbert algebras were proposed by Henkin and Skolem in [11] and employed in research
based on various types of logic. Hilbert algebras have been brought into the spotlight in
many papers and their main properties have been investigated. In a recent paper [12],
the authors studied the Sheffer stroke operation and Sheffer stroke basic algebra. They
presented the Sheffer stroke basic algebra on a given interval, named interval Sheffer stroke
basic algebra, and gave some features of an interval Sheffer stroke basic algebra, while,
in [13], Hilbert algebras and the relationship between Sheffer stroke and Hilbert algebras
was introduced. Subsequently, Sheffer stroke Hilbert algebras are being studied in brand-
new papers ([14-16]) due to fuzzy filters, fuzzy ideals with t-conorms and neutrosophic
structures. We shall highlight that establishing stabilizers for algebraic structures has
always been an interesting but gruelling task in theoretical mathematics. This objective has
been achieved in many papers regarding residuated lattices and BL-algebras (see [17-20]).
To the best of our knowledge, stabilizers of Hilbert algebras have not been handled so far.
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Thus, the main objective of this manuscript is to fill this gap by proposing Sheffer stroke
stabilizers of Hilbert algebras and improving the ongoing theory on this subject.

The organization of the manuscript is as follows: in the next section, we provide
background material on Sheffer stroke Hilbert algebras and ideals. In Section 3, we rep-
resent characterizations of Sheffer stroke Hilbert algebras due to ideals. We present the
main outcomes of the manuscript and propose stabilizers of Sheffer stroke Hilbert algebras
in Section 4.

2. Preliminaries

In this section, we give basic definitions and notions about Sheffer stroke Hilbert
algebras and ideals.

Definition 1 ([8]). Let S = (T, o) be a groupoid. The operation o is said to be a Sheffer stroke if
it satisfies the following conditions for all x,y,z € T.

(S1) xoy =yox,

(52) (xox)o(xoy) =x,

(83) xo((yoz)o(yoz)) = ((xoy)o(xoy))o

(54) (xo((xox)o(yoy)))o(xo((xox)o(yoy))) =

In Definition 1, a groupoid can be determined as a group with a partial function which
especially states a binary operation in category theory and homotopy theory.

Definition 2 ([13]). A Sheffer stroke Hilbert algebra is a structure (T, o) of type (2), in which T is
a nonempty set and o is Sheffer stroke on T, such that the following identities are satisfied for all
x,y,z€T:

(SHa) (xo((yo(zoz))o(yo(zoz))))o(((xo(yoy))o((xo(zoz))o(xo(z02))))o

((xo(yoy))o((xo(zoz))o(xo(z02))))) =x0(xox)
(SHap) Ifxo(yoy) =xo(xox)=yo(xox),thenx =1y.

Lemma 1 ([13]). Let (T, o) be a Sheffer stroke Hilbert algebra. Then, there exists a unique 1 € T,
such that the following identities hold for all x € T:

1. xo(xox)=1,

2. xo0(lol)=1,

3. lo(xox)=1

Lemma 2 ([13]). Let (T, o) be a Sheffer stroke Hilbert algebra. Then, the relation x < y if and
only if x o (y oy) = 1is a partial order on T. Moreover, 1 is the greatest element of T.

Lemma 3 ([13]). Let (T, o) be a Sheffer stroke Hilbert algebra. Then, the following hold for all
x,y,zeT:

(Shby) x <X yo(xox)

(Shba) xo((yo(zoz))o(yo(zoz))) = (xo(yoy))o((xo(zoz))o(xo(z02))),
(Shb3) (xo(yoy))o(yoy) = (yo(xox))o(xox),

(Shby) x ((y (zoz))o(yo(zoz))) =yo((xo(zoz))o(yo(zoz))),
(Shbs) x < (xo(yoy))o(yoy),

(Shbe) (( o(yoy))o(yoy))o(yoy)=xo(yoy),

(Shby) xo(yoy) < (yo(zoz))o((xo(zoz))o(xo(zoz))), and

)o
(Shbg) ifx <y, thenzo (xox) < zo(yoy)andyo (zoz) X xo(z0z).

Lemma 4 ([13]). Let (T, o) be a Sheffer stroke Hilbert algebra with the least element 0, the greatest
element 1, and a unary operation x on T be defined by x* = x o (000) forall x € T. Then, the
followings hold, for all x € T:

1. 000=1landlol1=0,
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2. 0"=1and1* =0,
3. xol=uxox

4. x*=xox,

5. xo0=1,

6. (x*)* =x,and

7. xox*=1

Lemma 5 ([13]). Let (T, o) be a Sheffer stroke Hilbert algebra and < be a natural ordering
induced by this algebra. Then, (T,<) is a join-semilattice with the greatest element 1, where
xVy=(xo(yoy))o(yoy), forall x,y € T. If (T,0) is a Sheffer stroke Hilbert algebra with
the least element 0, then (T, <) is a meet-semilattice, and x Ny = ((xox) V (yoy)) o ((xox)V

(youy)), forall x,y € T.

Definition 3 ([13]). A nonempty subset ¢ of a Sheffer stroke Hilbert algebra (T, o) is called an
ideal if

(SSHI1) 0 € ¢,

(SSHI2) (xo(yoy))o(xo(yoy)) € Landy € Limply x € L, forall x,y € T.

Theorem 1 ([13]). Let ¢ be a subset of a Sheffer stroke Hilbert algebra (T, o) such that 0 € {. Then,
Cisanideal of T if and only if x S yand y € £Limply x € £, forall x,y € T.

3. Characterizations by Ideals

In this section, we characterize Sheffer stroke Hilbert algebras by ideals. Unless oth-
erwise specified, T denotes a Sheffer stroke Hilbert algebra, and W = (xo(yoy))o(xo
(y oy)) is briefly written.

Define a subset Ty, of a Sheffer stroke Hilbert algebra T by

Tx,y:{zeT:?y><x},

forany x,y € T.

Lemma 6. Let S be a nonempty subset of T. Then, the following conditions are equivalent:

1. Sisanideal of T.
2. S2OTxy,forallx,y €S.
3. SXo(yoy) =1limpliesz €S, forallx,y € Sandz € T.

Proof.

(1)=(2) Let S be an ideal of T and x,y € S. Suppose that z € Tyy. Then, ?}] < x.
By Theorem 1, £/ € S. Thence, z € S from (SSHI2).

(2)=(3) LetS O Ty, and %X o (yoy) = 1,forany x,y € S. Then, ¥¥ <y < % o (xox) =
1< ?f =< x from Lemma 2, (51) and (Shby). Thus, z € Tyy,and so,z € S.

(3)=(1) Let S be a nonempty subset of T such that S o(yoy)=1 implies z € S, for any
x,y € Sand z € T. Since (@) o(yoy) = 1 from (S1) and Lemma 4 (5), it is
obtained that 0 € S. Assume that Y}} € Sand y € S. Since o (yoy) =1 from
(S1) and Lemma 1 (1) and (2), it follows that x € S.

O

Lemma 7. Let T be a Sheffer stroke Hilbert algebra. Then,

1 Toy=Tyx
2. Tii=T1x=T,

3. Ty=Tox={z€T:zxx},
4 Ty, =T,

5. Tyo = {0},

6. 0€Tyy,
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7. ifx <y, then

(1) Tu,x - Tu,y/
(i)) Tou C Tyu

forallu,x,y € T.

Proof.
1. Sincez € Tyy < W Sx& W <y & z € Ty x from Lemma 2, (S51) and (Shby), we
have Ty, = Ty .

2. Since z1 =101=0<xand b2 < 1 from Lemma 4 (1) and Lemma 2, respectively, it
is obtained from (1) that T,y = T1 y = T, forallx € T.

3. Sincez = % < x from (52), Lemma 4 (1) and (3), it follows from (1) that Ty g = Tpx =
{z€T:z<xx}, forallx € T.
. Ty={zeT: A =1ol= 0 < 1} = T from Lemma 2 and Lemma 4 (1).
5. Too={z€T:z= % < 0} = {0}, from (S2), Lemma 4 (1) and (3).
6. Since0=101= Fy) < x from (S1), Lemma 4 (1) and (5), we establish that 0 € Ty,
forany x,y € T.

7. Letx<xuy.

(i) Then,zo (xox) < zo (yoy) from (Shbg), and
((zo(yoy))o(zo(yoy)))o(((zo(xox))o
(zo(xox)))o((zo(xox))o(zo(xox))))
= (zo(xox))o((zo(yoy))o(zo(yoy)))

=1

from (S1) and (S2). It is obtained from Lemma 2 that ?f H) forall x,y € T.
Thus, z € Ty y = ﬁ%ué?f ?-<u:>zETuy,andso Tux € Tuy,
foranyz € T.
(i) Tyu < Txuis proved from (1) and (7) (i).
O

Lemma 8. Let T be a Sheffer stroke Hilbert algebra. Then, Tevyu 2 Teu U Ty, forallu,x,y € T.

Proof. Since x X xVyandy < xVy, forall x,y € T, we arrive at Ty, C Trvy,y and
Tyu € Trvy,u from Lemma 7 (ii). Therefore, Ty, U Ty C Tyvy,u, forallu,x,y € T. O

Example 1 ([13]). Consider a Sheffer stroke Hilbert algebra (T, o) inwhichaset T = {0,a,b,c,d,e, f,1}
has the Hasse diagram in Figure 1 and the Sheffer operation o has the Cayley table in Table 1:

Then,
Tovfe=T1,e=T2 {0,b} ={0}U{0,b} =T, U Tfe-

Tf“ ~
<!

Figure 1. Hasse diagram of T in Example 1.
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Table 1. Cayley table of o on T in Example 1.

RS~ 0 Q.0 N O 0
[ = W G S Gy S Y )
e e s T i N R
GO e e el B
QU AU =A== =0
ST e N o N R e Y
[SEEESTN N e N )
[ WS W P
O QA ST 0O W

Lemma 9. Let T be a Sheffer stroke Hilbert algebra. Then, Ty Ay = T N Ty, forallu,x,y € T.

Proof. Letz € Ty, N Ty,y. Since z € Ty, and z € Ty, we obtain S < x and Sl <Y,
and so, S < xAy. Thus, z € Typyu. Thence, Tyy N Tyy € Txpyu, for all u,x,y € T.
Moreover, Tipyu € Ty and Txpyu S Tyu from Lemma 7 (ii). So, Tenyu S Txu O Tyu,
forallu,x,y e T. O

Lemma 10. Let ¢ be a nonempty subset of T. Then, £ is an ideal of T if and only if for all x,y € T,
(SSHI3) x,y € {implies x V' y € £, and
(SSHI4) x < yandy € L imply x € L.

Proof. Let {be anideal of T and x,y € . Since% = % = Eyoy) ocl=101=0€/
from (S1), (Shby), Lemma 1 (1), Lemma 4 (1) and (SSHI1), it follows from (SSHI2) that
W €/, for any x,y € T. Since (xV vy = W € { from Lemma 5 and (Shbg), we have from
(SSHI2) that x V y € ¢, for any x,y € T. Also, (SSHI4) is obvious from Theorem 1.

Conversely, let / be a nonempty subset of T satisfying (SSHI3) and (SSHI4). Since
0 is the least element of T, it is obtained from (SSHI4) that 0 € /. Let W €landy € ¢,
forany x,y € T. Then, x Vy = Y}} Vy € ¢ from Lemma 5, (S2) and (S3) and (SSHI3). Since
x < xVy,forany x,y € T, we obtain from (SSHI4) that x € ¢, forany x,y € T. O

Lemma 11. Let T be a Sheffer stroke Hilbert algebra. Then, Txoyu 2 Troxu U Tyoy,u and Txoyy 2
Txoxu N Tyoy,u, forall u,x,y € T.

Proof. Since xox  xoyand yoy < x oy from (S1), (S2) and (Shb,), it follows from
Lemma 7 (ii) that Txox,u C Txoyu and Tyoy,u € Txoy,u, and so, Troy,u 2 Txoxu U Tyoy,u and
Txoyu 2 Txoxu N Tyoyu, forallu,x,y € T. O

Example 2. Consider the Sheffer stroke Hilbert algebra (T, o) in Example 1. Then, Tyor, = Ty 4 =
T 2{0,a,b,c,d,e} ={0,a,c,e} U{0,a,b,d} = Toq U Ty, and Tpoeqa =T =T 2 {0,a} =
{0,a,c,e} N {0,a,b,d} = To s N Ty,

Lemma 12. Let ¢ be a nonempty subset of T. Then, £ is an ideal of T if and only if (* = {z € T :
il € ¢} is anideal of T, forall u € T.

Proof. Let / be anideal of T,and ¢* = {z € T : %il € ¢} be a subset of T, for anyu € T.
Since 0 — Eu ou)l =101 =0 € £ from Lemma 1 (2), Lemma 4 (1) and (5), (S1) and
(SSHI), it is concluded that 0 € #*. Assume that W € Mandy € ¢". Then, Xyu € £ and
W € {. Since (W)(W) = ay o(uou))(xo(uou)) = % € { from (S1), (S2) and (Shby),

we obtain X1l € ¢. Thus, x € ¢*. Hence, £* is an ideal of T.
Conversely, let £ be an ideal of T such that / be a nonempty subset of T, for any

ueT. Since0 € ¢, forany u € T, it follows that 0 = 101 = (uou)l = @ € ¢ from
Lemma 1 (2), Lemma 4 (1) and (5), (S1) and (SSHI1). Suppose that pﬁ € fand s € /.
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Then, there exist W € (" and y € ¢*, such that p@ = % and s = W Since x € /* and

ST =7
(%) (Vi) = (yo (wou))(xo (uou)) = ?yu = %8 € ¢ from (SSHI2), (S1), (S2) and (Shby),
we obtain p = il € ¢, for any x € T. Therefore, ¢ is anideal of T. [

Example 3. Consider the Sheffer stroke Hilbert algebra (T, o) in Example 1. For the ideal
¢ =10,c}of T, tf ={0,b,c, f} is an ideal of T.

Theorem 2. Let { be an ideal of T. Then, ¢* is the minimal ideal of T containing £ and u, for any
uel.

Proof. Let ¢ be an ideal of T. By Lemma 12, £* is an ideal of T. Assume that z € /. Since
Silo(zoz) =% o (uou) = (uou)o(lo1) =1 from (S1), (Shby) and Lemma 1 (2), it is
obtained from Lemma 2 that i/ < z. Then, $il € ¢ which means z € ¢*. So, ¢ C ¢, for any
u€T. Since il =101 =0 € ¢ from Lemma 1 (1), Lemma 4 (1) and (SSHI1), we have
u € (", forany u € T. Let k be an ideal of T containing ¢ and u. Thus, S et C k, for any
z € ¢*. Since € kand u € k, it follows from (SSHI2) that z € k. Thence, ¢ C k, for any
ueg. O

Remark 1. Let ¢1 and { be two ideals of a Sheffer stroke Hilbert algebra (T, o). Then, {1 N 4y is
always an ideal of T. However, {1 U Uy is generally not an ideal of T. If T = {0, 1}, then {1 U £y is
an ideal of T.

Example 4. Consider the Sheffer stroke Hilbert algebra T in Example 1. For the ideals {0,a,b,d}
and {0,a,c,e} of T, {0,a,b,d} N {0,a,c,e} = {0,a} isan ideal of T but {0,a,b,d} U{0,a,c,e} =
{0,a,b,c,d, e} is not an ideal of T since f ¢ {0,a,b,c,d,e} when <f_e> € {0,a,b,c,d, e} and
e€ {0,a,b,c,d,e}.

Lemma 13. Let ¢ be a nonempty subset of T. Then, £ is an ideal of T if and only if

(SSHI5) 0 € £ and
(SSHI6) % € tand Z € Cimply &2 € ¢, forall x,y,z € T.

Proof. Let ¢ be an ideal of T. Then, 0 € / is obvious from (SSHI1). Assume that T]} el
and Y7 € ¢, for any x,v,z € (. Since ;b:cz ﬁ = (yo(zoz))(xo(z0z)) < ¥, from (Shby),
(S1), (S2) and Lemma 2, it follows from (SSHI4) that XxZ yZ € £. Thus, %2 € ¢ from (SSHI2).

Conversely, let £ be a nonempty subset of T satisfying (SSHI5) and (SSHI6). Suppose
that x S yandy € /, forany x,y € T. So, 5/ =101 =0 ¢ éand% = (yol)o
(yol) = (yoy)o(yoy) =y € ¢ from Lemma 2, (SSHI5), Lemma 4 (1) and (3). Hence,
x = (xox)o(xox) = (xol)o(xol) = %0 € ¢ from (SSHI6), Lemma 4 (1) and (3).
Thereby, ¢ is anideal of T. O

Theorem 3. Let ¢ and k be two ideals of of T. Then,
" =Lifandonly ifu € ¢,

u < vimplies " C 0,

¢ C k implies £* C k¥,

(nk)* =Nk,

p(uou)o(vov) (gu)v/

(Eu)v — (ev)u/

(Kll)ll — eu/

U LP C OV and (4N C 0N LR,
O =land (' =T,

foranyu,v € T.

© 2N W=
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Proof.

1. Let¢* =¢. Since il =101 =0 € ¢ from Lemma 1 (1), Lemma 4 (1) and (SSHI1),
we get u € (* = (. Conversely, let u € /. Since Silo(z0z) = (uou)o %2 =
(uou)o(lol) =1 from (S1), (Shby) and Lemma 1 (1) and (2), it is obtained from
Lemma 2 that W < z,forany z € {. Then, $il € ¢ from (SSHI2), and so, z € ¢*. Thus,
¢ C ¢*. Since PT= £, forall z € /%, and u € /¢, it follows from (SSHI2) that z € /,
and so, £* C /. Hence, (" = ¢, forany u € T.

2. Letu < vandz € ¢*. Then, %il € ¢. Since ¥¢ < %l from (Shbg), (S1), (S2) and

Lemma 2, we have from (SSHI4) that et Wthh implies z € £°. Thence, ¢* C ¢°.

Let ¢ C k,and z € (. Then, %1l € ¢ C k. Thus, z € k%, and so, /* C k.

4. Since Nk C fand ¢ Nk C k, it follows from (3) that (/ Nk)* C ¢* and ({Nk)* C k*.
Then, (/Nk)* C ¢*Nk*. Letz € £*Nk*. Thus, z € ¢* and z € k* which imply Sher
and W € k. Since 5l € Nk, we obtain z € (¢ Nk)“. Hence, * Nk* C (£Nk),
and so, ({ Nk)* = ¢* Nk".

@

5. Since
z € (#ow)o(vor) o z((yo u) (UO U)j el
& %) Ju = z( Yo (vouv)) el
= e
& ze (Y

from (S1) and (S3), it follows that £(#°®)°(vov) — (gu)o,
(gu)v — ¢(uou)o(vov) _ p(vov)o(uou) — (gv)u from (5) and (S1).
By substituting [v := u] in (5), it is obtained from (S2) that (¢*)* = ¢(uew)euen) — pu,
They are proved from (2).
P ={zeT:z=(z02)0(z0z) = (z01)0(z01) = 20 € £} = fand /! = {z € T:
0=1o0l1= <Z—1) € ¢} = T from Lemma 4 (1) and (3), (S2) and Lemma 1 (2).

O

Y ©® NN

However, ¢* C ¢° does not imply u < v, and ¢* C k" does not satisfy ¢ C k.

Example 5. Consider the Sheffer stroke Hilbert algebra T in Example 1. Then, a £ c when
¢ ={0,c} C " ={0,a,c e}, foranideal ¢ = {0,c} of T. Also, ] = {0,a} ¢ k = {0,b,¢, f}
when j* = {0,a} C T =k"

Corollary 1. Let ¢ be an ideal of T. Then,
1. Nyer " =Land

2. Upert" =T,

foranyu € T.

Lemma 14. Let T be a Sheffer stroke Hilbert algebra. Then U(u) = {z € T : z < u} is an ideal
of T.

Proof. Since 0 is the least element of T, we have 0 € U(u). Let W € U(u) and y € U(u),
for any x,y € T. Then, W < uand y < u. Since

xo(uou) = loxi

(yo (uou)o((xo(uou)o(xo(uon))
(Zou) (X_;
iuou) (1 ol)

from Lemma 1 (2) and (3), (S51) and (S2), Lemma 2 and (Shb,), it follows from Lemma 2 that
x < u,and so, x € U(u). Thus, U(u) isanideal of T. O
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Lemma 15. Let T be a Sheffer stroke Hilbert algebra. Then,
1. U(0)={0}and B(1) =T,

2. u=xvifandonly if 5(u) C U(v),

3. U((uow)o(uow))=0(u)NL(v),

Proof.
1. Since 0is the least element and 1 is the greatest element in T, it is clear that 5(0) = {0}
and U(1) = ¢.

2. Letu < vand z € U(u). Since z < u < v, it is obtained that z € U(v). Then,
U(u) € U(v). Conversely, let U(u) C U(v). Since u < u, for all u € T, we deduce that
u € U(u). Since u € U(u) C U(v), it follows that u < v.

3. Since (uov)o(uowv) x uand (uov)o (uowv) < v from (S1), (S3) and from (1)
and (2) from Lemma 1, it is obtained from (2) that U((# o v) o (uov)) C U(u) and
U((uov)o(uowv)) C U(v). Afterall, 5((uowv)o (uov)) C U(u)NU(v), forany u,v €
T. Assume that z € U(u) NU(v). Then,z K uand z < v. Since uov g zov x zoz
from (S1) and (Shbg), it follows from (S1), (S2) and Lemma 2 that z < (1 0 v) o (L 0 v).
Thus, z € U((uov) o (uowv)). Hence, 5(u) NU(v) C U((uowv)o (uov)), for any
u,v € T. Therefore, U((uov) o (uowv)) =U(u)NU(v), forany u,v € T.

O

Theorem 4. Let T be a Sheffer stroke Hilbert algebra. Then,
1. O(uAv)=0(i1)N0(9),

2. Uu)UB(v) CU(uVo),

foranyu,v € T.

Proof.

1. Itis obvious from Lemma 15 (2) that U(u A v) C U(u) N U(v), for any u,v € T. Let
z € B5(u)NU(v). Then, z < uand z < v, and so, z < u A v. Thus, z € U(u A v), which
implies U(u) NU(v) € U(u Av), for any u,v € T. Thence, B(u Av) = O(u) NU(v),
forany u,v € T.

2. Itis clear from Lemma 15 (2) that U(u) UU(v) C U(u Vo), forany u,v € T.

O

Example 6. Consider the Sheffer stroke Hilbert algebra T in Example 1. Then, U(d) UU(f) =
{0,a,b,d} U{0,b,¢c, f} ={0,a,b,c,d,f} CT=0(1) =06(dV f).

4. Stabilizers

In this section, we introduce stabilizers in a Sheffer stroke Hilbert algebra.

Definition 4. Let T be a Sheffer stroke Hilbert algebra and W be a nonempty subset of T. Then, a
stabilizer of W is defined as follows:

~=
W ={ueT:%l=x(orid=u), vxe W}
Example 7. Consider the Sheffer stroke Hilbert algebra T in Example 1. For the subsets
=~
W' = {a,d} and W? = {0,b} of T, the stabilizer of W' is W' = {0,b,c, f} and the stabi-
=~

lizer of W2 is W? = T, respectively.

Lemma 16. Let W, X and W' (i € I) be nonempty subsets of T. Then,
s P e

1. WC Ximpliess X C W

2. /T\:{O}andﬁ:ﬂ

7
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3.

~ N ~ N
W =nN{{x} :x e W},
ﬂiEI W = ﬂWl and UiEI W' = UWZ

iel iel

Proof.

1.

O

—~~
LetWC Xandue X .Then,ﬁzx,forallxeX. SinceWQX,wehaveW:y,

A N
forally € W. Thence,u € W ,andso, X C W .

Since we have from (S2), Lemma 4 (1) and (3) that %0 = (xol)o(xol)=(xox)o
A~ ~~
(xox) = x, forall x € T, itis concluded that 0 € T , which implies {0} C T .
~~
Letu € T . Then,ﬁi> =x,forallx € T. Thus, 0 = 101 = il = u from
P
Lemma 1 (1) and Lemma 4 (1), and so, u € {0}. Hence, T C {0}. Thereby,
~—~
T = {0}. Also, it follows from (S1) and (S2), Lemma 1 (2) and Lemma 4 (1) that
=
{0} ={ue T: 0u :iuou)l =101} =T, forallu € T.
A~ AN
Since {x} C W, for all x € W, it is obtained from (1) that W C {x}, forallx € W,
PN Py A=
and so, W C N{{x} : ¥ € W}. Assume thatu € N{{x} : x € W}. Then,
A~ ~—
u € {x},forall x € W. So, il = x, for all x € W, which implies u € W . Thus,

= = = =
N{{x} :x € W} C W . Therefore, W =NO{{x} :x € W}.
Since Njc; W' € Wi and W' C Uc; Wi, for all i € I, we ascertain from (1) that
~~ —/— — = ~~ — ~=
W' C (\W'and [ JW' € W', andso, Nieg W' C (\W'and [JW' C Ui W',
icl icl icl icl
" .
foralli € I. Suppose that u € (| W', for any u € T. Then, Sl = x, forallx € Nict W'
icl
© =

Since il = x, forall x € Wiand i € I, it means thatu € W', foralli € I, and so,
=~ —~N ~ = N =

uec ﬂiEI Wi . ThUS, ﬂ Wi - ﬂiel Wi . Hence, niEI Wi = ﬂ Wi. Letov € UiEI Wi .
iel iel
~ N

So, v € wi , for some i* € I. Since 56 = x, for all x € W', it is clear that 56 = X,
—~ N A~

for all x € U;c; Wi. Then, v € U W, which implies that (J;c; W' C U W'. Thence,
i€l i€l
A /_/\ 1 1
UiGI Wl - U Wl.
icl

Theorem 5. Let T be a Sheffer stroke Hilbert algebra and W be a nonempty subset of T. Then,

~~
W isanideal of T.

Proof. Since we obtain from (S2), Lemma 4 (1) and (3) that %0 = (xol)o(xo1l) =
P P
(xox)o(xox) =x, forall x € W, it follows that 0 € W . Assume that 0 e "W and

(NS

A~
from (S1), (52), (Shby) and (Shby), it is obtained that u € W . Hence,

A~ —
W . Then, x(11%) = x and %3 = x, forall x € W. Since

W:ﬁ: (vov)(xo(uou)) = (uo(vov))(xo(von))=x(Ud)=x

A~
W isanidealof T. [

28



Axioms 2024, 13,97

~~
However, W is usually not an ideal of T when W is an ideal of T.

—~
Example 8. Consider the Sheffer stroke Hilbert algebra T in Example 1. Then, {c,e} = {0,a,b,d}
is an ideal of T, yet {c, e} is not an ideal of T.

Corollary 2. Let T be a Sheffer stroke Hilbert algebra. Then,
~~

1. {1} = {0} and
~~

2. {1} C ¢, for all ideals ¢ of T.

Proof. Itis obtained from Lemma 1 (1) and (3), Lemma 4 (1) and Theorem 5. O

Definition 5. Let T be a Sheffer stroke Hilbert algebra, W and X be nonempty subsets of T. Then,
a stabilizer of W with respect to X is defined as follows:

——
(W, X)={ueT:xANueX, forallx € W}.

——
Example 9. Consider the Sheffer stroke Hilbert algebra T in Example 1. Then, (W,X) =
{a,c,d, f}, for the subsets W = {b,e} and X = {a,c} of T.

Theorem 6. Let W, X, Wi and X' be nonempty subsets and ¢ be an ideal of T, for all i € I. Then,

1. ( ,X) =T implies W C X,

2. ( )—TlfandonlyszCX

3. ( )

4 W, e},

5. Wi C X"and W2 C X2 imply (X", W"2) C (WH,X"2),

— =
6. (W {0})= W,
———
7. ({0} {0}) =

/—/H'
8 (W, ﬂX = Nier (W, X),
zeI '
9. W UX Ulel )
icl
10. ({1}, X) =X,
—_—
1. ({1},{1}) = {1}.

Proof.
—
1. Let(W,X)=T.Sinceu=uAru € X, forallu € W, we obtain W C X.

—~ =~
2. If({,X)=T,then ¢ C X from (1). Conversely, let £ be an ideal of T, such that / C X,
and u € T. Since x A u < x, for all x € /, it follows from (SSHI4) that x A u € £. Then,

—~ —~
xAu € X, forall x € ¢, which implies u € (¢,X). Thus, ({,X) =T.
3. Itis proved from (2).

4. Letuec W , foranyu € T. Then,ﬁ =x, forallx € W. Since x A\u = xxu =
¥ =101=0 € ¢ from Lemma 4 (1), Lemma 5, (S2) and (SSHI1), it is obtained that

—~= AN N
€ (W, ¢), and this means W C (W, ).
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5. LetWh C X1, W2 C X2andu € (X', W?), forany u € T. Since x A u € W2, for all
x € X", itis concluded that x A u € X2, for all x € W't. Hence, u € (W', X*2), and so,
—

(X", W) C (W1, X"2),

AN
6.  Since {0} is an ideal of T, we ascertain from (4) that W C (W, {0}). Assume that

~

——
u € (W,{0}), forany u € T. Then, x Au = 0, for all x € W. Thus, it follows from
(Shby), Lemma 4 (1), Lemma 5, (S1) and (52) that %l = x, for all x € W, and so,

—_——

~ =~ — = =~
u € W .Hence, (W,{0}) C W . Therefore, (W,{0})= W .

—_——
7. ({0},{0}) = {0} =T from (6) and Lemma 16 (2).
8. Letuec (W,[)X'). Then, x Au € ey X, forallx € W. Since x Au € X, foralli €
i€l
Z —— ——
and x € W, we obtain that u € (W, X'), for all i € I, which implies u € N;c; (W, X").
Thus, (W, () X') € Nier (W, X*). Conversely, let u € N;c; (W, X*). Since u € (W, X*),
il
foralli € I, it follows that x Au € X/, foralli € [ and x € W, which means x A u €
Nics X', for all x € W. Thence, u € (W,[]X'), and so, N;c; (W, X') € (W, [ X").
i€l iel
/_H /—/H ' !
Consequently, (W, (| X') = Nie; (W, X').
el
\l . 1
9. Letue (W,|JX'). Then, x Au € Uie; X, forall x € W. Since x A u € X", for some
i€l
1 —_—— ——
ip € I'and x € W, we have u € (W, X"), for some iy € I, and so, u € U;e; (W, X").
Hence, (W, JX') € Uie; (W, X"). Conversely, let u € U;c; (W, X'). Since u €
i€l
—— l ;
(W, X'), for some i, € I, it is concluded that x Au € X', for some i, € [ and
. —
x € W, which follows x Au € J;c; X', for all x € W. Thereby, u € (W, U X"). So,
il
Uier (W, X") € (W, [ X*). Thereby, (W, | J X') = Uie; (W, X").
iel iel
——
10. ({1}, X)={ueT:u=1Au€ X} = X from Lemma 5, (52), Lemma 4 (1) and (3).

—
1. ({1}, {1}) = {1} from (10).
O

——
Theorem 7. Let X, W' and W? be nonempty subsets of T. Then, W' C W2 implies (W?, X) C

(WL, X).
—_——
Proof. Let W! C W2, and u € (Wz, X). Since x Au € X, for all x € W?, it follows that
—_——— —_—— —
yAu € X, forally € W', which means u € (W?, X). Then, (W?,X) C (W}, X). O

The following example illustrates that the converse of Theorem 7 is not usually satisfied.
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——
Example 10. Consider the Sheffer stroke Hilbert algebra T in Example 1. Then, (W?,X) = @ C
—
{d, f} = (WY, X) but W' & W2, for the subsets X = {d, f}, W' = {a,b,c,1} and W? = {e}
of T.

—~ =
Theorem 8. Let ¢ be a nonempty subset and k be an ideal of T. Then, (¢,k) is an ideal of T.

Proof. Let ¢ and k be two ideals of T. Since we have from Lemma 1 (1), Lemma 4 (1) and (3),

Lemma 5, (52) and (SSHI1) that x A0 = ﬁ =%t =101=0¢ k, for all x € /, it follows

—~ —~ —~ N
that 0 € (¢,k). Assume that %7 € (£,k) and v € (£,k), for any u,v € T. Then, x A 0 ck
and x Av € k, for all x € £. Since

x A (uVo) xA((no(vowv))o(vov))

= x/\(ggo(vov))o(vov))
x A (uv Vo)
(xAIB)V (x Av) €k

from Lemma 5 and (S3), and x A u < x A (1 V v), it is obtained from (SSHI4) that x A u € k,
—~ =~ ~
forall x € . Thus, u € (¢,k). Hence, ({,k) isanideal of T. O

The following example shows that the converse of Theorem 8 does not hold in general.

1 \—
— ~

Example 11. Consider the Sheffer stroke Hilbert algebra T in Example 1. Then, ({d},{0,a,1}) =
{0,a,c,e} is an ideal of T but {0,a,1} is not since b ¢ {0,a,1} when =0 € {0,a,1} and
1€{0,a,1}.

5. Concluding Remarks

This manuscript concentrates on Sheffer stroke Hilbert algebras and their main charac-
teristics. The main goal of this study is two-fold: as the first target, a new characterization
of Sheffer stroke Hilbert algebras is presented in light of the ideals. In this task, proper
subsets of Sheffer stroke Hilbert algebras are introduced, and it is shown that the proposed
subsets possess the relationship between lattice and set-theoretical operators. Secondly,
we define stabilizers of Sheffer stroke Hilbert algebras for their nonempty subsets and
underline their crucial properties. We enhance the theoretical results of the manuscripts
with many examples and elaborative discussions.

Regarding future work, we aspire to define various ideals of Sheffer stroke Hilbert
algebras by employing more compact and trivial subsets. In this vein, we will be able
to construct a comparative approach between different algebraic structures, and this will
result in the emergence of new aspects of Hilbert algebras.
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Abstract: Current work provides an algebraic and geometric technique for building topological
quantum codes. From the lattice partition derived of quotient lattices A’/ A of index m combined
with geometric technique of the projections of vector basis A’ over vector basis A, we reproduce
surface codes found in the literature with parameter [[2m,2, |a| + |b|]] for the case A = Z? and
m = a? + b2, where a and b are integers that are not null, simultaneously. We also obtain a new class
of surface code with parameters [[2m,2, |a| + |b|]] from the A = Ajp-lattice when m can be expressed
as m = a? + ab + b2, where a and b are integer values. Finally, we will show how this technique can
be extended to the construction of color codes with parameters [[18m,4, 6(|a| + |b|)]] by considering
honeycomb lattices partition A,/ A’ of index m = 9(a® + ab + b?) where a and b are not null integers.

Keywords: surface codes; color codes; flat torus; lattice

MSC: 81P70; 52C07; 81Q35

1. Introduction

Quantum coding theory made a significant advance with the discovery of CSS
codes [1,2], leading to the development of the richer structure known as stabilizer quantum
codes [3]. Since the superposition of states is essential for quantum information process-
ing, interactions with the environment can easily destroy these superpositions, making
quantum systems extremely fragile. Stabilizer codes, acting locally, can offer an alternative
solution to this problem.

Kitaev [4] proposed a class of stabilizer codes associated with a square lattice, i.e.,
sublattices of Z2 with squares as fundamental regions. These codes depend on the topology
of a surface and belong to the general class of topological quantum codes. Such codes
are used to store quantum information in the non-local degrees of freedom of strongly
correlated quantum systems with topological order. Because they are encoded non-locally,
these quantum states are resistant to local noise that does not alter the system’s overall
topology. This construction relies on an intrinsic physical mechanism that enables the topo-
logical system to self-correct local errors, which is remarkable because it does not require
external detection and correction of quantum errors, unlike traditional non-topological
codes. The system’s physical properties provide the mechanism for protecting the encoded
quantum states. Interactions described by a Hamiltonian in certain lattices or on surfaces
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with non-trivial topology control this mechanism. The ground state of these Hamiltonians
exhibits topological order, characterized by a robust type of ground state degeneracy that is
resilient to local disturbances. This robustness is due to an energy gap in the Hamiltonian
spectrum separating the ground state from excited states. Moreover, this degeneracy de-
pends on the topology of the network where the strongly correlated system’s Hamiltonian
is defined. Intuitively, topological order is a form of long-range entanglement in the ground
and excited states of a quantum system. Topology may further enhance protection in
ordinary-circuit quantum computing. For example, combining topological distribution and
dynamical decoupling can improve error correction capabilities [5,6].

To build topological quantum codes, we can consider a tiling (tessellation) of the flat
torus surface. The most significant classes of topological quantum codes are surface codes
and color codes. We obtain surface codes on a flat torus by associating Pauli operators X
and Z with the vertices and faces of the polygons that tessellate the torus. The encoded
qubits correspond to the homologically non-trivial cycles on the torus surface.

Bombin and Martin-Delgado introduced the color codes [7]. They constructed these
codes on three-valent tessellations with three-colorable faces, allowing for the coloring of
each face using three different colors, resulting in distinct colors for neighboring faces. Each
face of the tessellation has two Pauli operators attached, allowing for encoding twice as
many qubits as surface codes, as proved in [8].

Sarvepalli and Raussendorf [9] proposed color codes with parameters [[18.4%,4,25+2]]
on the flat torus obtained from honeycomb lattices, i.e., sublattices of A, where the Voronoi
regions are regular hexagons, which give rise to a three-valent tessellation. The qubits
are attached to each vertex of the regular hexagons that tessellate the torus. In [10], the
procedure for constructing color codes with parameters [[18m?, 4, 4m]] was expanded to
any positive integer value of m, not only for the case where m is expressed as m = 2°, as
obtained in [9].

Kitaev [4] proposed surface codes with parameters [[2m?,2,m]] derived from the
Zom % Ly tessellation of the flat torus by m? squares (where each square represents a
fundamental region of the 72 lattice). In contrast to the proposal in [4], the authors in [7]
introduced new classes of surface codes with parameters [[m,2,d]]. The way this structure
is made is based on how the torus surface can be tiled with m polyominoes [11]. Each region
is a match for a Lee sphere with radius r that is part of the Z? lattice. The centers of these
polyominoes are codewords of classic perfect codes C that have associated an algebraic
structure of a cyclic additive group. This class of surface codes has been constructed only
in cases where m can be simultaneously expressed in the forms m = 2r?> + 2r + 1 and
m = a® + b? for some positive integer r and at least one pair of non-zero integers a and b.

In [12], the geometric method for making surface codes from Z2-lattices using poly-
ominoes, which was first suggested in [7], was expanded to all situations where m can be
written as m = a% + b2. Similar to the work in [7], the centers C of the regions that cover the
Ly X L tessellation also have associated the algebraic structure of a cyclic group.

Recently, the study of surface codes derived from honeycomb lattices has also gained
attention. These lattices were initially studied by Kitaev in [13]. The honeycomb lattice has
a fundamaental role, since it is a topologically ordered system involving only two-body
interactions [14], and it is also used to build new quantum memories [15].

The main goal of this work is to extend the procedure for building topological codes
via square lattices Z? to honeycomb lattices A,. If we consider the question about the
construction of topological codes derived from lattices from an algebraic and geometric
point of view, the following questions appear in this context:

1. Isit possible to obtain surface codes with the same parameters [[2m2,2, m]] of Kitaev
construction [4] from honeycomb lattices partition of index m??

2. Isitpossible to get surface codes from the tessellations of the torus that have regions
congruent to Lee spheres with radius r and centers on the codewords of the classic
perfect code C, which come from the A;-lattices?
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3. Isit possible to get color codes from the tessellations of the torus that have regions
congruent to Lee spheres with radius r and centers on the codewords of the classic
perfect code C, which come from the Aj,-lattices?

The goal is to develop fundamental tools from lattice theory to answer these questions.
We can obtain the flat torus geometrically by identifying the opposite sides of the parallelo-
gram. If the parallelogram is the fundamental region of a lattice A, we will denote the flat
torus by T = R?/A.

For instance, if we choose 8 = {(1,0), (0,1)} as the lattice basis associated with Z?-
lattice, we find a unit area square as the fundamental region associated with Z?-lattices.
Because of this, considering this lattice basis gives us a parallelogram P, and a Voronoi V
partition that are the same up to a translation [10,16].

These partitions produce tessellations that are self-dual. Therefore, we can perform
the analysis of the minimum distance of surface codes using either the parallelogram or
Voronoi partition. From there, several works [4,12,17] have proposed families of surface
codes derived from Z? lattices.

If we choose 8 = {(1,0), (1, ?)} as the lattice basis for A, on the other hand, we get

a parallelogram whose sides are parallel to the vectors e; = (1,0) and e; = (%, @) This
is the fundamental region for the .Aj-lattices. As a result of choosing this lattice basis, we
obtain parallelogram P and Voronoi V partitions that are not equal to a translation one each
other. However, P and Voronoi V are congruent partitions on the flat torus [10,16]. As a
result, in [10], new classes of surface codes and color codes were proposed, with parameters
[3m?,2,m]] and [[18m?, 4, 4m]], respectively.

We look at an algebraic and geometric alternative way to build topological codes on
the flat torus that is related to the Z? and Aj; lattices in this work. For this purpose, we
consider as the lattice basis -y of sublattices A of index m = a? + b? in Z?:

v =A{@b),(=ba)}. ey

We will get the same surface codes as in [4,7,12] by using the algebraic technique of
lattice partition and the geometric technique of projecting a vector from the basis 7y of A,
which is shown by Equation (1), onto the vectors e; = (1,0) and e; = (0,1) in Z2.

Classic perfect codes C are obtained from the .A;-lattice. They are based on how the
honeycomb lattice partition (Z;, X Zy,) can also be tiled by m regions, where each region is
congruent to a Lee sphere of radius r. This class of classic perfect codes has been constructed
only in cases where m can be simultaneously expressed in the forms m = 3r% + 3r + 1 and
m = a? + ab + b? for some positive integer r and at least one pair of non-zero integers
a and b (for more details, see [18]). The centers of these m regions, which recover the
Zm X ZLpy-tessellation, also form a cyclic code C.

We consider the lattice basis 7 of sublattices A of index m = a? + ab + b? in A,:

1= {(a),(=ba+b)}. €

Thus, generalizing these ideas, using lattice partition concepts and the geometric
technique of projecting vectors u = (a,b) and v = (—b,a + b) onto vectors (1,0) and

(1, ?), respectively, we obtain new classes of surface codes with parameters [[2m?,2, m]]

and [[2m,2, |a| + |b|]] on the flat torus T = R?/A, where {u, v} is the lattice basis associated
with the sublattice A of index m = a® + ab + b?* in A,. This answers questions (1) and (2).
Finally, we consider sublattices A” with basis p”” = {34,3b), (3a,3a — 3b)} and index
9m on honeycomb lattices A, where m = 1 or m = a2 + ab + b? for at least one pair of
non-zero integers a and b. We prove that A, induces a Zs,,, x Zs,,-tessellation on each flat
torus T, which is tiled by 9m regular hexagons. Because of this algebraic and geometric
description of T = R?/A”, we get a more general process to obtain color codes with
parameters [[18m,4,6(|a|? + |b|?)]], for m = 9(a® + ab + b?). This answers question (3).
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2. Lattices in R"

A lattice is a subset of R" isomorphic to the additive group Z". We can analyze
subgroups (sublattices) and partitions (coset decompositions) induced by subgroups thanks
to this algebraic structure. The Euclidean metric and volume notion of the space in which
the underlying lattice is embedded are passed down to it.

Formally speaking, a lattice A isa set of points A = {x e R" : x = Y" ; lju; and A; €
Z}, where {uq,uy, ..., uy} is a set of linearly independent vectors in R”. This set of points
is known as the lattice basis. We define A as a lattice in R” with rank m. The lattice is said
to have complete rank in R” if m = n. We solely take into account full-rank lattices in our
current work.

If A is a n-dimensional lattice with basis {uq,uy,...,u,}, its generator matrix is
given by

Uip U o Ulip
Upy Upp - Uy

M == . . . . ’
Upl Up2 -+ Unn

where u; = (uj1,Up, ..., Uiy), fori = 1,2,...,n. If its generator matrix has full rank, the
lattice has full rank. The matrix G = MMT is called the Gram matrix of the lattice A, where
MT is the transpose of M. An equivalent definition is A = {x = AM | A € Z"}. The
determinant of the lattice A is defined by Det(A) = Det(G).

What follows are important examples of full rank lattices in R?.

Example 1. Let B = {e1, e} be a basis in R2.
1. Considering ey = (1,0) and ey = (0,1), we get the lattice 7, and the generator matrix is

w-(30)

2. Consideringey = (1,0) and ey = (1, @), we get the honeycomb lattice Ay, and the generator
matrix is given by
1 0
M= 1 V3
2 2

Given a lattice A, a subset A’ C A is a sublattice if A’ itself is a lattice, i.e., A’ is an
additive subgroup of A. The sublattice A’ can also be characterized as

A ={x=ABM|A€Z"}, ®)

where M is the generator matrix associated to the lattice A, and B is a square matrix of
integers.

Example 2. Consider the lattice 72 with basis p = {ey,e2} and generating matrix M of item (1)
in the Example 1

1. We get a family of sublattices ' = mZ?* in 7?, generated by the integer basis p/ =
{muq, muy} and generating matrix M' = BM, where

m 0
5= o)
2. Give a positive integer m that can be expressed as m = a*> + b%, where a and b are integer
values. We can also obtain a family of sublattices A" of index m in Z? generated by the integer

36



Axioms 2024, 13, 676

basis « = {u,v}, where u = (a,b) and v = (—b,a). The generating matrix is given by

M" = B'M, with,
,_( a b
B0 )

Example 3. Consider the honeycomb lattice Ay with basis p = {e1, ey} and generating matrix M

from item (2) of Example 1.

1. For the integer basis B’ = {muy, muy} and generating matrix M' = BM, we obtain a family
of sublattices A = mA, of index m? in Ay,

m 0
b= ( 0 m )
2. Give a positive integer m that can be expressed as m = a*> + ab + b, where a and b are
integer values. We can also obtain a family of sublattices A" of index m in A, generated by

the integer basis v = {u, v}, where u = (a,b) and v = (—b,a + b). The generating matrix
is given by M"" = B' M, with,
[ a b
b= < —b a+b >

3. Give a positive integer m that can be expressed as m = 9(a? + ab + b*), where a and b are
integer values. We can also obtain a family of sublattices A" of index m in A, generated by
the integer basis B"" = {u,v}, where u = (3a,3b) and v = (—3b,3(a +b)). The generating
matrix is given by M"" = BM, with

B— 3a 3b
-\ -3b 3(a+b) )
2.1. Quotient Groups and Quotient Lattices

Let A be an n-dimensional lattice with basis {u1,...,u,}. The fundamental paral-
lelepiped of A is made up of all the points in R” that are linear combinations of the basis
vectors with coefficients that are between 0 and 1.

n
P={x=) au;0<ar... 0, <1}.
i=1

The Figures 1 and 2 illustrate the fundamental regions of the sublattices A” of index 5
and 7 in Z? and Ay, respectively.

Figure 1. Fundamental region of the sublattice A’ with index 5 in Z? is generated by the basis
v ={u,v}, whereu = (2,1) and v = (—1,2).
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Figure 2. Fundamental region of the sublattice A’ with index 7 in A is generated by the basis
v ={u,v}, whereu = (2,1) and v = (-1, 3).

Let A’ be a sublattice of A, and suppose that the generator matrices are M and
M’ = BM, respectively. We can prove that

volume(P’)

A/N| =
[A/A] volume(P)

= |det(B)], )
where volume(P'") and volume(P) are the volume of the fundamental parallelepiped P/,
which is associated to the sublattice A’, and the volume of the parallelepiped P, associated
to the lattice A, respectively. The Equation (4) gives that the fundamental region of the
lattice A induces a partition of the fundamental region of the A’ sublattice. The meaning is
that the fundamental region of A’ can be covered by [ copies of the fundamental region of
A, where [ is the index of the sublattice A’ in A, and is given by Equation (5).

The sublattice A’ induces a partition of A into cosets, and they have a structure of an
additive group, denoted by A/A’, and the cardinality is given by the Equation (5):

I =|A/N|=|det(B)|. (5)
We also say that A’ has index [ in A.

Example 4. Let A = 77 be the lattice given by item (1) of Example 1.

1. The family of sublattices ' = mZ? in Z? given by the item (1) of Example 2 has index
| = det(B) = m?, i.e., the quotient group A/ A’ has cardinality m?.

2. The family of sublattices A" in 72 given by the item (2) of Example 2 has index m = det(B) =
a® + V2, i.e., the quotient group A/ A has cardinality m = a* + b?.

Example 5. Let A be a honeycomb sublattice of A, of Example 2.

1. The family of sublattices A = mAy in Ay given by the item (1) of Example 3 has index
det(B) = m?, i.e., the quotient group A/ A’ has cardinality m?.

2. The family of sublattices A in Ay given by the item (2) of Example 3 has index det(B) =
m = a® + ab + b, i.e., the quotient group A/ N has cardinality m = a> + ab + b2

3. The family of sublattices A’ in Ay given by the item (3) of Example 3 has index det(B) = 9m,
i.e., the quotient group A/ A’ has cardinality 9m, where m = 1 or m = a® + ab + b for some
0£abel

Remark 1.

1. Ifyou translate the lattice A of Example 2 by the vector (%, 1), you get a set of points T(A) in
R? that have the same shape and arrangement as A. The action of translation A can result in
0 & T(A). Therefore, T(A) does not have a lattice structure (see Figure 3).

2. This set of points T(A) in R? has the same shape and arrangement as A. It was made by

translating A of Example 3 by the vector (3, @) The action of translation A can result in
0 & T(A) (see Figure 4). Therefore, T(A) does not have a lattice structure. However, it will be
very useful in this work to construct new classes of surface codes from the honeycomb lattice.
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Figure 3. In blue, we have the fundamental region 7 of the lattice 6Z2 covered by 36 squares, and in
red, the square of the fundamental region P translated by the vector (1/2,1/2) covered by 36 squares.

Figure 4. In blue, we have the fundamental region P of the lattice 6.4, covered by 36 parallelograms,
and in red, the fundamental region P of the lattice 6.4, translated by the vector (1/2, V3/ 4) covered
by 36 parallelograms.

2.2. Lattice Partitions

Parallelepiped partitions and Voronoi partitions derived from lattices A in Euclidean
spaces are of importance to us in our work.

Definition 1. For a lattice A, a fundamental region Py is a bounded set such that it produces a
partition P = {Py : A € A} from R" when translated by points of the lattice A. Consequently,

1. each region P, is obtained by translating Py by a lattice point A, that is,
P/\ :Po—f—)L: {x:(x—/\) S PQ}

2. the regions do not intersect, that is, Py N Py, #£Qforall A # A € A, where A° denotes the
interior of a set A C R™.
3. the union of all regions covers the whole space R", i.e, Uycp Py = R™.

All regions belonging to the parallelogram partition P, are congruent, which is an
important geometric property.
From Definition 1, each point x € R" can be written uniquely as

X = A+ x, where A € A and x, € Py. 6)

An approximation x, of x € R" satisfying (6) is found for each point A € A. The points
xe € Py that satisfy (6) can be seen as the error in the approximation made by a lattice point
A € A to each point x € R". This approximation is indicated by A = Q4 (x). We refer to
the quantization of x as Q (x).

Using the nearest-neighbor rule, the Voronoi partition is another important partition
of the space. The Euclidean norm on R" is denoted by ||.||. The distance of a point x in R"
from A is given by

I = All = min lx — Al
€A

The nearest-neighbor quantizer QY maps x to its closest lattice point:

N .
— —All
Qa(x) = arg min [ — Al
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Then, we define:

Definition 2. The set V) = {x € R" : Q¥ (x) = A} of all points that are quantized to A, is the
Voronoi region associated with a n-dimensional lattice point A € A.

According to the definition of QY , the resulting Voronoi regions are congruent. For
each lattice A, let V) be the Voronoi region associated with the lattice point 0 € A. If we
translate V) by lattice points A € A, we obtain a partition V = {V, : A € A} of R". The
union of all these regions give a covering of the whole space R”, where V) = V) + A =
{x e R": (x — A) € Vp}. All Voroni regions belonging to the Voronoi partition {V),A € A}
are congruent.

In R?, parallelepipeds are given by parallelograms, which is the case of interest in this
work. Therefore, we will refer to them as partitions of parallelograms.

Proposition 1 ([10,16]). The parallelogram partition and Voronoi partition of the honeycomb
lattice A are equivalent.

3. Tessellations of the Flat Torus

For this work, we are interested in the Euclidean space R?. Here, we provide defini-
tions and general results for the flat torus.

Definition 3. Let G be a discrete set of isometries acting on a metric space X. If a closed set F C X,
with a non-empty interior F°, satisfies the following conditions, it is a fundamental region for G:

1. UrecT(F)=X;
2. F°NT(F)° = @, forevery, T € G — {Id}. The family {T(F) : T € G} is called a
tessellation of X.

A covering of X by copies of F under the action of a group of isometries G is called a
G-tessellation, or tessellation of X associated to G.

In each of these cases, the region F in Definition 3 can be seen as the closure of the
fundamental regions of the two partitions that are examined in Examples 2—4 with respect
to the Euclidean norm.

The parallelogram partitions P of the sublattice A with index m? in Z? are also shown
in Example 2. These are shown by squares, with lattice points at their points.

We can get the parallelogram partitioning P by translating the sublattice A of index
m? in Z2, as shown in Example 3, by a vector with coordinates (%, %) in R2. This gives us
another parallelogram partitioning P’ by m? square. The tessellations obtained from the
parallelogram partitioning P and P’ are dual tessellation (illustrated by Figure 3).

The parallelogram partitioning P of the sublattice A of index m? in A,, in Example 3,
is given by parallelograms, where the vertices of the parallelograms are also lattice points.

The parallelogram partitioning P is linked to the sublattice A of index m? in A,

in item (1) of Example 3 by a vector of coordinates (%, @) in R?, and we get P’ by m?

parallelograms. The tessellations obtained from the parallelogram partitioning P and P’
are dual tessellations (illustrated by Figure 4).

The construction of the topological codes that we will propose on the flat torus essen-
tially depends on covering a parallelogram P’ with (smaller) congruent parallelograms. The
parallelogram P’ to be considered will be the fundamental region of a sublattice A = Z?2
or Ay. The smaller parallelogram P to be considered will be the fundamental region of a
sublattice A’ of A, in both cases of A = Z? and A = A,.

The geometric arrangement of a fundamental region of a lattice depends on the choice
of the lattice basis, which is not unique. To distinguish which basis was chosen to generate
the lattice A, we will use the notation A,, when we fix 7y as the chosen basis.
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Remark 2. Different lattice basis of the same lattices in R? reproduce different parallelogram
partitions in R?.

Given an n-dimensional lattice Ag and an n-dimensional sublattice A, of Ag and
abasis p = {uy,...,u,} of that lattice, the flat torus T, is defined as the quotient space
R"/A,. In the quotient, we define the map y : R” — R" defined as ji,(x) = x mod A =
x — Yt [xi]u;, where x = Y1 | x;u; and [x;] denotes the greatest integer less than or equal
to x. Therefore, x,y € R" belongs to the same coset in T, if and only if 1, (x) = u,(y), ie.,
x —y = Yyimu;, m; € Z. The flat torus T, can be seen as the quotient of the Euclidean
space R" by a group of translations.

For a torus T, generated by the basis y, we define the quotient map i, : R" — T,
using the fundamental region P in R", given by the basis 7.

The Euclidean distance d in R" induces a distance d, on the flat torus T.,. The distance
measure on the flat torus between two cosets 7 and b € Ag/A, with a,b € R, is (see
Figure 5)

dy(a,b) = min{d(z,y) = |z—yl|; z € a,y € b}.

For R?, the flat torus T, can be constructed from a parallelogram P, a fundamental
region of the 1 parallelogram partition associated to A, sublattice either from A = Z? or
from A = A generated by the basis v = {u, v}, since we identify the opposite sides (see
Figure 6).

Q2 Q3 @ Q1~Qr~Q3~Qy
T. T.
b ! b 7 Y
° ° °
U / ¢
2 oc ! ... oc
l’,f” S~ ~o
° . ~e
a a o

Q1 Uy Q4 Q1 Q1~Qr~Q3~Qy

Figure 5. The distance d, on the flat torus is viewed as the Euclidean distance d in R2; dy(ﬁ, Z_J) =
d(a,b) butd,(a’,¢) = d(d,c).

Q2 Qs

J

Q1 ot Q4 sides of the parallelogram
identified by vector u;

sides of the parallelogram
identified by vector uy
Figure 6. Edge identification to obtain the torus (sides of the parallelogram identified by vector u;

and uy).

With some conditions, the next result from [18] shows that it is possible to get tes-
sellations on the flat torus T, generated by the tessellation associated with the lattice Ag
in R".

Proposition 2. Let the bases of the lattices A and Ag be y = {uy, ..., up}and p = {vq,..., 04},
respectively. Let Ng be the tessellation of R", with the polytope P supported on vy serving as its
fundamental region. If A is a sublattice of Ag, and i is the quotient map on the flat torus, we
have that Ng induces a G-tessellation on the flat torus T, = R" /A, with fundamental region
#oy (P), where G = Ag/ A
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We will use Proposition 3 to find families of Z;, x Z;,-tessellations that come from
A = Z2-lattices based on Proposition 2. On each flat torus T, we also obtain families of
Ly X Zy-tessellations.

Proposition 3 ([10]). Assume that Ag is any lattice of R" with basis p = {uy,uz, ..., Un}-
Let A be a sublattice of index m" (m > 1) with A, having basis v = {muy, muy,..., muy,}.
Thus, in each flat torus T, ~ R"/ A, the lattice Aﬁ generates a Zyn-tessellation, where we have
Ng/ Ny > Ly to the quotient lattice.

Corollary 1 ([10]). By Proposition 3, we have that:

1. For the family of sublattices with basis -y and index m? in the lattice Apg = 72, as illustrated
in item (1) of the Example 3, Ap = 72 induces a Zuy, X ZLy-tessellation in each flat torus
T, ~R2/A,.

2. Asstated in item (1) of Example 4, the lattice Aﬁ = Ay induces a Zy, X Ly,-tessellation in
each flat torus T,, ~ R?/ A, of the sublattice family with basis -y and index m? in the lattice
A.

Corollary 2. By Proposition 3, we have that:

1. Asdescribed in item (1) of the Example 3, the lattice Ag = 72 induces a Zy-tessellation
in each flat torus T, ~ R?/ A, of sublattice family with basis y and index m in the lattice
Ag =72

2. Asdescribed in item (2) of the Example 3, the lattice Ag = Ay induces a Zy-tessellation
in each flat torus T, ~ R?/ A, of sublattice family with basis y and index m in the lattice
Ag = Ay

3. Asdescribed in item (3) of the Example 3, the lattice Ag = Ay induces a Zoy,-tessellation
in each flat torus T, ~ R? / A, of sublattice family with basis y and index 9m in the lattice
NVES Ay, wherem =1 orm = a2+ab+b2for50m60 #*a,be.

4. Surface Codes Derived from Z2 and A, Lattices

Kitaev [4] proposed surface codes obtained from Z;, x Z;,-tessellations of the flat torus
T, = R2/ A, where A, = mZ?. The lattice Z? creates a Z,, X Zy tessellation in the flat
torus T, that is made up of m? squares, as shown in item (1) of Corollary 1.

The partition of parallelograms (squares) yields this tessellation. Geometrically, the
dual tessellation that goes with it is made by translating a fundamental P parallelogram
partition, and it is covered by m? squares.

The qubits are in a biunivocal correspondence with the edges of the m? squares
covering the flat torus T, in the building of surface codes. The parameters for this class of
codes are [[2m?,2,m]], where the code length is determined by the number of edges in the
squares that tile the Z,, x Zy-tessellation. The genus of the orientable surface g determines
how many information qubits there are; since ¢ = 1 in the flat torus, k = 2¢ = 2 qubits are
encoded. The distance can be found by calculating the minimal distance between edges in
the smallest homologically non-trivial cycle of the flat torus’s Z,, x Zy-tessellation. From
the parallelogram partition or the translated parallelogram partition in R?, we have 2m?
squares. A homologically non-trivial cycle is the path taken by the edges that cannot be
contracted on a face.

We now consider the lattice points Qp = (0,0), Q1 = (m,0), Q» = (0,m), and Q3 =
(m,m) € A,. The sides of the fundamental region P (parallelogram) are characterized
by the line segments QpQ; and QpQ3. We also consider the vectors u and v of the basis v,
which are parallel to the line segments QyQ; and QpQ3, respectively. Notice that in the flat
torus T, the point Qy is identified with both points Q; and Q3.

When we fix B = {e1, e} as the lattice basis of Z?, where ¢; = (1,0) and e; = (0,1),
we find that the shortest of these two paths corresponds to the minimal number of edges
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belonging to orthogonal axes in the Z;;, x Z, tessellations. These edges are parallel to the
lattice basis vectors e; and e, respectively. Therefore, we conclude that d = m.

In [10], the authors obtained the surface codes [[3m?,2,m]] as a consequence of two
equivalent ways of covering the fundamental region of sublattice A, = m.A, with index
m? in Aj: with parallelograms or regular hexagons. However, as shown in item (2) of
Corollary 1, the lattice A, creates a Zy, X Zy, tessellation in the flat torus T.,. This means
that T, is tiled by a m? parallelogram. This tessellation originates from the partition of
parallelograms. Geometrically, its dual tessellation is obtained by translation of the m?

parallelograms by the vector (%, g) Each parallelogram is congruent to fundamental

region P of honeycomb lattices A, when we set the lattice basis = {(1,0), (1, @) }.

We then created a new class of surface codes where the qubits are in biunivocal
correspondence with the edges of the m? parallelogram that tile the flat torus T,. The
length of this code is given by the number of edges in the Z;, x Z,-tessellation, which is
2m?, since each edge is shared by the vertices.

We can now look at the lattice points Qy = (0,0), Q1 = (m,0), Q2 = (0,m), and
Q3 = (m,m) € A,. The sides of the fundamental region P, (parallelogram) are made up
of the line segments QyQ1 and QpQ3. We also consider the vectors u and v of the basis v,
which are parallel to the line segments QpQ; and QpQ3, respectively. Notice that in the flat
torus T, the point Qy is associated with both points Q; and Q3. When we fix = {ej, e2}

as the lattice basis of A, where e; = (1,0) and e; = (3, @), we also find that the shortest
of these two paths corresponds to the minimal number of edges on the line parallel to the

vectors e; = (1,0) and e; = (%, @), respectively. Thus, we conclude that d = m.
After these conclusions and results, we present Proposition 4.

Proposition 4. Let M be the collection of all the families of Zy, X Zy-tessellations of the flat
torus T, = R? / A, given by the m* parallelogram that are congruent to fundamental region of the
Ay-lattice described by item (2) of Corollary 1. We then obtain a new class of codes with parameters
[[2m2,2,m]].

This answers the question (1) that we asked in the introduction.

Surface Codes from Z,-Tessellation of the Flat Torus Obtained from Z2-Lattices

In [7], the proposed surface codes were based on the Lee sphere with radius r that
recover the Z,, X Zy-tessellation of the flat torus T,, = R2/ A, . Here, A, was the sublattice
with index m? in Z? and was created by the basis v = {u,v}, where u = (m,0) and
v = (0,m) and m was a positive integer. The minimum distance of the code is the least
number of edges to be transversed between two Lee spheres of the Z,, x Z,,-tessellation.
The basic Lee sphere with radius r can be used to recover the Z,, x Z,-tessellation of the
flat torus T, = R2/ A . This is possible since there are non-null 7,4 and b € Z such that
m =2r?+2r+1and m = a® + b*.

In [12], the authors used this method to get surface codes from the Z2-lattice by picking
regions that recover the Z;, X Zy-tessellation of the flat torus T,, = RZ/ A, which includes
cases where there is no integer solution for the equation m = 2r? + 2r + 1. From there, the
authors obtained surface codes with parameters [[2m, 2, d]] for the cases m = a? + b?, where
d = |a| + |b].

Now, we begin reproducing the surface codes with parameters [[2m,2, d]] for the cases
m = a* + b*, where d = |a| + |b|. We consider B = {e1, e} as lattice basis of Z? and
v = {(a,b), (—b,a)} as lattice basis of sublattice A, of index m in Z?, where e; = (1,0) and
ep = (0,1), respectively. This class of codes is also found by Z,, x Z-tessellation of the
flat torus T,, = R2/ A,. This is because of the lattice partition 72/ A, and the geometric
technique of projecting the lattice basis -y onto e; and e;.
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Proposition 5. Let M be the set of all families of Zy-tessellation of the flat torus T, = R*/ A,
tiled by m squares. Then, there are 2m qubits attached at the edges of these m squares.

Proof. The qubits are identified with the edges of the squares of the Z,-tessellation of the
flat torus T, = R?/A,. Since each square has four edges that are common to two squares,
the number of qubits is given by 47’” =2m.

Similarly, we relate the Z,,-tessellation of the flat torus to the qubits on the square’s
edges. The number of qubits is also given by 47’” =2m. 0O

We also know that the homological group associated with the flat torus is isomorphic
to the group Zy x Zy. From the elementary results of group theory, we conclude that the
homology group has two generators. Therefore, we obtain that each code C, constructed
from each flat torus T, encodes k = 2 qubits. Based on Proposition 5, we obtain an algebraic
procedure for obtaining surface codes from families of the flat torus T, in Proposition 6.

Additionally, we are aware that the group Z; x Z; is isomorphic to the homological
group connected to the flat torus. From the basic group theory results, we deduce that
the homology group has two generators. As a result, we derive that k = 2 qubits are
encoded by each code C that is built from each flat torus T,. We derive an algebraic process
for obtaining surface codes from families of the flat torus T, in Proposition 6, based on
Proposition 5.

Proposition 6. From the flat torus, T,, = R2/ A, where A\, is the sublattice of index m in 72,
generated by basis {(—b,a), (a,b)} with a® + b> = m, we obtain a surface code with parameters
[[2m,2,d]], where d = |a| + |b]|.

Proof. We obtain the code parameters for each flat torus T, from Proposition 5. Then,
we only need to calculate the code’s distance. The weight of the Pauli operator with the
minimum weight, which preserves the code subspace and acts non-trivially on it, is by
definition the minimum distance of a stabilizer code. We can see this distance as a function
of the homology of the surface since we are dealing with a special kind of homological code.
Accordingly, the fewest number of qubits in the support of a homologically non-trivial
cycle between the tessellation and dual tessellation associated to the flat torus T, is the
minimum distance.

The homologically non-trivial cycles, which are generated from the Z,, tessellation
given by m squares, are the paths determined by the edges that cannot be contracted into a
face with respect to the covering of the flat torus T.,. Note that nontrivial cycles on the flat
torus are characterized by the possibilities of combinations of paths along the edges of the
m squares with edges parallel to the vectors of the basis f = {e1,ep}, where ey = (1,0) and
€y — (0, 1).

In order to obtain these minimal paths, we use the fact that the fundamental region
P’ of the lattice A, (square) with sides of length |a| 4 |b| parallel to the vectors u and v, is
circumscribed in a square with sides parallel to the vectors e; and e, (see Figure 7). In fact,
the side of length [ parallel to the vector e; can be seen as the sum of the lengths of the
projections of the vectors u and v onto 1, given by (—b,0) and (4, 0), respectively, that is,
I = |a| 4 |b|. Similarly, the side of length [ parallel to the vector e; can be seen as the length
of the projection of the vector sum 1 +v = (a —b,a + b) onto ey, given by (0,a + b), that is,
I =a+b. Therefore,d =a+b. O

We now extend the method to get surface codes though Z,,-tessellation of the flat
torus-derived sublattices of .4, as consequence of lattice partition A, /A,, where A, is
a sublattice of index m in A, and generate by basis v = {(a,b), (—b,a + b)}, such that,
m = a® +ab + b2
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Figure 7. Projection of vector basis A, over vector basis of Z?-lattice.

Proposition 7. Let M be the set of all families of Zy-tessellation of the flat torus T, = R*/ A,
with m parallelograms, that are congruent to fundamental region of Ajp-lattice, described by
Corollary 2. Then, there are 2m qubits attached at edege derived from m polygons.

Proof. The qubits are associated with the edges of the Z,-tessellation of the parallelogram
which gives origen to flat torus T, = R?/A,. Since the edges of each parallelogram are
shared between two parallelograms, the number of qubits is given by 477” = 2m.

Similarly, on the edges of the translated parallelogram of Z,-tessellation of the flat
torus we associate the qubits. The number of qubits is also given by %% = 2m. O

Since the homological group associated with the flat torus is isomorphic to the group
Zy X 73, from results of group theory, we obtain that the homology group has two genera-
tors. Thus, the code C constructed from each flat torus T, encodes k = 2 qubits because
there are two stabilizer operators in each hexagonal face. From Proposition 5, we get
an algebraic procedure for obtaining surface codes from families of the flat torus T, in
Proposition 8.

Proposition 8. From each flat torus T, = R%/ A, where A, is the sublattice of index m in A,
generated by basis {(a,b),(—b,a + b)} with a> + ab + b*> = m, we obtain a surface code with
parameters [[2m,2,d]], where d = |a| + |b|.

Proof. By Proposition 7, we get the parameters of the code on each flat torus T.,. We need
only obtain the distance of the code.

To find nontrivial cycles on the flat torus, we can look at the different ways that the
edges of the m parallelograms can be put together. These edges must be parallel to the
vectors of the basis f = {e1,e2}, where e; = (1,0) and e = (3, ?)

We use the fact that the basic region P of the lattice Ay (parallelogram) has sides
that are |a| + |b| long and |a| + 2|b| wide, and they are parallel to the vectors u and v. This
region is surrounded by a larger parallelogram whose sides are parallel to the vectors e;
and e, (see Figure 8). In fact, we can see the side of length I parallel to the vector e; as the
sum of the lengths of the projections of the vectors 1 and v onto e1, represented by (—b,0)
and (a,0), respectively, meaning | = a + b.

Meanwhile, the side of length I’ parallel to the vector e, can be seen as the length of
the projection of the vector sum u + v = (a — b,a + 2b) onto e;, given by (0,a + 2b), that is,
I!’=a+2b. Thus,d =minl,I' =a+b. O
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Figure 8. Projection of vector basis A, over vector basis of A;-lattice.
This answers question (2) that we raseid in introduction .

5. Color Codes from Honeycomb Lattices

To build color codes from the flat torus, we require a three-valent tessellation with
three colorable faces. These properties are presented by Zo,,-tessellation of the flat torus
Tgr, where m = a* + ab + b?. Therefore, we provide an algebraic/geometric method in
this section to construct quantum color codes with parameters [[18m,4,6(|a| + |b)]] from
tessellations Zg,,, on the flat torus T, .

The tessellation by regular hexagons (the lattice’s fundamental region) is depicted in
Figure 9, where the lattice’s points are the hexagons’ barycentres. On the left, we observe
that a parallelogram (a fundamental region of the lattice) is obtained from a regular hexagon
by means of rearrangements. On the other hand, as the image on the right illustrates, the
parallelogram in the bigger region is the fundamental region of the sublattice, while the
smallest parallelogram represents a fundamental region of the lattice. The number of
parallelograms that cover the larger one (or, conversely, the number of hexagons in the
larger parallelogram) is given by the lattice’s sublattice’s index. Each smallest parallelogram
has two vertices of a hexagon-based tessellation, which indexes the qubits, as seen in the
right figure. The following statement, where m = a® + ab + b?, grants control over the faces
in the Zg,,-tessellations.

Figure 9. Equivalence between Voronoi and fundamental region associated to the honeycomb lattice.

Proposition 9. If M is the set of coverings of the flat torus Tg» with 9m regular hexagons in each
covering, then we have 18m qubits linked with the edges of these regular polygons.

Proof. The basis vectors f” and the basis vectors of the family of sublattices A" of the
hexagonal lattice A are parallel, according to Proposition 8. The Zg,,-tessellation is 3-
colorable because the length of the vectors in p” is three times the length of the vectors in
basis S.

Because of the topology of the quotient group A, /A", there are 9m coset representa-
tives on each flat torus Tgr. As can be seen in Figure 9, in each parallelogram covering the
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flat torus T, there are two vertices of regular hexagons that also cover the flat torus. As
a result, we conclude that each coset representative has two qubits. Thus, there are 18m
qubits linked on each flat torus Tg.

As can be seen in Figure 9, there are two vertices of the regular hexagons that cover
the flat torus T in each parallelogram that covers it. As so, we deduce that every coset
representative has two qubits on it. Consequently, each flat torus Tg» has 18m qubits on
it. O

We have that the homological group associated with the flat torus is isomorphic to the
group Zp X Zy. According to group theory results, we conclude that the homology group
has two generators. We obtain that each code C, which is made up of each flat torus Tgr,
encodes k = 4 qubits since each hexagonal face has two stabilizer operators.

Propositions 11 and 10, which are based on Proposition 9, provide an algebraic method
for deriving color codes from families of the flat torus Tlg// =R2/A,

Proposition 10. The flat torus Tgr = R?/ A" gives origen to a color code with parameters
[[18,4, 6]], where A" is sublattice of A, generated by basis p” = {(3,—3),(3,0)}.

Proof. From Figure 10, we have that the code distanceisd = 6. [

Figure 10. Color code with distance 4 from Zo-tessellation of flat torus Tgr.

Proposition 11. Each flat torus Tgm = R? /A" gives origen to a color code with parameters
18m,4,6(|a| + |b|)]|, where A" is the sublattice of A, generated by basis
& Yy
B"" = {(3a,3b),(—3a,3(a+b))}.

Proof. We obtain the code’s parameters on each flat torus Tgw, where B’ = (3a,3b), —3a +
(3a + 3b)) is the lattice basis associated with A"’ as it was done before. Then, we only need
to calculate the distance of the code.

Observe that the minimum path given by the number of edges passing through lattice
points in the fundamental region of the lattice generated by the basis 8" = (3, —3),(3,0)
and parallel to the vectors e; = (1,0) and e; = (1, @) is given by d’ = 6. Thuw, the
minimum distance of the color code obtained from the equivalent tessellation of the flat
torus Tgr = R?/ A" by hexagons, from Proposition 10, is given by dg = 4.

Similarly, we observe that the minimum number of edges passing through lattice
points in the fundamental region of the lattice generated by (34,3b), (—3a,3(a + b)) and
parallel to the vectors e; = (1,0) and e, = (3, @) is given by do,;, = 6(a + b).

In the lattice A", when traversing the minimum path dg,, = |a| 4 |b| edges in the
covering of the flat torus Ty parallel to the vectors of the basis e; = (1,0) and e; = (1, ? ),
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to find the distance d of the color code in the equivalent covering of Ty by hexagons, we

will use the solution to the relation % = 3(a’ib) ,thatis, d = 6(|a| + |b]). O

This answers question (3) that we raised in the introduction.
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IT. Amap ¢ : F — F is classified as a multiplicative generalized derivation if there exists a map
o : F — F such that ¢(xy) = ¢(x)y + xo(y) for all x,y € F. This study focuses on semiprime ideals
IT that admit multiplicative generalized derivations ¢ and G that satisfy certain differential identities
within F. By examining these conditions, the paper aims to provide new insights into the structural
aspects of rings, particularly their commutativity in relation to the behavior of such derivations.
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1. Introduction

Let F be an associative ring with center Z. A proper ideal IT of F is termed prime if
for any elements 9, ¥, € F, the inclusion ¢; F¢, C ITimplies that either #; € ITor &, € IL
Equivalently, the ring F is said to be prime if (0), the zero ideal, is a prime ideal. This is to
say, F is prime if 91 F ¢ = 0 implies )y = 0 or ¢, = 0.

In addition to prime ideals, the concept of semiprime ideals is also fundamental in ring
theory. A proper ideal I1 is semiprime if for any ¢, € F, the condition ¢1F¢; C ITimplies
9y € I1. The ring F is semiprime if (0) is a semiprime ideal. While every prime ideal is
semiprime, the converse is not generally true. Therefore, it is important to investigate the
structure and properties of semiprime ideals, particularly when considering multiplicative
generalized semiderivations. For any 91,9, € F, the symbol [9;, 8] stands for the com-
mutator & — 0,191, and the symbol ¢4 o ¥, denotes the anti-commutator ¢19, + ;. For
any ¢y, 9, € F itis expressed as [0, 02]o = 01, [01, 02]1 = [0, %] = 8182 — %204, and for
k> 1, it is expressed as [0, 02]x = [[01, O2] k1), B2]-

The study of derivations in rings has a rich history, originating with Posner’s seminal
work in 1957 [1]. A derivation ¢ on F is an additive map satisfying

0’(191192) = 0’(191)192 + 1910’(192) forall %, 9, € F.

Derivations are critical in understanding the internal structure of rings, particularly in the
context of prime rings, where they can impose strong commutativity conditions.

Building on Posner’s work, Bresar [2], introduced the concept of generalized deriva-
tions. A map ¢ : F — F is called a generalized derivation if there exists a derivation
o : F — F such that

(P(l91192) = (])(191)192 + 1910'(192) forall %,d9, € F.
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Familiar examples of generalized derivations are derivations and generalized inner deriva-
tions, and the latter include left multipliers and right multipliers (i.e., $(8192) = ¢(91)%
for all 4,9, € F).

The commutativity of prime or semiprime rings with derivation was initiated by
Posner in [1]. Thereafter, several authors have proved commutativity theorems of prime
or semiprime rings with derivations. In [3], the notion of multiplicative derivation was
introduced by Daif motivated by Martindale in [4]. Daif [3] introduced this concept and
explored its implications in prime and semiprime rings. A multiplicative derivation ¢
satisfies the condition

0’(191192) = 0'(1.91)192 + 1910'(192) forall 41,9, € F,

but unlike a traditional derivation, ¢ may not be additive. In [5], Goldman and Semrl gave
the complete description of these maps. We have F = C[0, 1], the ring of all continuous
(real or complex valued) functions, and define a map ¢ : 7 — F such as

o(9)(0) = { o(8:)loglg(81)],  9(61) #0 }

0, otherwise

It is clear that o is a multiplicative derivation, but ¢ is not additive. Inspired by the
definition multiplicative derivation, the notion of multiplicative generalized derivation
was extended by Daif and Tamman El-Sayiad in [6] as follows: ¢ : 7 — F is called a
multiplicative generalized derivation if there exists a derivation ¢ : 7 — F such that
(P(l91192) = 4)(191)192 + 1910'(192) forally,d, € F.

Dhara and Ali [7] provided a slight generalization of this definition by allowing ¢ to
be any map, not necessarily an additive map or derivation. It is worth noting that if F is
a semiprime ring, then in this case ¢ must be a multiplicative derivation, because for any
%, 02,03 € F,

P((8182)03) = p(81(6203))
P(0102)03 + 01020 (03) = (1) 0205 + 010(0203),
47(191)192193 + 1910'(192)193 + 1911920'(193) = (])(191)192193 + 1910'(192193).

This implies that F(0(9,03) — 0(02)0%3 — B0 (93)) = {0}. This gives that ¢ is a multiplica-
tive derivation. Further, every generalized derivation is a multiplicative generalized deriva-
tion. But the converse is not true in general (see example ([7], Example 1.1)). Hence, one may
observe that the concept of multiplicative generalized derivations includes the concepts of
derivations, multiplicative derivation, and the left multipliers. So, it should be interesting
to extend some results concerning these notions to multiplicative generalized derivations.

A functional identity is an identity relation in an algebra involving arbitrary elements,
similar to a polynomial identity, but also incorporating functions that are treated as un-
knowns (see [8]). In [9], Ashraf and Rehman showed that a prime ring F with a nonzero
ideal I must be commutative if it admits a derivation ¢ satisfying either of the properties
0(019) + %0y € Zoro(910,) — %19, € Z for all ¢4, 9, € F. In [10], the authors explored
the commutativity of prime ring F, which satisfies any one of the properties when ¢ is a gen-
eralized derivation. In [11], studied the commutativity of such a prime ring if anyone of the
fOllOWing is hold: G(191192) + (P(191)47(l92) + 191192 =0or G(191192) + (P(191)47(l92) + 1.92191 =0
where ¢ and G are generalized derivations.

Let S be a nonempty subset of 7. A mapping ¢ from F to F is called centralizing
on S if [p(d1), %] € Z for all %; € S and is called commuting on S if (), ¥1] = O for all
9] € S. This definition has been generalized as: amap ¢ : F — F is called a 1-commuting
map on S if [p(01), 0] € mforall ¥ € S and some 7w C F. In particular, if 7 = 0, then
¢ is called a commuting map on S. Note that every commuting map is a 77-commuting
map. But the converse is not true in general. Take 7t some a set of F has no zero such that
[p(01),01] € 71; then ¢ is a T-commuting map but it is not a commuting map.
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The significance of these derivations, especially in the context of commutativity, has
been widely studied. A mapping ¢ from F to F is said to be commutativity-preserving
onasubset S C Fif [y, 8] = 0implies [¢(81), ¢(P2)] = 0 for all ¢4, 9, € S. The concept
of strong commutativity-preserving (SCP) maps, where [0, %] = [¢(81), $(8)] for all
%, % € S, has also been extensively explored. There is a growing body of literature on
strong commutativity-preserving (SCP) maps and derivations. In [12], Bell and Daif were
the first to investigate the derivation of SCP maps on the ideal of a semiprime ring. Ma
and Xu extended this study to generalized derivations in [13]. There are some recent
articles that studied identities with multiplicative generalized derivations (see [7,14-17]).
In [17], Golbasi Additionally, Kog and Golbasi generalized these results to multiplicative
generalized derivations on semiprime rings in [18]. In [19], Samman demonstrated that an
epimorphism of a semiprime ring is strong commutativity-preserving if and only if it is
centralizing. Researchers have extensively explored derivations and SCP mappings within
the framework of operator algebras, as well as in prime and semiprime rings.

This paper investigates the commutativity conditions in rings that admit multiplicative
generalized derivations, particularly in the context of semiprime ideals. By extending exist-
ing results and introducing new findings, this study contributes to a deeper understanding
of the interplay between derivations, semiprime ideals, and commutativity in ring theory.

2. Main Results

We will make some extensive use of the basic commutator identities:

[01, 9203] = 02[01, 3] + [61, 02] 05
(0182, 85] = [0, 03]02 + 1 [82, O]
B10(0203) = (81002)83 — 02[01, 03] = 02(81083) + [61, 92]03
(191192)0193 = 191(1920193) — [191, 193]192 = (1910193)192 + 191 [192, 193].
Theorem 1. Let F be a ring with 11 as a semiprime ideal of R. Suppose that F admits a multiplica-

tive generalized derivation ¢ associated with a nonzero map o. If any of the following conditions is
satisfied for all 91,9, € F:

(i) o(81)odp(02) F(b10tr) €Tl

(it) [o(81),(82)] F [01, 0] €11,
(iii) o(81) o p(82) F [01,82] €11,
(iv) [0(01),¢(02)] F (B1082) €T,

then [81,0(%1)], € I forall 9, € F.
Proof. (i) By the hypothesis, we have
0(%) o (%) F (81 009,) € ITforall &y,0, € F.

That is,
o(91)¢(02) + ¢(92)0 (1) F (9102 + 9201) € I1. )

Replacing &, by ¢ % in this expression, we have
0(81)P(0201) + ¢(0201)0 (D) F (910201 + 020191) € I1
and so
o(01){p(02)01 + 020(1) } + {p(82)01 + B20(81) }o($h) F (102 + G201) 81 € 1L (2)
Right multiplying by 87 the expression (1), we see that

0(01)9(02)81 + ¢(92)0 (1)1 F (9102 + 9201)0; € I1. ©)
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Subtracting (2) from (3), we arrive at
0 (81)820(891) + ¢(82)[01,0(91)] + 92(0(81))* € IL.
Replacing ¢, by 8,[¢1,0(81)] in the last expression, we have

o (81)8:[01, 0 (81)]o (1) + P(2)[01, 0 (81)]*
+0,0([01,0(01)])[01,0(81)] + 2[4, 0 (81)]o(81)? € TL.

Right multiplying by [01, 0(% )] the expression (4), we get
0'(191)1920’(191) [191,0'(191)] + ¢(l92) [191, 0'(191)}2 + 1920'(191)2[191,0'(191)] eIl

Subtracting (5) from (6), we arrive at

7 (81)02[[01, 0(81)), 0(81)] + B20([81,0(81)]) [81, 0(81)] + 82[[01, 0(91)], o(81)*] € TL.

Writing & by ¢, in (7), we obtain that

0 (01)010:2[[01,0(61)], 0(81)] + 81020([01, 0(81)]) [01, 0(61)]
+l91192[[l91,0'(l91)],0'(191)2] eIl

Right multiplying by & the expression (7), we get

810 (01)02[[01,0(81)], 0(01)] + 01020 ([0, 0(81)]) [01, 0 (81)]
+6182[[01,0(81)],0(81)%] € T1.

Subtracting (8) from (9), we arrive at
[01,0(01)]02[[81,0(81)],0(81)] € T

Writing ¢, by o (87)9; in (7), we obtain that

[01,0(81)]o(81)02[[61, 0(81)], 0(61)] € TL.
Left multiplying by ¢(¢; ) the expression (10), we have

o (61)[o(81), 01]02([01,0(61)], 0(61)] € IL.
Subtracting (11) from (12), we arrive at

[81,0(81)], 0 (81)]82[[81, 0 (81)], 0(81)] € [Tforall 8,8, € F.
Since 7t is a semiprime ideal, we obtain that
[[81,0(81)],0(81)] € ITforall &, € F.
Thus, [¢1,0(81)], € [Tforall %, € F.
(ii) By the hypothesis, we have
[0(01),¢(82)] F [01,92] € ITforall 1,9, € F.

Replacing ¢, by $,9; in (13), we have

[0(61),¢(02)]01 + ¢(02)[0(1), %] + [0(61), B2]o(B1) F [01, 0281 € IT.
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Right multiplying by ¢; the expression (13), we have
[0(01), p(82)]01 F [61, 02]0 € IL
If the last two expressions are used, the following is found
$(B2)[0(81), 81] + [0(d), D)o ($) € TL. (14)

That is,
o(81)020(07) + ¢(82)[0(81), 0] — B20(07)? € TL (15)

Writing ¢, by &[0 (%), 91] in the last expression, we have

7 (81) 2] (81), 1]0(81) + p(82) [0 (91), 1]
8050 ([o(81), 1)) [o(81), 1] — Dol (81), B1]or(87)* € TL.

Right multiplying by [0(81), 9] the expression (15), we have
0(91)020(81)[0(91), 01] + §(92) [0(81), 1] — B20°(91)*[0(81), ] € TL.
If the last two expressions are used, the following is found
0 (81)02([0(81), 8], 0 (91)] + B20([0(81), 1)) (1), B1] + Ba[[o(81), 91 ], ()] € TL.

This expression is the same as expression (7). Using the same techniques, we get the
required result.
(iii) By the hypothesis, we have

0’(191) O(P(ﬂz) F [191, 192] € [Tforall 9,9, € F.

That is,
0'(191)([)(192) + 4)(192)0’(191) F (191192 — 192191) eIl (16)

Replacing ¢, by % in this expression, we have
o (81)p(8201) + p(9281)0(81) F (810281 — 920181) €I,

and so

o(01){P(82)01 + 020 (1)} + {P(82)01 + 020 (81) }o (1) F (0102 — 9201)8h € 11 (17)
Right multiplying by @; the expression (16), we see that

0(01)P(02)01 + ¢(02)0(01)01 F (9102 — B201)0 € IL (18)
Subtracting (17) from (18), we arrive at
(81)920(91) + ¢(62)[81, (1)) + B2(0(81))* € TL.

This expression is the same as expression (4), and hence applying the same lines, we
complete the proof.
(iv) By the hypothesis, we have

[0’(191),(P(l92)] F (191 0192) € ITforall 1,9, € F. (19)
Replacing ¢, by $9; in (19), we have

[0’(191),§b(192)]l91 + ¢(l92)[0'(191), 191] + [0’(191),192]0'(191) F (191 o 192)191 eIl
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Right multiplying by 8¢; the expression (19), we have

[0(61),¢(02)]61 F (91 0 82) 8 € I1.

If the last two expressions are used, the following is found

P(82)[0(01), %] + [0(61), O2]o(81) € IT

This expression is the same as expression (14). By the same techniques, we obtain the
required result. O

Theorem 2. Let F be a 2-torsion-free ring with I1 as a semiprime ideal of F. Suppose that F
admits a multiplicative generalized derivation ¢ associated with a nonzero multiplicative derivation
. If p([01,82]) — (p(81) 0 Br) — [0(B), %1] € I forall 1,0, € F, then o is a I1-commuting
map on F.

Proof. By the hypothesis, we have
P([81,02]) — (@(81) 0 2) — [0(82), 1] € T

Replacing ¢, by 9,93, 93 € F in the last expression, we have

P([01,9203]) — (¢(81) 0 8203) — [0(8283), 81] € T1

That is,
¢([01,02]) 83 + [01, 82]0(93) + ¢(82)[01, O3] + G20 ([0, 83])
(¢(l91)0192)193+192[ (1), 03] — [0(82), 1]03 — 0 (82)[03, 0] ,
—[82, ]o(83) — 2o (83), 1] € IT
and so
(¢([01,02]) — (1) 0 82 — [0(82), %1]) 853
+[01, 2] (03) + ¢(02)[01, O3] + D20 (61, 93])
+[01, 020 (93) + 2[¢p(61), 03] — o(82)[03, 01] — Ba[o(83), 81] € TL.

By the hypothesis, we have

[01, 02]0(83) + ¢ (02)[01, 03] + 1920'([191/193]) [0 1192]‘7(193)
+02[p(01), 03] — o (82)[03,01] — O2[0(83), 0] € T1 '

Replacing ¢3 by ¢ in this expression, we have
2[81, B2]o (1) + O2[¢p(01), 01] — B2[0(91), 0] € IL (20)
Writing ¢, by 9,93 in (20), we have
2[01, 92]030(01) + 205[04, 03]0 (1) + 203[Pp(01), 1] — ads[0(81), %] € TT
Using expression (20), we obtain that
[01,02]030(81) € IL (21)
Replacing ¢, by o(¢) in (21) this expression, we have
[01,0(81)]830(81) € T1. (22)
Writing ¢, by 810(91) in, we get

[191,(7(191)]1931910’(191) eIl (23)
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Left multiplying (22) by ¢;, we get
[01,0(81)]850(81) 01 € IL (24)
Subtracting (23) from (24), we get
[01,0(81)]03[81,0(81)] € IL.
Since I1 is a semiprime ideal of F, we conclude that
[01,0(8)] € [Tforall 9, € F
and so ¢ is II-commuting map on 7. [

Theorem 3. Let F be a ring with I1 a semiprime ideal of R. Suppose that F admits multiplicative
generalized derivations ¢, G associated with the multiplicative derivation o, and any nonzero map
h, respectively. If any of the following conditions is satisfied for all 91,9, € F

(i) G(htr) +0(81)p(d) £ 810 €11,

(if) G(l91192) + (7(191)(])(192) + 9% €11,

(iii) G(0p) +0(01)P(02) £91 00, €11,

(iv) G(102) +0(1)P(2) £ [0, 9] €11,

then o is 11-commuting map on F.

Proof. (i) By the hypothesis, we have

G(0102) + 0 (01)Pp(0) £ 010, € I
Replacing ¢, by 93, 93 € F in the above expression, we have

G(0102)03 + 0102h(03) + 0 (1) P(92) 03 + 0(81)020(93) £ 819203 € I1.
Using the hypothesis, we find that
01020 (83) + 0(01)020(93) € IL (25)
Taking ¢ by 93¢, t € F in (25), we get
O3t9rh(03) + 0(03)t00(03) + B30 ()00 (03) € IL

Using (25), we have
0(83)t00(93) € I1.

Multiplying the last expression on the right by ¢, we have
0'(193)f1920’(l93)f eIl

That is,
0'(193)t./_"0'(193)t CIL

Since I1 is semiprime ideal, we get
o(03)t € I1forall ¥3,t € F.
Multiplying the last expression on the right by o(¢3), we have

0’(193)t0’(l93) € ITforall 93,t € F.
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Since IT is semiprime ideal, we get 0(93) € Il for all 95 € F. Thatis, [03,0(03)] € I1 for all
93 € F. Hence, ¢ is I[I-commuting on F.
(ii) By the hypothesis, we have

G(0102) + 0(01)P(Dr) + 0207 € I
Replacing ¢, by $,83 in the hypothesis, we obtain
G(6192)03 + 8102h(03) + 0(61)p(02) 83 + 0(81)020(83) + 820307 € IL
Using hypothesis, we have
0102h(03) + 0(01) 020 (93) + B850 — 920193 €11,

and so
91021 (83) + 0(91)820(83) + 02[03, 8] € TL. (26)

Taking ¢ by #1903 in (26), we have
0103021 (03) + 0(01)03020(83) + 010(03)820(03) + 0283, 1]05 € IT. (27)
Replacing ¢, by ¢38, in (26), we get
0103020 (03) + 0(81) 03020 (03) + 930,[03, 1] € IL
Subtracting the above expression from (27), we find
010 (03)020(03) + 02[03, 01]93 — 9302[03, 0] € IL.

That is
1910'(193)1920'(193) + [192[193, 191}, 193] e IL (28)

Replacing ¢3 by ¢ in this expression, we get
%0(01)00(8) € 11
Taking ¢, by $,9; in the last expression, we have
%0 (01)%0,0(8) € TL.
Since I1 is semiprime ideal, we get
%ho(d) € Hforall 9, € F. (29)
On the other hand, replacing ¢ by ;95 in (28), we get
91030 (93) 020 (83) + [02[03, 81, 93] 93 € L. (30)
Right multiplying by 93 in (28), we have
010(03)020(03) 83 + [02[03, 011, 93]03 € T
Subtracting the above expression from (30), we find
01030(83)020(93) — $10(83)020(83) 03 € L.

That is,
% [(7(193)1920'(193), 193] eIl
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Replacing ¢ by [0(83)920(93), 93] in this expression, we get
[0(93)020(83), 03]01[0°(893) 020°(83), 03] € I for all 81, 02, 05 € F.
Since I1 is semiprime ideal, we have
[0(03)020(03), 93] € ITforall 83,9, € F.

and so
0(03)020(93)05 — 030 (83)020(83) € I1.

Using %10 (%) € ITfor all &; € F, we get
0(93)0,0(03)03 € I1.
Replacing ¢, by 930(93) in the last expression, we obtain
0(93)030,0(93)09;5 € I1.
Since I is semiprime ideal, we have
o(03)03 € ITforall 95 € F. (31)
Subtracting (29) from (31), we arrive at [93,0(83)] € II for all 93 € F. Hence, o is I1-
commuting. This completes the proof.
It is proved analogously using G(910;) + o(81)p(82) — %0 € ITforall 4,9, € F.
(iii) By the hypothesis, we have
G(0102) + 0(01)P(0) £ 0100, € I1.
Replacing ¢, by $,83, 93 € F in the above expression, we have
G(0102)03 + 91021 (03) + 0(81)p(02)03 + 0 (1) 020(83) £ (91002)03 F [0, 03] € IL
Using the hypothesis, we have
8102h(83) + 0(01)020(83) F 02[01, 03] € T1. (32)
Taking & by ¢3¢ in (32), we get
O3t0rh(03) + 0(93)t020(03) + B30 (t)820(03) F B283[t, 03] + 93021, 93] F 830[t, 03] € I1.
Using (32), we have
0(03)t020(03) F 0203[t, 03] £ 930,[t, 93] € IL
Replacing t by ¢ in this expression, we get
0(83)030,0(93) € 1.
Right multiplying by @3 in this expression, we have
0(93)0930,0(93)93 € I forall 93 € F.

Since IT is semiprime ideal, we have o (83)d; € I1 for all 93 € F.
On the other hand, taking ¢; by 9193 in (32), we have

018302h(03) + 0(61) 03020 (03) + 010(83) 020 (03) F 02[01, 83]05 € L. (33)
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Replacing ¢3 by 938, in (32), we have

8103021(83) + 0 (81) 83020 (83) F 038284, 03] € I1. (34)
Subtracting (33) from (34), we arrive at

%0 (93)020(03) F 92[0h, 93]093 F O3,[th, 03] € TL
Writing ¢; by @3 in the last expression, we have

930 (03)%0(93) € I1.
Replacing ¢, by 9,93 in the above expression, we have
030 (03)0030(03) € [T forall 93 € F.

Since IT is semiprime ideal, we have ¢30(93) € I for all 93 € F. Hence, we conclude that
[03,0(93)] € ITfor all 93 € F, and so o is [T-commuting.
(iv) By the hypothesis, we have

G(8182) + 0(1)¢(82) £ [, 82] € IL.
Replacing ¢, by 8,83, 93 € F in the above expression, we have
G(0102)03 + 0102h(83) + 0 (01)p(02) 83 + 0 (01)020(83) £ [81, 2] 05 + 02[01, 03] € TL.
Using the hypothesis, we have
02k (93) + 0 (01)020(03) £+ O[04, 93] € IL

This expression is the same as (32) in (iii). Applying the same lines, we find that ¢ is
IT-commuting. This completes the proof. O

Definition 1. An additive mapping ¢ : F — F is called a multiplicative right generalized
derivation if there exists a map o : F — F such that

47(191192) = 4)(191)192 + l910'(l92)f07‘ all 8,9, € F
and ¢ is called a multiplicative left generalized derivation if there exists a map o : F — F such that
4)(191192) = 0'(191)192 + 191(P(192)f01’ all ), 9, € F.

¢ is said to be a multiplicative generalized derivation with associated map o if it is both a multiplica-
tive left and right generalized derivation with associated derivation o.

Theorem 4. Let F be a ring with I1 a prime ideal of R. Suppose that F admits a multiplicative
left generalized derivation ¢ associated with a nonzero map o. If any of the following conditions is
satisfied for all 01,0, € F

(i) [0, 82] = [9(81), 9(82)] €T,

(i) 810802 —¢(81) 0 p(B) € 11
(iii) [81,02] = ¢(61) 0 () € 11,
(iv) 81002 —[p(dh),¢(82)] € 11,
then ¢ is IT-commuting map on F.

Proof. (i) By the hypothesis, we get

[01, 82] — [¢(81), (82)] € M for all &y, 8, € F.
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Replacing ¢, by ¢ ¢, in this expression, we obtain

01[01, %] — [p(01),0(01)02 + ip(D)] € I1
and so,
01[01, 92] — [@(81), 0(81)]02 — o (81)[9(81), 2] — [@(1), B1]9(82) — S1[@(81), p(82)] € TT
Using the hypothesis, we get

[p(01),0(1)]02 + 0 (81)[P(81), 02] + [9(61), B1]p(F2) € L.

Taking &, by %03, ¢3 € F in the above expression and using this expression, we have

0 (91)02[¢p(01), 93] + [@(81), 1]820(83) € I1. (35)
Replacing 93 by ¢(9) in (35), we have

[p(01), 01]020(¢p(01)) € ITfor all 8,0, € F.
Since I1 is prime ideal, we get

[p(01),01] € Toro(¢p(dr)) € I1

Assume that there exists 9; € F such that [¢(1), %] ¢ IL Then o(¢(d1)) € I1. By the
hypothesis, we have for all %, € F,

[01, 029(81)] — [p (1), p(G2(81))]
= [01, 8] p(81) + 02[01, ¢(01)] — [P(01), p(82) (1) + G20 (p(61))]
= [01, 02]¢(01) + 0201, ¢(01)] — [P(B1), P(82)]p(61) + [p(01), O20(¢p(61))]
= [0, 02]¢(01) + 02[01, p(01)] — ([O1, F2] +T1)p(V1) + [P(1), S20(p(81))] € T
That is

Ba[01, 9(81)] — [@(81), O20(p(81))] € I1.

Using o(¢(01)) € II, we have 8,[91,¢(8)] € IL Since F is prime, we obtain that
[01,¢(81)] € I1, which is a contradiction. In both cases, [¢1,¢(%)] € IT1forall 9, € F
is obtained.
(ii) Assume that

G100 — (P(191) 04)(192) € I[lforall 91,9, € F.

Replacing ¢, by ¢ 8, in the above expression, we get
91(81082) — @(01) 0 (0(81)82 + 019(8,)) € 11
and so,

81(01002) — (¢(01) 0 7(61))02 — (1) [02, p(61)]
—01(¢(01) 0 ¢(82)) — [P(81), 1]¢(92) € I1.

Using the hypothesis, we get

(¢(81) 00 (81))02 + 7 (61)[02, p(01)] + [p(61), B1]p(02) € IT.

Taking ¢, by %83, ¥3 € F in the above expression and this expression, we have

(p(81) 00 (81))0203 + 0 (01)[02, §(61)]03 + (1) [ F, p(61)]
+[P(81), 1]¢(02)03 + [¢(81), 1]620(83) € 11,
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and so
o (61)02[03,¢(61)] + [@(01), $1]020(93) € TTfor all 84,0, 83 € F.

This expression is the same as (35) in the proof of (7). Using the same arguments there, we
get the required result.
(iii) By the hypothesis, we have

(01, 02] — p(01) o p(B2) € ITforall %y, 9, € F.
Replacing &, by ¢, in the above expression, we get
1[04, 82] — ¢(81) o (0(1)02 + D19p(82)) € I
and so,
0101, 2] — (@(81) 0 0(81)) 02 — 0(61)[02, p(81)]
—01(¢(81) 0 p(92)) — [¢(81), 1]p(82) € IL.
Using the hypothesis, we get
(@(01) 0 0(81)) 02+ 0(81)[02,¢(81)] + [¢(81), B1]p(82) € IT.

Taking ¢, by 9218», 93 € F in the above expression and this expression, we have

(@(81) 00 (81)) 8205 + 0 (01)[02, p(81)]83 + (1) 2[5, p(1)]
+[p(61), 01]¢(02)05 + [@(01), 81]020(83) € 11,

and so
0(61)02[83, ¢(01)] + [¢(01), 01]020(83) € I for all &y, 85,95 € F.

This expression is the same as (35) in the proof of (7). By the same techniques, we get
the required result.
(iv) By the hypothesis, we get

(%1 08) — [p(01),p(02)] € ITforall §y,8, € F.

Replacing ¢, by t 9, in this expression, we obtain

91(81082) = [¢(81),0(81)02 + r¢(d2)] € IL.
and so,
91(81092) = [¢(d), 0(81)]02 — (1) [p(81), 82] = [9(81), 1] (82) = D1[9(81), ¢(D2)] € IT.
Using the hypothesis, we get

[p(81),0(81)]82 + 0 (81)[p(81), B2] + [p(1), B1]p(D2) € IL.

Taking ¢, by %03, ¥3 € F in the above expression and using this expression, we have

0(01)02(¢p(01), 03] + [¢(D1), D1]020(03) € IL

This expression is the same as (35) in the proof of (i). Using the same arguments in there,
we obtained the required result. O
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3. Conclusions

In this paper, we explored the structure and commutativity of semiprime rings under
the action of multiplicative generalized derivations. Our investigation extends previous
results in the literature by establishing new conditions under which a semiprime ring
becomes commutative when admitting a multiplicative generalized derivation. These
findings contribute to a deeper understanding of the interaction between multiplicative
generalized derivations and the structural properties of rings. Moreover, our work broadens
existing commutativity theorems and opens new avenues for further research in ring
theory, particularly regarding the broader class of multiplicative generalized derivations
and their impact on algebraic structures. These results lay the groundwork for future
studies, with potential applications in operator algebras, noncommutative geometry, and
other mathematical fields where ring structures play a central role.
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Abstract: Many people, including Horadam, have studied the numbers W;,, satisfying the recurrence
relation W, = uW,_1 +ovW,_» (n > 2) with Wy = 0 and W; = 1. In this paper, we study the p-
numerical semigroups of the triple (W;, Wi, 2, W, ) for integers i, k(> 3). For a nonnegative integer
p, the p-numerical semigroup S is defined as the set of integers whose nonnegative integral linear
combinations of given positive integers a1, ay, ..., ax with ged(ay, ap,...,ax) = 1 are expressed in
more than p ways. When p = 0, S = Sy is the original numerical semigroup. The largest element and

the cardinality of No\S, are called the p-Frobenius number and the p-genus, respectively.
Keywords: Frobenius problem; Frobenius numbers; Horadam numbers; Apéry set; recurrence

MSC: 11D07; 20M14; 05A17; 05A19; 11D04; 11B68; 11P81

1. Introduction
We consider the sequence {W,,}7_, satisfying:

Wy = uWy, 1 + oWy, (7’1 > 2) Wo=0 W =1, (1)
where u and v are positive integers with ged(u,v) = 1. The values of W, = Wy (u,v)
depend on the values of u and v. If u = v = 1, F, = W,(1,1) is the n-th Fibonacci
number [1]. If u = 1 and v = 2, ], = W, (1,2) is the n-th Jacobsthal number [2,3]. If u = 2
and v = 1, P, = W, (2,1) is the n-th Pell number [4]. However, for simplicity, if we do not
specify the values of u or v, we will simply write W, for W, (u, v).

This type of number sequence has been well known to many people by Horadam’s
series of studies ([5-9]) in the 1960s. Because of this fact, this sequence is sometimes called
the Horadam sequence. Horadam himself used the recurrence relation W, = uW,_; —
vW,,_». However, recently more people (see, e.g., [10,11]) have used the recurrence relation
Wy, = uW,_1 + vW,_» and such works are still due to Horadam. In general, the initial
values are arbitrary, but because of some simplifications, we set Wy = 0 and W; = 1.
According to [6], this sequence has long exercised interest, as seen in, for instance, Bessel-
Hagen [12], Lucas [13], and Tagiuri [14], and, for historical details, Dickson [15]. However, it
is deplorable that quite a few papers are publishing results that have already been obtained
by these authors as new results, either because they are unaware of their or the following

Copyright: © 2024 by the authors.

important results, or even if they are ignoring them.
Licensee MDPI, Basel, Switzerland.

Given the set of positive integers A := {ay,a3,...,ac} (k > 2), for a nonnegative
integer p, let S, be the set of integers whose nonnegative integral linear combinations
of given positive integers ay, 4, ..., 4, are expressed in more than p ways. For a set of
nonnegative integers Ny, the set No\Sy, is finite if and only if ged(ay, ao,...,ax) = 1. Then,
there exists the largest integer g,(A) := g(S,) in No\S,, called the p-Frobenius number.
The cardinality of No\S, is called the p-genus and is denoted by 1, (A) := n(S;). The sum
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of the elements in Ng\S,, is called the p-Sylvester sum and is denoted by s,(A) := s(Sp).
This kind of concept is a generalization of the famous Diophantine problem of Frobenius
since p = 0 is the case when the original Frobenius number g(A) = go(A), the genus
n(A) = ny(A) and the Sylvester sum s(A) = so(A) are recovered. We can call S, the
p-numerical semigroup. Strictly speaking, when p > 1, S, does not include 0 since the
integer 0 has only one representation, so it satisfies simple additivity, and the set S, U {0}
becomes a numerical semigroup. For numerical semigroups, we refer to [16-18]. For the
p-numerical semigroup, we refer to [19]. The recent study of the number of representation
(denumerant), denoted by p in this paper, can be seen in [20-22]. In particular, in [23],
an algorithm that computes the denumerant is shown. In [24], three simple reduction
formulas for the denumerant are obtaine using the Bernoulli-Barnes polynomials. In [25],
this algorithm is shown to avoid plenty of repeated computations and is, hence, faster.

We are interested in finding any closed or explicit form of the p-Frobenius number,
which is even more difficult when p > 0. For three or more variables, no concrete example
had been found. Most recently, we have finally succeeded in giving the p-Frobenius number
as closed-form expressions for the triangular number triplet ([26]), for repunits ([27,28]).

In this paper, we study the p-numerical semigroups of the triple (W;, Wi, Wi, ) for
integers i, k(>3). We give explicit closed formulas of p-Frobenius numbers and p-genus of
this triple. Note that the special cases for Fibonacci [1], Pell [4], and Jacobsthal triples [2,3]
have already been studied.

The outline of this paper is as follows. In the next section, we introduce the concept of
the p-Apéry set and show how it is used to obtain the p-Frobenius number, the p-genus and
the p-Sylvester sum. In Section 3, we show the result for p = 0. The structure is different for
odd k and even k. In Section 4, we show the result for p > 1, which is yielded from that for
p = 0. In Section 5, we give an explicit form of the p-genus. The figures in Sections 3 and 4
are helpful to find the calculation of the p-genus. In Section 6, we hint at some comments
on a simple modification of the recurrence relation.

2. Preliminaries

We introduce the Apéry set (see [29]) below in order to obtain the formulas for g,(A),
np(A), and sp(A) technically. Without loss of generality, we assume that a; = min(A).

Definition 1. Let p be a nonnegative integer. For a set of positive integers A = {ay,ap,...,ax}
with gcd(A) = 1and a; = min(A) we denote by:

App(A) = App(al,az, e, y) = {m(()p),mgp), .. ,mfzf)_l} ,

the p-Apéry set of A, where each positive integer ml(p ) (0 <i < ay — 1) satisfies the conditions:
()mP =i (moday), (ii)ym? €s,(A), (iii)m" —ay &S,(A).

Note that m(()O) is defined to be 0.

It follows that for each p:

App(A) ={0,1,...,a4 — 1} (mod ay).

Even though it is hard to find any explicit form of g,,(A) as well as 1,(A) and 5, (A)
k > 3, by using convenient formulas established in [30,31], we can obtain such values

for some special sequences (a1, ay, . . ., ax) after finding any regular structure of m](p >. One
convenient formula is on the power sum:
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(H)(A) — 2 nt
nENo\Sp(A)

by using Bernoulli numbers B, defined by the generating function:

00 n

X X
e B—
er —1 EO "nt’

and another convenient formula is on the weighted power sum ([32,33]):

sE\”;(A) =) A
’ neNg\Sp(A)

by using Eulerian numbers (] ) appearing in the generating function:

[e9)

n.k _ 1 = n m+1
LK = g m§0<m>x (n=1)

with 0° = 1 and 8> = 1. Here, y is a nonnegative integer and A # 1. Some generaliza-
tion of Bernulli numbers in connection with summation are devied in [34]. From these
convenient formulas, many useful expressions are yielded as special cases. Some useful
ones are given as follows. The Formulas (3) and (4) are entailed from SESL(A) and SE&;(A),
respectively. The proof of this lemma is given in [31] as a more general case.

Lemma 1. Let «, p, and p be integers with k > 2and p > 0. Assume that gcd(ay, az, ..., ac) = 1.
We have:

= Py _ ,

splovasn) = (max ") =, @
19! a1 —1

np(ay, az, ..., a¢) = — Z m](r’) m , o
a =0 2
1 a—1 (p) 5 1 a1—1 (p) ﬂ% 1

7 IRy = — \ - . ' 4
sp(ﬂl az ﬂx) 2a; = (m] ) > Jg m] + B )

Remark 1. When p = 0, the Formulas (2)—(4) reduce to the formulas by Brauer and Shockley [35]
[Lemma 3], Selmer [36] [Theorem], and Tripathi [37] [Lemma 1] (the latter reference contained a
typo, which was corrected in [38]), respectively:

g(ay,a,...,0¢) = ( max m]-> —ay,

0<j<a—1
1 Hlfl al _ 1
n(ay,ag,... ac) = — Y mj— ,
ai =0 2
1 a1—1 ) a;—1 a% 1
(e te) = g L) =g Lt S

where m; = m](-o) (1<j<a;—1)withmg= m(()o) =0.

3. The Case Where p = 0
We use the following properties repeatedly. The proof is trivial and omitted.
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Lemma 2. Fori k > 1, we have:

Wi|W; < kli, )
u ifiis even;

cd(W;, W; =
ged (Wi, Wiz2) {1 if i is odd,
Witk = WiriWe + oW Wiy, )

0 (mod u) if n is even;
Wn = n-1 . .
vz  (modu) ifnisodd.

©)

= 8
First of all, if i is odd and 3 < i < k — 1, then by (1) and (7):

Witk — 80(Wi, Wisz) > Waig — WilWiip + Wi + Wi
= Wit 1iWio1 + Wirp + W; > 0.

Hence, go(W;, Wi, Wi k) = g0(W;, Wi12). Therefore, from now on, we consider the case
only when i is even and k is odd, or when i is odd, with i > k > 3.

3.1. The Case Where k Is Odd
When k is odd, we choose nonnegative integers q and t as:

Wi=qWr+rtu, 0<te<W, )

where q = W; /W if k|i due to (5); otherwise q is the largest integer, satisfying:

q=<

W; and q= {0 (mod u) if i is even; (10)

We 0’7 (mod u) ifiisodd.

More directly, when i is even (and k is odd):

1w
1=u[ulw] | .
When i is odd (and k is odd):

T

Note that if u = 1 ([2]), then always q = |W;/ W ].
In particular, if i is even and:

W.
u>—-, then q=0, so t=W,;/u.
Wi

If k|7, then by (5) Wi|W;. So, when i is even, by (8) u|W;. Thus, we get:

g=—, so t=0.

When k|i and i is odd, by W; = v'T and Wy =o T, there exists an integer i such that
i—1 i—k

07 =o't (mod u). By ged(u,v) =1, h=v2z (mod u). Thus:

66



Axioms 2024, 13, 608

Thus, we get:
q =
We use the following identity.

Lemma 3. Fori,v > 3, we have:

Wit + qWigk = (Wig1 +0(qWieq + 1)) W;.

Proof. By (1) and (7) together with (9), we get:

LHS — RHS = t(u2 +0)W; + tuvs.Wi_q + q(Wi 1 Wi + oW Wi _q)
- (qu- + UW,‘_1>W1' — tus.W; — qus. W;Wj._q
=0.

O

Assume that k 1 i (the case k | 7 is discussed later). Then, the elements of the (0-)Apéry
set are given in Figure 1. Here, we consider the expression:

tyz = YWita +zWig (y,z >0)

or simply the position (y, z).

(0,0) (1,0) (Wy —1,0)
(0,1) (1,1) e (We—1,1)
0q-1)  (Lg-1) o (We—1q-1)
(0,9) (t—1,0)
(O,q+'u—1) (t—l,q'+u—1)

Figure 1. Ap,(W;, W2, Wiix) for odd k.

We shall show that all the elements in Figure 1 constitute the sequence {{W;., (mod W;) }sz"al
in the vertical y direction. However, if i is odd and i is even, the situation of this sequence
is different. In short, if i is odd, the sequence appears continuously, but if i is even, the se-
quence is divided into u subsequences.

First, let i be odd. Then, by gcd(W;, Wj1») = 1, we have:

{(Wis  (mod W)}t = {¢ (mod W;)} Vit

By (7), we get:
Wi g Wi — uWi i = *WilW (13)

Hence:
Wi oWy = MWi+k (mod Wi) and WiioWr > uW . (14)

Thus, the element at (W, j) (0 < j < q — 1) cannot be an element of Ap,(A) but (0, u + j)
as the same residue modulo W;, where A = {W;, W;1», W« }. Next, by Lemma 3, we have:

Wi +qWir =0 (mod W;) and tW; 5+ qW; > 0.

Thus, the element at (v,q + ) (0 < j < u — 1) cannot be an element of Ap(A) but
(0,7)-
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Therefore, the sequence {¢{W; , (mod W;) }Zv:"o_l is divided into the longer parts with
length Wy and the shorter parts with length r. Namely, the longer part is of the subsequence:

), (L) (We=1)) (=01,...,9-1)

with the next element at (0, u + j). The shorter part is of the subsequence

0,9+7),1q+j),....,c=Lg+j) (=01,...,u—1)
with the next element at (0, ). Since gcd (Wi, Wi, ) = 1,allelementsin {{W;, (mod W)}, W !
are different modulo W;.
Next, let i be even. Then by ged(W;, Wi, ») = u, we have:

{(Wiy  (mod W) }" " = {¢ (mod W;/u)} it ".

Hence:
(¢ (mod W) })is " = U1 {¢Wiyo + kWi (mod Wy)}jol !

with {{W;,p + 11 Wiy (mod W;) }Néu N {IWiis + oWipy (mod Wi}, W/” R
(k1 # x2). By the determination of q in (11), we see that u|q. So, we use the relation
(14). Thus, each subsequence is given as the following points. Forz =0,1,...,u —1:

0,2),(1,2),..., We—1,2z), (O,u+z),(L,u+z),..., Wy —1,u+z),
(0,2u+z),(1,2u+z),..., We—1L2u+z),...... ,
0q—u+z),(L,g—u+z),..., Wy—1,9—u+z),
0,9+2z),(L,gq+z),...,t—1,9+2)

with next element is at (0, z), coming back to the first one, because of Lemma 3. In addition,
by (8), all terms of the above subsequence are:

YWito +zWiy = 20 (mod u).

Since ged (1, v) = 1, this is equivalent to z (mod u) (z =0,1,...,u — 1). Therefore, there is
no overlapped element among all subsequences. By (9), the total number of terms in each
subsequence is:

ﬂV\/k +t= m
u u
as expected.

By Figure 1, the candidates of the largest element of Ap,(A) areat (v —1,q+u — 1)
orat (W —1,q—1). Since (vt — 1)Wipo + (g +u — 1)Witg > (Wi — 1)Win + (q — 1) Wi
is equivalent to tW;,, > Wi Wi_s, by Lemma 1 (2), if tW; 5 > v*W;Wj_,, then:

80(Wi, Wiz, Witk) = (v = DWiga + (a + u = )Wy — Wi
If tWiy, < UZWiWk_z, then:
80(Wi, Wi, Witk) = Wi = DWigo + (a = D) Wiy — Wi

e The case k is odd with k|i
When k is odd and k|i, we get ¢ = W;/W; and v = 0. Hence, the elements of the
(0-)Apéry set are given in Figure 2.
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(0,0) (1,0) REEER (W, —1,0)
(0,1) (1,1) (W —1,1)
(O,W,'/%/Vk—l) (1,W1‘/:Wk71) (Wk—l,V\:/i/Wk—l)

Figure 2. Ap,(W;, Wiz, Wi k) when kli.

Similarly to the case k { i, when i is odd, so uWj { W;, the sequence {¢{W;, (mod W;) szial
simply becomes one sequence by combining all the subsequences with length W and with

length v. When i is even, so uW; | W;, the sequence {{W; , (mod Wi)}zvzio_l consists of u
subsequences with the same length W; /u.
By Figure 2, the largest element of Ap,(A) is at (W — 1, W;/ Wy — 1). Hence:

W.
80(Wi, Wiz, Wir) = (Wi = 1)Wipo + (W,l{ - 1) Wik — Wi

In fact, this is included in the case where k { i and tW;, < 02W;W;_,.

3.2. The Case Where k Is Even
When k is even (so i is odd), we choose nonnegative integers g and r as:

W,
Wi=q7+r, 0<r<—, (15)

where g = [uW;/W|. Note that Wi /u is an integer for even k. Note that k 1 i because
otherwise i is also even. Then, the elements of the (0-)Apéry set are given in Figure 3.

(0,0) (1,0) (Wi /u—1,0)
(0,1) (1,1) e (We/u—1,1)
0g-1) (Lg—1) - - (W/u—1,g-1)

(0,9) - (r=1,9) |

Figure 3. Apy (Pyiy1(1), Pajy3(u), Poiyy1(u)) for even k.
Similarly to the case where k is odd in (14), we have:

Wi

Wi

Thus, the element at (W /u,j) (0 < j < g — 1) cannot be an element of Ap,(A) but (0,7 +1)

as the same residue modulo W;. The sequence {¢{W;,, (mod W;) }Zv;al is divided into the
longer parts with length Wy /u and one shorter part with length r. Namely, the longer part
is of the subsequence:

0,7, @),..., We/u—1,5) (j=0,1,...,9—1)

with the next element at (0, j + 1). One shorter part is of the subsequence:

0,9),(Lq),...,(r—1,q)
with the next element at (0,0). Notice that similarly to Lemma 3, we have:

"Wito +qWir =0 (mod Wi) .
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Since ged(Wi 2, Wit k) = 1, all elements in {{W;,, (mod W;) }Zv:"o_l are different mod-
ulo W;. Then by ged(W;, Wj1») = 1, we have:

{(Wis  (mod W)}t = {¢  (mod W;)} Vit

By Figure 3, the candidates of the largest element of Ap,(A) are at (r —1,9) or at
(Wi/u—1,9—1). Since (r — 1)Wi o + qWiix > (Wi/u —1)Wiio + (9 — 1) W, ¢ is equiva-
lent to ruW; o > v*W;Wy_», by Lemma 1 (2), if ruW; , > v*W;Wj_,, then:

So(Wi, Wito, Wipk) = (r = D)Wio + qWip — Wi
IfruW;,, < vZWiWk_2, then:

Wi
S0(Wi, Wipo, Wipk) = (uk - 1> Wit2 + (g = 1)Wip — W;.

Notice that ruW;,, = v>W;W;_, may occur in some cases. For example, (i,k, u,v) =
(9,2,6,133). In this case, both of the two formulas are valid, yielding the Frobenius number
Q0(A) = 5949962315313983.

4. The Case Where p > 0
Itis important to see that the elements of Ap,, (A) are determined from those of Ap p—1 (A).

4.1. When k Is Odd

e Whenp =1
The corresponding relations from Ap(A) to Ap;(A) are as follows, see Figure 4.
[The first u rows]

(y,z2) = (y+vz+q) O0<y<Wy—r—1,0<z<u-1),
(y,2) > (y—Wr+vz+q4+u) We—t<y<Wy—1,0<z<u-1)

by Lemma 3 and

(=Wi + ) Witz + (g + 1) Wik = (Wirg + 0(qWi_1 +t) — 0*Wy_2) W,
(Lemma 3 and (13)),

respectively. Note that when vt = 0, the second corresponding relation does not exist.
This also implies that all the elements at (y + v,z + q) and (y — Wy +t,z + q + 1) can be
expressed in terms of (W;, W5, W k) in at least two ways.

[Others]

(y,2) = (Y+Wez—u) O0<y<We—1,u<z<q-1;
0<y<r—1,g9g<z<q+u-1)

by the identity (13). This also implies that all the elements at (y + Wy, z — u) can be
expressed in at least two ways.

By Figure 4, there are four candidates to take the largest value of Ap;(A). Namely,
the values at:

(r—1,9g+2u—-1), We—1,q+u—1),
We+t—1,9-1), 2Wi—1,9—u—1).
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If 2uW; > WyW;,,, one of the elements at (vt —1,q +2u — 1) and at (W —1,q+u —1) is
the largest. In this case, if tW; 5 > v>W;W;_,, then:

81 (Wi, Wiro, W) = (v = D)Wiso + (a4 2u — )Wiy — W;.
If eWiyp < v*W;Wj_,, then:
§1(Wi, Wi, Wigk) = (Wi = DWio + (g +u = 1) Wiy — W;.

If 2uW; . < Wi W, one of the elements at (W, +t—1,q—1) and at Wy —1,q —u —1)
is the largest. In this case, if tW;, > > W;Wj_,, then:

ST (Wi, Wito, Wigk) = Wi +e = 1D)Wio + (= )W — W;.
If tW;p < 02W;Wj_,, then:

81 (Wi, Wi, Witk) = QWi = D)Wipn + (g —u — 1) Wi — W;.

(0,0) (T,0) Wi —1,0) Wi, 0) Wi £1,0) W, —1,0)
(0,1) (1,1) (W —1,1) (W, 1) (We+1,1) (2w, —1,1)
(O,q—.u—l) (l,q—.u—l) (Wk—l,r.|—u—1) (Wk/q;u—l) (Wk+1,c.{—u—1) . (ZWk—l,.q—u—l)

(0,q—u) (1,qg—u) (Wi —1,9—u) (Wi, q—u) Wy +r—1,q9—u)
©0q-1 (a1 S W-la-D) | (Wea-D) (Wi+e-La-1)
(0,9) (x=1,9) Wi —Tq)
(0,q+:ufl) (r—l,q-%»u—l) (W;‘—l,r-H»u—l)
0,9+u) (r—Lq+u)
(0,q+é11—1) (t—l,q;»Zu—l)

Figure 4. App(Wi, Wi, Wiik) (p =0,1) for odd k.
Example 1. When (i, k,u,v) = (5,3,4,3), the first identity is applied:

g1(Ws, Wy, Wg) = ¢1(409,8827,41008)
= 11W; + 26Wgs — W5 = 116289%.

Indeed, there are two representations in terms of Ws, Wy, Wy as:
11W; 4 26Wg = 2155Ws5 + 18W; + 3Wg,

which is the largest element of Ap,(Ws, Wy, Wg). In fact, the second, the third and the fourth
identities yield the smaller values:

1060653 = 18W7 + 22Wg — W5(: 2164Ws + 6W7 + 3Wg — W5) ,
1002545 = 30W; + 18Ws — Ws(= 9Ws + 11, + 22Ws — Ws),
900302 = 37W7 + 14Wg — W5(= 9W5 + 18W; + 18Wg — Ws),

respectively.
When (i,k,u,v) = (5,3,2,7), the second identity is applied:

91(Ws, W7, Wg) = g1(149,2143,8136)
= 10Wy + 14Ws — Ws(= 753Ws + 7W7 + Wg — W5) = 135185.

In fact, the first, the third, and the fourth identities yield the smaller values:
134313, 125342, 126214,

respectively.
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When (i, k,u,v) = (5,3,1,4), the third identity is applied:

g1(Ws, W7, Wg) = g1(29,181,441)
= 8W;, +4Wg — Ws(= 16Ws + 3W; + 5Wg — W5) = 3183.

In fact, the first, the second, and the fourth identities yield the smaller values:
3160, 2900, 2923,

respectively.
When (i, k,u,v) = (5,3,3,35), the fourth identity is applied:

g1 (Ws, Wy, Wg) = g1(2251,123929, 898467)
= 87Wy + 46Wg — Wi (= 1225W5 + 43W; + 49Wg — W) = 521090543 .

In fact, the first, the second, and the third identities yield the smaller values:
51396298, 52046980, 51458372,

respectively.

e Whenp > 2

The similar corresponding relations to the case p = 1 are also applied for p > 2. When
p = 2, the elements of the first u rows of the main area (the second block from the left)
correspond to fill the gap below the left-most block:

(y,2) > (y—Wr+vz+q+u) (We<y<2Wy—tr—1,0<z<u-1),
(y,2) > (y—2Wx+v,z+q+2u) QWe—t<y<2W;—1,0<z<u-1)

The other elements of the main area correspond to those in the block immediately to the
right to go up the u row:

(y,2) = Y+ Wrz—u) We<y<2Wi—1l u<z<qg—u-1;
We<y<Witr—1,q-u<z<qg-1).

The elements of the stair areas correspond to those in the block immediately to the right in
the form as it is to go up the 2u row:

(y,2) > (Y+We,z—2u) (ct<y<Wi—1,q+u<z<q+2u-1;
0<y<r—1,q+2u<z<q+3u-—1).

Figure 5 shows the areas in which the elements of p-Apéry set exist for p = 0,1,2. The
outermost lower right area is the area where the elements of the 2-Apéry set exist. We can
also show that all the elements of the 2-Apéry set have at least three distinct representations
in terms of W;, Wi o, Wi .

From Figure 5, there are six candidates to take the largest element of Ap,(A). These
elements are indicated as follows:

@:(t—1,9+3u—1) @:(We—1,9+2u—1)
@:(We+r—1,9+u—1) @:(2Wr—1,q-1)
@:2Wi+tr—1,9—u—1) @:(BWr—1,9q—2u—-1).

If uWij > (W — t) Wiy (or tWi,p > v*W;Wi_,), one of those at @), @), and @) is the
largest. Otherwise, one of those at @), @, and @) is the largest. However, it is clear that one
of the values at @) or ) (respectively, @) or ) is larger than at @) (respectively, @)). Hence,
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if 2uW; . > Wi Wi, then the element at ) (respectively, @) is the largest. Otherwise,
the element at @) (respectively, €) is the largest.

®

@
Figure 5. Ap,, (Wi, Wis2, Wiik) (p = 0,1,2) for odd k.

In conclusion, if 2uW;; > WW; 5 and tW;,, > v*W;W;_,, then:
82 (Wi, Wisa, Wig) = (v — )Wipp + (g + 3u — )Wy — W;.

If 2uW ;> Wi Wi o and tWiyp < v*W; W5, then:

82 (Wi, Wisa, Wipk) = (Wi = D)Wiso + (9 + 2u — 1) Wiy — Wi
If 2uWi i < WiWiyp and tWiyp > 02W; W, _,, then:

82 (Wi, Wia, Wirk) = QWi+t = 1)Wiso + (g —u = D) Wipp — W;.

If 2uW; . < WiWiyp and tWiyp < 02W;W,_,, then:

82(Wi, Wita, Wirk) = BWx — 1)Wisa + (g — 2u — 1) Wiy — Wi

In general, for an integer p > 0, it is sufficient to compare two elements at both ends,
see Figure 6. If 2uW;,, > W W, and tW;;, > v*W;Wj_,, then:

Sp(Wi, Wiio, Wit) = (k= 1)Wio + (a+ (p+ Du — 1) Wi — Wi
If 2uW; i > WiWiyp and tWi o < 02W;W,_,, then:
Sp(Wi, Wia, Witk) = Wi — D)Wiga + (q + pu — D) Wi — W;.
If 2uW; i < WiWiyp and tWi o > 02W;W,_,, then:
8p (Wi, Wigo, Wis) = (pWi+t = D)Wio + (— (p — Du — 1) Wi — W;.
If 2uW; ) < WiW; o and tWiyp < v*W;W_,, then:
8p (Wi, Wipa, Witk) = ((p + 1)Wi = 1) Wip + (9 — pu — 1) Wi — W;.

The positions of the elements of Ap,, (A) below the left-most block and the positions
of Ap, (A) in the right-most block are arranged as shown in Figure 6.

This situation is continued as long as z = q — pu > 0. However, when p > q/u —1,
the shape of the block on the right side collapses. Thus, the regularity of taking the
maximum value of App(A) is broken. Hence, the fourth case holds until p < [q/u] — 1
and other cases hold for p < |q/u].
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- ((p+D)We—1q—pu—1)

...... o (pWetr—Lg—(p—Du-1)

- We—latpu—1)

‘ o (r-Llat(p+Du—1)

Figure 6. Ap,, (W;, Wi o, Wi ) for odd k.

In conclusion, when k is odd, the p-Frobenius number is given as follows.

Theorem 1. Let i be an integer and k be odd with 3 < k < i. Let q and v be determined as (9) and
(10). For 0 < p < q/u, if 2uWj x> Wi Wiy o and tWy o > 02 W;Wy_,, then:

S (Wi, Wiio, Witg) = (k= 1)Wio + (a+ (p+ Du — 1) Wi — Wi
IF2uW . > WiWi o and tWip < 0*W;Wi_,, then:
Sp (Wi, Wito, Wisk) = (Wi = 1)Wipo + (q + pu — 1) Wiy — Wi
IF2uW; ) < WiWi o and tWi, 5 > v*W;Wi_,, then:
8p (Wi, Wi, Wigg) = (pWk + e = D)Wip + (g — (p = Du — 1) Wipg — Wi
IF2uW; j < WiWi o and tWi,p < 0?W;Wi_y, then for p < q/u — 1:

Sp(Wi, Wi, Wisk) = ((p + D)Wy = 1) Wisa + (g — pu — )Wy — W;.

Example 2. When (i,k,u,v) = (5,3,3,7), the first identity is applied. Since q = 19 and v = 5, for
0 < p < 1[19/3] = 6 we have:

{8p(Ws, Wy, We) }5_o = {g,(319,6553,29739)}5
= 650412, 739629, 828846, 918063, 1007280, 1096497, 1185714.

Namely, the corresponding element for each integer is at (4,3p +21) (p = 0,1,...,6).
However, for p > 7, the p-Frobenius numbers can be computed neither by the above formula nor by
any other closed formulas. Namely, the real value is g7(A) = 1218479, corresponding to (9,39),
though the formula gives 1274931, corresponding to (4,42).

4.2. When k Is Even

e Whenp =1
Similarly to the odd case where k is odd, the elements of Ap, (A) can be determined

from those of Ap, 4 (A). When p = 1, there are corresponding relations as follows.
[The first row z = 0]

,0) = (y+rz+q) (O<y<W/u—r—1),
1,0) = (y = We/u+rz+q+1) (We/u—r<y<We/u—1)

with
Wits + qWisk = Wig1 +0(qWiq +1))W;

due to (15). Note that when r = 0 the second corresponding relation does not exist. This
also implies that all the elements at (y +7,z+¢q) and (y — Wy/u +r,z+ g+ 1) can be
expressed in terms of (W;, W5, W k) in at least two ways.
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[Others]

(y,2) > (y+Wi/u,z—1) O0<y<Wi/u—-1,1<z<g-1;
0<y<r—1,z=9q)

by the identity (13). This also implies that all the elements at (y + Wy/u,z — 1) can be
expressed in at least two ways.

By Figure 7, there are four candidates to take the largest value of Ap;(A). Namely,
the values at:

(r=19+1), Wi /u-14),
(Wie/u+r—1,g—1), QWi/u—1,9-2).

If 2uW; x> WiWi. o, one of the elements at (r — 1,9 + 1) and at (W, /u —1,9q) is the
largest. In this case, if ruW; , > v*W;Wj_,, then:

81 (Wi, Wi, Witi) = (r = 1)Wiso + (9 + 1) Wi — Wi
If ruW; p < v*W;Wj_,, then

W,
81 (Wi, Wigo, Wipg) = <uk - )Wi+2 +qWitr — W;.

If 2uW;  y < WiWi. 2, one of the elements at (W /u+r—1,9—1) and at QW /u—1,9—2)
is the largest. In this case, if ruW; , > v*W; Wic_»p, then:

W,
1 (Wi, Wio, Wigk) = (uk +r— 1) Wit2 + (g = 1)Wipp — W;.

IfruW;,, < vZWiWk_2, then:

2W,
81(Wi, Wi2, Wigg) = (u —1)Wita + (9 — 2)Wirk — Wi
e Whenp > 2

(0,0) (1,0) (Wi/u—1,0) (Wi/1,0) (We/u+1,0) 2W/u—1,0)

0,1) (1,1) (Wi/u—1,1) (Wi/u,1) (We/u+1,1) (W /u—1,1)
049-2) (1q-2) e Welu—1,q-2) | We/i,q—2) (We/u+1,q-2) L QW/u—1,4-2)
0,9-1) (Lg-1) o We/u—=1,9-1) | (We/u,q—1) (Wy/u+r—1,q-1)

(0,9) (r=19) [ WN/u-1,q)
©0,9+1) r—1q9+7) ]

Figure 7. App(W,-, Wi, Wiik) (p =0,1) for even k.

The situation is similar for p > 2. From Figure 8, there are six candidates to take the
largest element of Ap,(A). These elements are indicated as follows:

@:(r—1,9+2)
@: (We/u+r—1,9)
@: (W /u+r—1,9-2)

@:(Wk/u—l,q+1)
@: 2W/u—1,q—1)
@: (BWy/u—1,9-3).

Similarly to the case where k is odd, middle element at @) and at @) cannot take the
largest value. Hence, if 2uW;, > W;W;,,, then the element at @) (respectively, @) is the
largest. Otherwise, the element at @) (respectively, ) is the largest.
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)
@ |

@

e ®
®
@

Figure 8. Ap,, (W, W2, Wii) (p = 0,1,2) for even k.

In conclusion, if 2uW;_, > WyW; 1, and ruW,, > v*W;Wj_,, then:
2 (Wi, Wisa, Wigk) = (r = D)Wipz + (9 + 2) Wiy — Wi
If 2uW; i > WiWiip and ruW; o < 0 W;Wj_,, then:

W,
§2(Wi, Wi, Wiyg) = (uk - 1> Witz + (9 +1)Wip — Wi

If 2uW; . < WiWiyp and ruW; o > v W;Wj_,, then:

2W

82 (Wi, Wia, W) = <u +r— 1) Wit + (9 = 2) Wi — Wi

If 2uWi o < WeWipp and ruWip < v*W;Wj_,, then:

3W,

2 (Wi, Wi, Wig) = ( o )Wi+2 +(q =3)Wik — W;.

In general, for an integer p > 0, it is sufficient to compare two elements at both ends,
see Figure 9. If 2uW;, , > W W, and ruW;,, > v>W;Wj_,, then:

Sp(Wi, Wito, Wisk) = (r = )Wipa + (g + p) Witk — W;.
If 2uWi g > WiWiip and ruWiy, < ZJZWZ'Wk_z, then:

W,
8p (Wi, Wia, Witk) = <uk - 1> Witz +(q+p = D)Wirk — Wi

If 2uWix < WiWiip and ruWip > ?)2W1'Wk_2, then:

pWi

Sp(Wi, Wi, Wisg) = (u +r— 1) Wiz + (9 — p)Wirk — Wi.

If 2uW; i < WiWiip and ruW; o < 0?W;Wj_,, then:

(p+1) Wy

” 1)Wi+2+(QP1)Wi+kWi-

gp(wir Wi+2/ Wi+k) = (
The positions of the elements of Ap, (A) below the left-most block and the positions
of Ap,, (A) in the right-most block are arranged as shown in Figure 6.
This situation is continued as long as z = g —p —1 > 0. However, when p = g,
the shape of the block on the right side collapses. Namely, we cannot take the value at

((p+1)Wi/u—1,9 — p — 1). Thus, the regularity of taking the maximum value of Ap,(A)
is broken. Hence, the fourth case holds until p < g — 1, and other cases hold for p < g.

((P+1)Wk/u—l,q*r’*1)‘
C (pWi/utr—1,q9-p) |

o W/u—lgt+p-1)

ST GRS WE)

Figure 9. Ap, (Wi, Wi, W) for even k.
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In conclusion, when k is even, the p-Frobenius number is given as follows.

Theorem 2. Let i be an integer and k be even with 3 < k < i. Let q and r be determined as (15).
For0 < p < q,if 2uW; > WiWi o and ruW; o > v>W;Wy_o, then:

8p (Wi, Wi, Wisk) = (r = 1)Wiya + (7 + p) Witk — Wi
If2uwi+k > WiWiyo and ruWio, < UZWl'kaz, then:

Wi
Sp (Wi, Wito, Wis) = (le - 1) Wita+(@+p— )W —W;.

If2uWi e < WWiyo and ruWi p > > W; Wi, then:

pWi

Sp(Wi, Wiya, Wisg) = <u +r— 1) Wit + (9 — p)Wisr — Wi.

If2uWi e < WiWiyp and ruWi p < *WiWi_s, then for0 < p <gq—1:

(p+1)W

” _1)Wi+2+<q_P_1)Wi+k_Wi-

Sp(Wi, Wiya, Wisy) = (

Example 3. When (i, k,u,v) = (5,4,2,3), we have q = 6 and r = 1. So, the elements of
Ap((Ws, Wy, Wy ), where (W5, W7, Wo) = (61,547,4921), are given as in Figure 10. The largest
element is at (Wy/u — 1,9+ p — 1) = (9,11), which comes from the second identity. Thus:

96(Ws, Wy, Wo) = 9W; + 11Wo — W5 = 58993 .

Notice that the right-most element is at (pWy/u +r —1,q — p) = (60,0) and the block of
the right side is empty. Therefore, the formula does not hold for p = 7. In fact, g7(A) = 59542,
corresponding to (19,10), though the formula gives 63,914, corresponding to (9,12).

(60,0)
[GLT) ... (59,1) |
[ (50,2) |

[ (10,10) |
[L1) ... (o110 ]

0,12)
Figure 10. Ap,(Ws, Wy, Wo) for (1,v) = (2,3).
5. p-Genus

5.1. The Case Where k Is Odd

Let k be odd. For a nonnegative integer p, the areas of the p-Apéry set can be divided
into three parts: the stairs part (left), the stairs part (right), and the main part. By referring
to Figure 6 (with Figures 4 and 5), we can compute:

Y w
weApp(A)

p q+(p—214+1)u—11Wp+r—1

= B Y. (YWir2 +2Wipy)
I=0 z=q+(p—2Du y=IW;
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p q+(p—2Du—1 (I+1)W;—-1

+ Y. Yo (Wi +2Wigk)
1=0z=q+(p—21-1)u y=IWi+t

q—pu—1pWete—1 q=(p+1)u=1(p+1)We—1
+ Y Y Wi +zWi)+ ), )
=0 y=pWs
W; 5
=, (Wi = u)Wi g + u(u — 1) Wiy — qu° (2W; — uWi) Wi _p
+ qzyZWka_z)

W; 2W;
%Wk (2Wiso — uv*Wi_p) — %”UZWka—z.

(YWiy2 +2zWiig)
z=0 y=pWi+rt

+

Here, we used the relation (9) to simplify the expression. In addition, by qus.Wy_, =
gWr = W; (mod u), we have:

(Wi — ) Wiga + u(u — 1) Wi — qv? (2W; — uWie) Wiz + 70 W Wy
= 0s.W? — 20s.W? + oW? =0 (mod u).

By Lemma 1 (3), we have:

np (Wi, Wita, Wiik)
1

=5 (Wi = u)Wiso + u(u — 1) Wik — qo* (2W; — ulWj) Wi_o
+ qzv2wkwk_2)

2 w;—1
+ ng (2Wiso — uv*Wi_p) — %WszWk—z - 12
1

= —((W; = ) (Wis2 — u) + u(u — 1) (Wipg — 1) — qo* (2W; — uW) Wi,

2u
+ PP W W)

2
+ ng (2Wi+2 - MUZWk,2> - %uvzwkwk,z .

Since the z value of the right-most side must be nonnegative, ¢ — pu —1 > 0. Namely,
the above formula is valid for p < (q —1)/u.

Example 4. When (i, k,u,v) = (5,3,3,7), by:

1/|319 5.3 5-3
=3|z(|=|-77 777 =19,
=35 (%))
for0<p<(q—1)/u=6wehavefor0 <p < |q/u] =6
{np(Ws, Wy, Wg)}5_ = {n,(319,6553,29739)5_,,
= 330327, 432823,532967, 630759, 726199, 819287, 910023.

However, for p > 7, the p-genus cannot be obtained by the above formula. The real values are
given by:

{np(Ws, Wy, Wg)},_; = 965215,1021448, 1067956,
though the formula gives:

998407,1084439,1168119.
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5.2. The Case Where k Is Even

Similarly to the case for k is odd, when k is even, by referring to Figure 9 (with
Figures 7 and 8), we can compute:

Y w

wEApp(A)

p Wi /u+r—1

= Y. (W2 +(g+p—2)Wisk)
I=0 y=IW/u

(I41) Wy /u—1

4
+Y, )Y, Wit (g+p—2—-1)Wiy)
I=0 y=IWy/u+r

q—p—1pWy/u+r—1 q—p—2 (p+1)Wi/u—1
+ Z 2 (YWigo +2zWipg) + Z 2 (YWigo +zWiik)
z=0 y=pWi/u z=0 y=pWi/u+r

(When p = g — 1, the fourth term is empty, and
when p = g, the third and the fourth terms are empty.)

1
- ﬁwi (WP Wip2(W; — 1) — qv* Wy (2uW; — W)
+ Wi Wi_2)
P 2 )
+ ﬁWiWk(ZMWiJrZ —0 Wk—Z) — ﬁv WW, W .

Here, we used the relation (15) to simplify the expression. In addition:

Wi_r (2uW; — W, Wi._ W,
k2(“21 k) _ k2<2wi_k>l
u u u
Wiy 2 Wi Wie—2
u? u u
Wi (2uWiyp — v Wi_ W Wi_
k(2u 1+L2¢2 v Wi—2) —uk<2Wi+z—02 k 2)/
CWiWWie—a o0 Wi Wi
2 =W —
u u u

are all positive integers. By Lemma 1 (3), we have:

np (Wi, Wita, Wit)
1
=50 (P Wiy2 (W; — 1) — qu*Wie_o (2uW; — W)
+ qzszWka,z)
2 W, —1
+ %Wk(zuwﬁz —0*Wy_p) — %UZWkafz - 12
1

= — (1 (W; = 1) (Wisn — 1) — q0*Wi_p (2uW; — W)

2u?
+ PP W W)
P 2 Pz 2
+ 5,2 Wi(2uWis =0 Wi g) = o 3 0" Wil .

In conclusion, the p-genus is explicitly given as follows.
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Theorem 3. Let i and k be integers with ged(i, k) = 1 and i > k > 3. When k is odd, for
0 < p < q/u we have:

np (Wi, Wita, Wiik)
1
= Z ((W1 — M)(Wi+7_ — M) + u(u — 1)(Wi+k — 1) — qu(ZWi — MWk)Wk,g
+ PP W Wi )
p 2 PZ 2
+ EWk(ZWHz —uv"Wy_p) — S U Wi Wiz,
where q and v are given in (9). When k is even (and i is odd), for 0 < p < g we have:

np(Wi, Wito, Wisk)

1

T 2u?
+ 2P Wi Wi )

(12 (W; — 1) (Wi — 1) — q0* Wye_o (2uW; — W)

2
+ %Wk (2uWiyp — ¥ Wi_p) — %UZWka—Z ,
where q and r are given in (15).
Example 5. Let (i,k,u,v) = (5,4,2,3). So, g = |2W5/Wy| = [2-61/20] = 6. Then, for
0 < p < 6 by the formula we have:
{np(Ws, Wy, W) }$_g = {n,(61,547,4921)}5_,
= 14976,20356, 25646, 30846, 35956, 40976, 45906 .

Howewver, contrary to the fact that ny;(Ws, Wy, Wo) = 46885, the formula gives 50746.

6. Final Comments

The original numbers studied by Horadam satisfy the recurrence relation W, =
uW,_1 — vW,_». From this point of view, almost all the above identities hold by replacing
v by —v, though the condition u > |v| is necessary. For example, the identities of (7) and (8)
are replaced by:

Witk = Wita Wi — oWiWg_q,

0 (mod u) if n is even;
Wn = n=1 A

(—v) 2z (mod u) ifnisodd.

respectively. For example, when (i, k, u,v) = (8,5,4,—3),by q=24for0 < p < 6 =24/4
by the first identity of Theorem 1, we have:

{8p(Ws, Wy, Wo) }5_ = 24265799, 27454443, 30643087,
33831731, 37020375, 40209019, 43397663 .

When (i,k,u,v) = (5,4,3,—-2), by g = 6 for 0 < p < 6 by the first identity of
Theorem 2, we have:

{gp (W5, W7, Wy) };6a=0 = 3035, 3546, 4057, 4568, 5079, 5590, 6101 .

7. Conclusions

In this paper, we give explicit formulas of the p-Frobenius number and the p-genus
of triplet (W;, Wiy 2, Wi, ) for integers i, k(>3), where W,,’s are the so-called Horadam
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numbers, satisfying the recurrence relation W, = uW,_1 + oW,,_» (n > 2) with Wy =0
and W; = 1. We give explicit closed formulas of p-Frobenius numbers and p-genus of this
triple. Whenu = v =1, v = 1 or u = 1, the results for Fibonacci, Pell, and Jacobsthal triples
are recovered.

Horadam also studied the number W, with arbitrary initial values Wy and W;. How-
ever, with arbitrary initial values, many identities (e.g., (7)) do not hold as they are. Hence,
the situation becomes too complicated. An approach to get some recurrences to a wide
class of polynomials in [39] may be useful for future works.
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Abstract: Suppose that R = Z [u] with u?> = p3B and pu = 0, where p is a prime and f is a unit in R.
Then, R is a local non-chain ring of order p° with a unique maximal ideal | = (p, u) and a residue
field of order p. A linear code C of length N over R is an R-submodule of RN. The purpose of this
article is to examine MacWilliams identities and generator matrices for linear codes of length N over
R. We first prove that when p # 2, there are precisely two distinct rings with these properties up to
isomorphism. However, for p = 2, only a single such ring is found. Furthermore, we fully describe
the lattice of ideals of R and their orders. We then calculate the generator matrices and MacWilliams
relations for the linear codes C over R, illustrated with numerical examples. It is important to address
that there are challenges associated with working with linear codes over non-chain rings, as such
rings are not principal ideal rings.

Keywords: MacWilliams identities; coding over rings; local rings; generator matrices

MSC: 16L30; 94B05; 16P20; 94B60

1. Introduction

Linear codes of length N over a finite ring R are R-submodules of RN. These codes
have been traditionally studied over finite fields; however, many significant codes over
fields have been related to those over finite rings by Gray maps [1-4]. In this article, all of
the alphabet rings involved are finite, commutative, and have an identity. A ring R is called
local if it has a unique maximal ideal, denoted by ] (Jacobson radical). When all ideals of R
are principal, R is then called the principal ideal ring (PIR). A chain ring is a principal local
ring, and thus many conclusions obtained for coding over chain rings also hold over PIRs.
One of the main reasons that Frobenius rings, defined later, are considered the appropriate
class to describe codes is because they satisfy both MacWilliams theorems. Furthermore,
Frobenius local rings can be decomposed into their component parts and this enables us
to find their generating characters. To fully understand codes over Frobenius rings, it is
therefore necessary, despite the challenges, to consider local non-chain rings [5-7]. For
more information on the subject, please refer to [5,8-11] and the references therein.

In this work, the main purpose is to obtain significant coding results over Frobenius
local rings. In particular, linear codes of length N over the ring Z 4 [u]/ (u? — p3B, pu), are
the focus of this paper. Prior work on these rings was presented in [12], emphasizing their
applicability to coding theory, and their close connection to Z,» and linear binary codes [3].
Our attention is also on exploring the roles of generator matrices and MacWilliams relations
in error-correction theory, particularly in their role to weight enumerators of a code and its
dual code. The authors of [6] considered these approaches for Frobenius local rings of order
16. While in [7], generator matrices and the MacWilliams relations were described for codes
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over rings of order 32. This work makes an effort to build on the previous findings and
provides access to more general rings with higher orders. Let R = Z 4 [u], with u* = gp>
and pu = 0 as conditions, where B € U(R), the unite group of R. Initially, we provide a
formula for a generating character x associated with R, through which we can calculate
the MacWilliams relations as matrices of specific sizes for a code C over R. For codes over
non-chains, it is more challenging to build a generator matrix G than for codes over chains.
Although a simple set of generators can still be found, this type of generator matrix may
not provide straightforward information about the code size. In this research, we introduce
multiple numerical examples that show the code size might not always determined directly
from such a generator matrix. Additionally, the generator matrix G of a code C is completely
determined through the algorithm described in Theorem 8.

In Section 3, the classification of rings of the form Z[u]/(u® — p"~'B, pu), with
invariants p,n,1,1,n — 1 is described, after the initial definitions and results in Section 2.
Particular attention is given to providing all the details necessary to characterize rings of
order p° and to outline the lattice of their ideals. Section 4 provides the general procedure
for generating characters for Z[u]/ (u? — p3B, pu). Additionally, the symmetrized weight
enumerator’s corresponding to the matrix is acquired, and MacWilliams relations are
derived. In Section 5, the findings regarding matrices that produce linear codes over such
rings are presented.

2. Preliminaries

The notations and basic information that will be used later in our discussion are
introduced in this section. Let R be a local ring of identity, and let | be its maximal ideal.
For the results mentioned in this section, we refer readers to [4,12-16].

The order of J is p("~V" provided J” = 0, and the size of R, is |[R| = p"™" with
R/] = GF(p") = F.In R, the characteristic takes the form p", and 1 < n < m. Additionally,
R has a subring Ry, of the form GR(p",r), called a Galois ring with p, n, r. Moreover, there
isu € J,and

R = Rg+ uRy, 1)
J = pRo + uRq.
If ] is principal, then R is chain, and particularly when | = (p), we have n = m and
R = Zpn[a] = Zpn[x]/(g(x)),
where « is a root of a specific polynomial g(x) € Zyn [x]. Let
I['(r)=(a)u{0} ={0,1,a, ocz,...,zx”y*z};
I*(r) = (@) = {1,a,a2,...,a" 2}
Suppose v € R, so
Y=y +pa+prag -+ p" e, o (p-adic expression). (2)

where «; € T(r). Furthermore, assume that ¢ is the smallest number with condition of
p'u = 0. We label p, n,r and t as the parameter (invariants) of R.

In our later discussion, we use r = 1 and ¢ = 1. This implies that Ry = Z,» and pu = 0.
In addition, we consider g(x) as

g(x) =x*—pln=p, 3)

where § € T*(1). From [12],
R = Zyn[u)/ (u — p" VB, pu),

where (p,n,r,t,d) = (p,n,1,1,n—1).

84



Axioms 2024, 13, 552

The total sum of all minimal ideals in R is what we define as the socle of R, also known
as soc(R). As R is commutative, thus

soc(R) ={veR:v e ann(])},
ann(J) ={a€R:ay =0, forally € J}.
We will highlight the definition of Frobenius rings that is most pertinent to our analysis.

In [14], R is called Frobenius if
R/] = soc(R).

Let Homy (R, C*) denote the character group of (R, +), then elements of Homy (R, C*)
are called characters x of (R, +). If kery has no non-trivial ideals of R, then y is named a
generating character.

Theorem 1 (Honold [14]). Let R be a finite ring. Then, soc(R) is cyclic, if and only if R is a
Frobenius ring.

A code C of length N over R is a subset of RV; it is called a linear code if C is a
submodule [4]. Furthermore, by including the inner-product (-) in RN, we can define the
dual code C* of C as follows

Ct={u:c-u=0,ceC}. 4)

3. On the Ring Zn [u]/(u* — p"=D B, pu)

In this section, we prove some results on the ring R = Zyn[u]/(u? — p"=V B, pu)
which is a finite ring of order p" ! and with residue field F = Z,. These results help us in
the subsequent discussion.

Theorem 2. The ring R = Zyn[u]/ (u? — p"~1B, pu) is a Frobenius local ring.

Proof. As each element of R is uniquely written a + bu, where a € Z,» and b € I'(1). Also,
as ] = (p,u), then R is a local ring of order p"*! and J" = 0. In fact, R is a local ring with a
singleton basis and p, 1,1, 1. We now prove that R is Frobenius. Because elements of soc(R)
annihilates | = (p,u), particularly pu = 0, p"~'p = 0, then p"~ '] = 0. Thus, p"~! €
soc(R). Suppose x € soc(R) and x # 0. Then, x] = 0; in particular, xu = 0. This implies
that x € (p), but as xp = 0 will also lead to x € (p"~!). Hence,

soc(R) = (p" ).
Using Theorem 1, R is Frobenius. O
Corollary 1. As ] = (p,u), then R is a non-chain singleton ring.

Remark 1. For any Frobenius local ring R with invariants p,n,r and t = 1, then
soc(R) = (p" ).

3.1. Determination of Rings of Order p" ! with p,n,1,1,n — 1

An exhaustive characterization of all rings with p,n,1,1,n — 1 is given by Theorem 3,
which is essential for our upcoming discussion.

Theorem 3. Assume that R is a ring and that (p,n,r,t,d) = (p,n,1,1,n — 1) is its invariant.
Then, among the rings given in Table 1, R is isomorphic to one particular ring.
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Table 1. Rings of order p"*! with p,n,1,1,1n — 1.
P#2 p=2
Ry = Ly [u]/ (u> = p" 1B, pu)
Ry = Zp: [u]/(u? = p"=1, pu) Ry = Zou[u]/ (12 — 271, 2u)

Proof. Every element of R is uniquely expressed as a + bu, where a € Zyn and b € T'(1). As
pu = 0, then the associated polynomial is of the form g(x) = x> — p"~18, where g € T*(1).
Suppose that p = 2. AsT*(1) = {1}, hence there exists precisely one class represented by

Rz = Zopn[u]/ (u® — 21, 2u).

From now, we assume that p # 2. Consider the usual partition on I'*(1).

A={BeT*(1): BT (1))
B={BeT*(1):pel* (1)}

It is worth noting that | A |— = —| B | . We next proceed the proof with two cases.

Case a. We show that R; and R, are not isomorphic, that is, they are not in the same
class when € A. In contrast, suppose that R; = Ry, and define the isomorphism as ¢.
Assuming J(R) = (p,v), for some B’ € T*(1), ¢(u) = p'v. Consequently, we note

We have ¢(B) = B, because ¢ restricted to I'(1) is a fixed isomorphism. Furthermore,
because p # 2, this contradicts the assumption about 8, and thus 8 # B'2. Therefore,
Ry Z Ry.

Case b. When B € B. In such a case, there exists 1 € I'*(1) such that § = p2. Note that

g(x) =2 —p"7lp

x pn lﬁZ

= BB 1 = p"

= BHl(BT )% = p" 1],
As u is a root of g(x), then g(u) = 0, and hence u? — p"~!B = 0. This implies that, from the
above argument, 82[(B; 'u)? — ] = 0. Thus, (B 'u)? — p"~! = 0. This suggests that
g(x) for Ry can be taken as g(x ) 2 — p"~1, which is identical to that of Ry. As a result,

Ry 2 Ry. To sum up, we have two classes of such rings that are not isomorphic

Q) : All rings with associated polynomials g(x) = x*> — p" 18, where € A;
0, : All rings with associated polynomials g(x) = x> — p" !B, where g € B.

The first class is represented by

Ry = Zpn[u]/ (u* — p"~'B, pu),
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where § is any element in A. While the second class is represented by
Ry = Zpn [u]/(u? — ", pu).
O

Corollary 2. Let N(p,4,1,1,3) be the number rings with (p,4,1,1,3). Then,

1, if =2
N(p,4,1,1,3) = {2 ;g;&z

Proof. The proof is direct from the proof of Theorem 3 withn =4andd =n—-1. O

3.2. Lattice of Ideals of R
Theorem 4. The ideals of R is given by the following lattice (see Figure 1).

(1)=R
u) =]
/
Lo =(p" % u) ~—— - =D —(p u) L= =(P)\Io =(u)
\
z(}ﬂﬂ” 2)%--- — I =(u+p?) I =(p?)
\
\P =(*)
Jo=U =)
J"=(0)

Figure 1. Lattice of ideals of R = Zy [u]/(u* — p" 1B, pu).

Proof. Consider a proper ideal of R, I. As R is local, | represents the only maximal ideal
of R; hence, I C J. This indicates that I is generated by a combination of p and u and
their powers. Given that pu = 0 and u? = Bp"~!, we have (p' + u?) = (p',u?) = (p/),
where j = min{i,n — 1}. Thus, we only consider ideals generated by p’ and u and their
combinations. In other words, without raising | to a power, there are only n choices for
I, namely

(1), (p), (wp" +u), (P, u),
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where v € U(R) andi =1,2,...,n. First, note that (op +u) = (p' + w), where w = v~ 'u.
Itis clear that (p' +u) C (p',u) and (p',u) C (p/,u), and, moreover, (p' +u) C (p/ +u),
where i > j. Thus, if I; = (p',u) and I/ = (p' +u),

I, ,Cl, 3C---Clh Cl;

I ,CI, sC---CIhClI

Ii/ C I.
As u? = Bp" !, thus I, 1 = (p" ', u) = (p”f1 +u) = (u) = Io. Finally, we justify that
J' = (p"), where i > 1. As pu = 0, then J' = (p', u). If i = 2, then J? = p*(1,p" ) = (p*.)
Now, if i > 2, then u' = 0, and hence |' = (p'). Therefore, the results follow. [

Corollary 3. Suppose R as in Theorem 4. Then, fori =1,2,...,n,

pn+1, l:fI =R;
P, ifI=7;
pn—1’ l'fI — Ip}
|I‘: pzr if I =1y
(p=Dp", ifl=1;
Pl =1,
pn—l if[ — ]z'

Remark 2. Two non-isomorphic rings can have the same ideal lattice.
Remark 3. Theorem 4 states that every ideal of R contains soc(R).

Example 1. The ring Zu[u]/(3* — 27,3u) is a Frobenius local non-chain ring. Because d = 3,
t = 1, the assumption of Theorem 2. Note that soc(R) = (3%) and | soc(R) |=| F |.

3.3. Units of R = Zpn[u] / (u® — p" 1B, pu)

The form of the units of R will be established in this subsection, which will be useful
in the following section. The elements in R \ | are the units of R, as R is local. Furthermore,
because | = (p,u),ifa € R\ J,

& =a-+bu, %)

where a € Zyn, (a,p) = 1and b € R. The elements of Zn can be written as

A= +pag+pPaz+--+p' e

s
where a; € T'(1)* and w; € T'(1), fori =2,3,...,n. Thus, « € U(R) can be expressed as
x =B+ wx, (6)
where g € IT'(1)*, w € Rand x € J. In other words,
o = Bh, (7)

where h = 1+ wp~'x € H = 1+ ]. Moreover, observe that T (1)*NH = 1,as (p — 1, p") = 1.
Consequently, the following theorem is established.

Theorem 5. Every element v of U(R) is of the form v = x or v = x + au, where (x,p) = 1 and
« € T(1)*. Moreover, U(R) is of order (p — 1)p" and

U(R) = () x H. ®)
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Example 2. If R = Zys[u]/(u* — 23B,2u), then the units of R are of the form
U(R) = {1,3,5,7,9,11,13,15,1 + 1,3 + 1,5+ 1,7 + 1,9 + 1,11 + 1,13 + u, 15 + u}.

4. MacWilliams Identities

With p,n,1,1 as invariants and g(x) = x> — p" !B, let R be a Frobenius local ring.
Theorem 6 outlines a method to produce a generating character x for any such ring. Suppose
7 is a p"i-root of unity and a; < mr for each i.

Theorem 6 ([7]). Let R be a ring with p,n,r,t,d. There is q € Z, such that g > 1, and
x(w) =175y )
is a generating character of R, 1 <i < q.

The formulas of x for R are shown in the following Table 2, where v, §, and { are the
p"th, pth, and 2"th roots of unity, respectively.

Table 2. x for the ring R.

Ring (R,+)
Zzn [M]/(Hz — 2"71,21/[) Zz4 X Z2 X(ﬂ + bu) = éll(_l)b
Zpn [u]/ (u? — p"~1, pu) Lpn X Ly x(a+bu) =26°

The MacWilliams identities for various version of R are now computed. Actually, the
class of all Frobenius rings is a broader class of finite rings to which these relationships
can be extended. These identities are fundamental to the study of coding theory because
they introduce a crucial link between a code’s dual and weight enumerator. Assume the

following: The elements in R = {ay,4a3,a3, .. .ap(,,“)} are in that order. Suppose C is a

linear code over R with length N. Let us assume that 7;(c) is the number of instances of a;
in ¢ € C. The complete weight enumerator is then denoted as

CWE(C) = YT Ta". (10)

ce i

CWEc(xay, ..., X ——CWEL (A X4y,...,X (11)

”p(n+1) ) | CJ_ | ”p(n+1) )’

where A = (a;;), and a;; = x(a;a;). We define wt(c) =| {i : ¢; # 0} | . The Hamming
weight (HW) enumerator and its MaCWﬂhams identity are given by

HWc(a,b) = Y aN-wte)putle), (12)
ceC
1
HWc(a,b) = c ‘HW@( a+ (p"*) —1)b,a —b). (13)

Suppose that ~ is defined on R by x ~ y when there is w € U(R), such that x = wy. It
is evident that this relation is equivalent. Let by, ..., Eq be the equivalence classes and let
n’(c) calculate the number of elements of b; that occurred in the codeword ¢. Hence, SWE
is defined as follows

SWEC(xgl, ey, xl;q) = ZC H xl;]_”r,'(c). (symmetrized weight enumerator) (14)
cc 1

We introduce the MacWilliams equation for SWE as

1
SWEc(xBl,. . .,XB )

) oL |SWECL(S (xbl,...,xgq)), (15)
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where S = (b;j) and

bij =Y x(aa).
a€b;

As we can notice, once x is obtained, it is straightforward to obtain the matrix A in
Equation (11). Nonetheless, S in Equation (15) necessitates the determination of the classes
Bi. While it takes more work, this procedure is essential for building S. If we look at the
broader case for n, that is, Zy:[u]/(u? — p"~1B, pu). Note that | = (p, u) in this ring, of
order (p — 1)p*, with | = 4, as its index of nilpotency, and soc(R) = (p3). Then, one can
obtain the set of b; as follows.

b = {0},

by =UR) = {iji+ju: (,p)=1,j=1,2,...,p—1},
bs = (p) \ (p?),

by = (u) \ soc(R),

bs = (u+p) \ (p?),

be = (u+p»)\ (pP°),

by = (p*)\ (P°),

bg = (u+p*)\ (p*),

bo = (p*)\ (p*),

b= (u+p)\ (pD),

by = (p)\ (p*1),

by_1 = soc(R)\ {0} = J"~1\ {0} = (p"1).

For a more general case, we have a detailed scheme for finding b;; in the following lemma.

Lemma 1. Let R = Zyn [u]/ (u* — p"~1, pu). Then,

1 b; |, if a;bj = {0};
bij =10, if p" =1 & aibj;
(—1)ﬁ 1 bj |, ifp" ! € aby.

Proof. Suppose that aiﬁj = {0}, then b;; = Zbeb} xab = ZbEEjO =| bAj |. For the other
cases, assume that a,-bAj # {0}. First, let p" ! € aib}. Assoc(R) = (p"1), then p"~! = ay,
wherex € T*(1) and y € 5]- are a representative of 5]-. Now, also suppose that x € ail;]-, then
x = a;y’ for some i’ in b}. It follows that x = yp"~!, where v € I'*(1). This means that all

elements of a,b} are of the form ap”~!, which can be interpreted as the set aibA]- is just copies
of soc(R). Thus,

(2mi)a

bl']':No Z e’
ael*(1)

However, we have the following formula for complex numbers,

(27ti)j

p—1
1+Y er =o. (16)
j=1
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S(p,4,1,1,3) =

1
1
1

—_

= S =Y

The positive Ny reflects the number of copies of soc(R), which is precisely Ny = ﬁ | bAj |
Therefore,
1
bij = (—1)7’? 7

The last case of the proof can be achieved similarly by noting that every element of uibAj can

1|

be expressed as x + ap”~!, where a € T'(1). In such a case,

bij =Y x(x) Y. x(ap™™h).

ael(1)
Hence, by Equation (16), we conclude the results. [

Theorem 7. The S matrix for R = Z,a[u]/ (u? — p3, pu) is given as

(p=Dp* (p-1)p* (p-Dp (p-Dp* (p-p (p-Dp (p-1)
0 0 0 0 0 0 -1
0 0 (r—1p 0 -p -p (p-1)
0 (p—Dp*  —p -p* -p plp-1 (p-1)
0 0 -p 0 —p -r (-1
0 - plp-1) P popp-1 (p-1)
0 -p»  (p-p P (p-p (p-Dp (p-1)
-pt (p-1p* (p-Dp (p-1p* (p-p (p-Dp (p-1)

Proof. Let us assume that the elements of R are ordered as follows: if i,j € Zp4, then
i comes before j if i < j as an integer, and i + u comes before j + u if i precedes j. The
equivalency classes are therefore

1 =10},
by =U(R) = {iji+ju: (i,p) =1},
b= (p)\ ()

4 = (u) \ soc(R),

5= (u+p)\ (p?),

%6 = (u+ p?) \ soc(R),
b7 = (p?) \ soc(R),

s = soc(R) \ {0} = 2\ {0} = (p°).

Thus, by using Lemma 16 and after making the necessary computations, the results are
obtained. [

Remark 4. The matrix S can be obtained for R when n > 4, but the computations will be tedious.
We then move on to a numerical demonstration of these computations and their steps

for examples of rings with 3°. We will first concentrate on comprehending b; under ~

before building S.

Example 3. Suppose that R = Zn[u]/ (u* — 3%,3u). Assuming the order for the elements of R

as:
m=0,a=1a3=3,a4,=u,a5 =u+3,a6 =u—+9,a, =9,ag = 27.
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We then compute S, which requires a large number of calculations. The b; for R that we must obtain
are listed as ~
by = {0},

by =UR) = {i,i+ju: (i,3)=1,j=1,2},
b} =(3)\ (9),

by = (u) \ soc(R),

bs = (u+3)\(9),

~

bs = soc(R) \ {0} = J*\ {0} = (22).
Therefore, by Theorem 7, we obtain

1 162 18 6 18 6 6 2

5(3,4,1,1,3) =

o o o o o o
o
I
w
o
I
w
I
w

N DN N N N DN

As a summary, we introduce Table 3 to present S and b;.

Table 3. S and b; for - [u]/ (u? — P, pu).

PN

Ring S b;

Zyslu)/ (> = p°B,pu)  S(p,4,1,1,3) {0}, U(R),(p) \ (p?), (1) \s0c(R),(u+ p) \ (p?),(u+ p*) \ (p*), (P*) \ (), (p*) \ {0}
Zylu)/ (u* = p*,pu)  S(p,4,1,1,3)

Zylul/ (> =2%,2u)  5(2,4,1,1,3) {0}, U(R),(2)\ (4), (u) \s0c(R),(u+2)\ (4),(u+4)\(8),(4)\ (8),(8) \ {0}

Remark 5. From the above discussion, S is an equivalent matrix for every ring that is examined in
this article.

5. Generator Matrices

The remaining content of the article is devoted to Frobenius local rings of order p5,
R = Zulul/ (u? — p°, pu). (17)

Definition 1. If the vectors with coefficients from | cannot be combined linearly in a nontrivial
way to equal the zero vector, we refer to the vectors vy, ..., v, as modularly independent. When the
rows of G independently produce the code C, then G is a generator matrix over the ring R.

Remark 6. Every linear code C over R has a generator matrix G and this matrix is unique up to
raw equivalency.

This section finds matrices G that produce linear codes over R. Building a generator
matrix G for codes over non-chains is more difficult than for those over chains. This kind
of generator matrix might not provide straightforward information about the code size or
number of codewords, even though one can still locate a basic set of generators.
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Figure 2 above illustrates ideals of R. As | | |= p*, | (p) |=| (u) |=| (u+p) |=|
(P2 u) |=p3, | (u+p?) |=| (p?) |= p?> and | (p®) = soc(R) |= p. Therefore, the goal of
this section is to produce a collection of independent modular elements that function as a
code’s generator matrix’s rows. A complete description of the structure of G is given by the
following theorem.

(1)=R
Gu)=]J
/ \
I =(32,u) L =(u+3) I, =(3) Iy =(u)
| N
I, =32 +u) J? =3
\
P =@)
J*=(0)

Figure 2. Lattice of ideals of R = Zs:[u]/ (u* — 338, 3u).

Theorem 8. Assume C is a linear code with N over R = Z, [u]/ (u? — p3B, pu). Thus, for any
C, any G is raw equivalent to

L, | A2 | Az Ay Ats Ate Az | Ag | Ay

ine0 | ple, | A Ay Ags Az Ag7 | Agg | Ang
0 ule,

ine 0 0 ule, 0 0 0 Aszy

G= 0 0 0 | (u+p*)l, | 0 0

0o | o] o 0 pl, 0 0 | A | Ag
o oo 0 0 | (p+u)ly | 0
0o | 0| o0 0 0 0 Pl

ine 0 0 0 0 0 0 0 p3Ie7 Agg

where Ajj are matrices of various sizes.

Proof. Let G be a matrix such that the rows r;’s of the matrix produce C as an R-module.
Every column containing a unit is moved to the left of G. We obtain a matrix of the form by
row reduction on those columns,
— IEO *
¢~ (5 4)
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Now, not every element in A is a unit. To transform the matrix into the next form, we shift
all columns containing elements of ] = (2, 77) to the left once more and apply the primary
row operations.

L, *  *

0 *
G = P

0 u «

0 0 A

We continue with this algorithm, making sure that the matrix A; is created by putting
elements in columns such that they form a pair (p, u). We keep doing this until the matrix
takes on the form that we want.
Ie, * *
ine0 | pl, | *
0 ul,,
ine 0 0 Ay

where only one of (p), (1), (p+ u), and (p? + u) is represented by the elements of the
matrix Ap’s columns. We will now move over to the matrix A,. The four ideals are (u),
(p® +u), (p), and (p + u). We choose a particular ordering for each ideal for the sake of
producing a one expression of the matrix. The matrix will be constructed using this selected
order consistently. Assuming v is a unit of R, we proceed as follows: columns with entries
of the form 1o, columns with elements of the form (u + p*)v, and finally columns with
elements of the form (p)v. Lastly, we address columns that take the form (u + p)v. We carry
out row reduction in the standard way in each step. Observe that both (p) and (u + p)
contain the ideal (p?). Consequently, we redo similar a process with (p?) as the remaining
column entries will come from (p?).

ul, 0 0 0 *
0 | (u+p*ly | O 0
0 0 ple, 0 0 | *
0 0 0 | (p+u)les | 0
0 0 0 0 p?Le,

ine 0 0 0 0 0 | A;

Finally, every component of A3 originates from the ideal that p> generates. We obtain a
matrix that precisely corresponds to the desired form by removing any rows that contain
only zeros and completing one last row reduction round. O

Proposition 1. Ifv € RN, and M = (v) is a R-submodule. Then, | M |€ {p°, p*, p°, v%, p,0}.

Proof. Let I be an ideal created by the vector v’s coordinates. Also, let T = annl(I). Then,

[ R
| M |= = =I1].

| T|
By Figure 2, | I |€ {p°, v*, p%,p?, p,0}. O
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Theorem 9. Let M = (w,v) be R-submodule, where the coordinates of w,v are not units of
R. Thus,

| M e {p% 07 0% 1t P, P
Proof. From Proposition 1, we have | M |< p8. As | (p®) |= p, thenp? <| M |. O
Example 4. To have a code C over R = Zu [u]/ (u? — p3, pu) of order p*, set N = 1 with
C = (p,u). Then, | C |= p*. Meanwhile, to construct C with size p°, suppose C = (w, v) with

N =2,w = (p,u) and v = (u,p). This implies | C |= p°. Take N = 4, w = (p,0,u, p) and
v = (u,p,0,0). Hence, | C |= p®. Therefore,

Example 5 shows a minimal set of generators may not exist for C over a (non-chain)
Frobenius local, which makes the code more complex. Stated differently, it highlights the
differences in coding over chain rings and that over non-chain rings.

Example 5. Let G be a generator matrix of the code C over Zya[u]/ (u? — p3,2u) of the form

p u
u 0
0 p

Assuming that M represents the R-submodule produced by r1 and r; of G, and M the R-submodule
produced by r3 G,
My M, # ¢.

This indicates that the module C cannot be reduced.

6. Conclusions

We conclude that, up to isomorphism, all rings of the form R = Zn [u] with u? =p"1p
and pu = 0 have been successfully classified in terms of p,#,1,1,n — 1. Furthermore, gen-
erator matrices and MacWilliams relations for linear codes over such rings have been
discovered. These are popular and effective tools for encoding data over chain rings; codes
over local non-chain rings may not be able to achieve such a case. The challenge is in
identifying a smallest number of generators and counting the code size because non-chain
local rings are not PIRs. This restriction suggests that in order to effectively handle such an
issue, different approaches or strategies are needed.
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Abstract: The aim of this work is to investigate the properties and classification of an interesting
class of 4-dimensional 3-Hom-Lie algebras with a nilpotent twisting map « and eight structure
constants as parameters. Derived series and central descending series are studied for all algebras
in this class and are used to divide it into five non-isomorphic subclasses. The levels of solvability
and nilpotency of the 3-Hom-Lie algebras in these five classes are obtained. Building upon that,
all algebras of this class are classified up to Hom-algebra isomorphism. Necessary and sufficient
conditions for multiplicativity of general (1 + 1)-dimensional n-Hom-Lie algebras, as well as for
algebras in the considered class, are obtained in terms of the structure constants and the twisting
map. Furthermore, for some algebras in this class, it is determined whether the terms of the derived
and central descending series are weak subalgebras, Hom-subalgebras, weak ideals, or Hom-ideals.
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1. Introduction

Hom-Lie algebras and more general quasi-Hom-Lie algebras were introduced first
by Hartwig, Larsson, and Silvestrov in [1], where the general quasi-deformations and
discretizations of Lie algebras of vector fields using more general o-derivations (twisted
derivations) and a general method for construction of deformations of Witt- and Virasoro-
type algebras based on twisted derivations was developed, motivated by the g-deformed
Jacobi identities observed for g-deformed algebras in physics, g-deformed versions of homo-
logical algebra, and discrete modifications of differential calculi [2-15]. The general abstract
quasi-Lie algebras and the subclasses of quasi-Hom-Lie algebras and Hom-Lie algebras
as well as their general colored (graded) counterparts have been introduced in [1,16-19].
Subsequently, various classes of Hom-Lie-admissible algebras have been considered in [20].
In particular, in [20], the Hom-associative algebras have been introduced and shown to
be Hom-Lie-admissible, that is, leading to Hom-Lie algebras using commutator map as
new product, and in this sense constituting a natural generalization of associative algebras,
as Lie-admissible algebras leading to Lie algebras via commutator map as new product.
In [20], moreover, several other interesting classes of Hom-Lie-admissible algebras general-
izing some classes of non-associative algebras, as well as examples of finite-dimensional
Hom-Lie algebras, have been described. Hom-algebra structures are very useful since
Hom-algebra structures of a given type include their classical counterparts and open more
possibilities for deformations, extensions of cohomological structures, and representations.
Since these pioneering works [1,16-18,20,21], Hom-algebra structures have developed into
a popular broad area, with an increasing number of publications in various directions (see,
for example, [16,22-34] and references therein).
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Ternary Lie algebras appeared first in a generalization of Hamiltonian mechanics by
Nambu [35]. In addition to Nambu mechanics, n-Lie algebras have been revealed to have
many applications in physics. The mathematical algebraic foundations of Nambu me-
chanics were developed by Takhtajan in [36]. Filippov, in [37], independently introduced
and studied the structure of n-Lie algebras and Kasymov [38] investigated their proper-
ties. The properties of n-ary algebras, including solvability and nilpotency, were studied
in [38-40]. Kasymov [38] pointed out that n-ary multiplication allows for several different
definitions of solvability and nilpotency in n-Lie algebras, and studied their properties.
Further properties, classification, and connections of n-ary algebras to other structures such
as bialgebras, the Yang—Baxter equation, and Manin triples for 3-Lie algebras were studied
in [38,41-50]. The structure of 3-Lie algebras induced by Lie algebras, classification of 3-Lie
algebras, and application to constructions of B.R.S. algebras were considered in [51-53].
Interesting constructions of ternary Lie superalgebras in connection to superspace extension
of the Nambu-Hamilton equation is considered in [54]. In [55], Leibniz n-algebras were
studied. The general cohomology theory for n-Lie algebras and Leibniz n-algebras was
established in [56-58]. The structure and classification of finite-dimensional n-Lie algebras
were considered in [37,47,59], and many other authors. For more details of the theory and
applications of n-Lie algebras, see [60] and references therein.

Classifications of n-ary or Hom generalizations of Lie algebras have been considered,
either in very special cases or in low dimensions. The classification of n-Lie algebras
of dimension up to n + 1 over a field of characteristic p # 2 has been completed by
Filippov [37] using the specific properties of (1 + 1)-dimensional n-Lie algebras that make
it possible to represent their bracket by a square matrix in a similar way as bilinear forms;
the number of cases obtained depends on the properties of the base field; the list is ordered
by ascending dimension of the derived ideal, and among them, one nilpotent algebra,
and a class of simple algebras, which are all isomorphic in the case of an algebraically
closed field, the remaining algebras are k-solvable for some 2 < k < n depending on
the algebra. These simple algebras were proved to be the only simple finite-dimensional
n-Lie algebras in [59]. The classification of (n + 1)-dimensional n-Lie algebras over a
field of characteristic 2 was achieved by Bai, Wang, Xiao, and An [48] by finding and
using a similar result in characteristic 2. Bai, Song, and Zhang [47] classified the (1 + 2)-
dimensional n-Lie algebras over an algebraically closed field of characteristic 0 using the
fact that an (n + 2)-dimensional n-Lie algebra has a subalgebra of codimension 1 if the
dimension of its derived ideal is not 3, thus constructing most of the cases as extensions
of the (n + 1)-dimensional n-Lie algebras listed by Filippov. In [61], Cantarini and Kac
classified all simple linearly compact n-Lie superalgebras, which turned out to be n-Lie
algebras, by finding a bijective correspondence between said algebras and a special class of
transitive Z-graded Lie superalgebras; the list they obtained consists of four representatives:
one of them is the (n + 1)-dimensional vector product n-Lie algebra, and the remaining
three are infinite-dimensional n-Lie algebras.

Classifications of n-Lie algebras in higher dimensions have only been studied in par-
ticular cases. Metric n-Lie algebras, that is, n-Lie algebras equipped with a non-degenerate
compatible bilinear form, have been considered and classified, first in dimension n + 2 by
Ren, Chen, and Liang [62] and dimension # + 3 by Geng, Ren, and Chen [63], and then, in
dimensions n + k for 2 < k < n + 1 by Bai, Wu, and Chen [64]. The classification is based
on the study of the Levi decomposition, the center, and the isotropic ideals and properties
around them. Another case that has been studied is the case of nilpotent n-Lie algebras,
more specifically, nilpotent n-Lie algebras of class 2. Eshrati, Saeedi, and Darabi [65] clas-
sify (n 4 3)-dimensional nilpotent n-Lie algebras and (n + 4)-dimensional nilpotent n-Lie
algebras of class 2 using properties introduced in [66,67], and also consider capable n-Lie
algebras and the classification of a subclass of nilpotent n-Lie algebras in [68]. Similarly
Hoseini, Saeedi, and Darabi [69] classify (n + 5)-dimensional nilpotent n-Lie algebras of
class 2. In [70], Jamshidi, Saeedi, and Darabi classify (n + 6)-dimensional nilpotent n-Lie
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algebras of class 2 using the fact that such algebras factored by the span of a central element
give (n 4 5)-dimensional nilpotent n-Lie algebras of class 2, which were classified before.

Classifications of Hom-Lie algebras and other Hom-Lie types have also been consid-
ered in either low dimensions or special cases. Multiplicative 3-dimensional multiplicative
Hom-Lie algebras have been classified in [71], more specifically, Hom-Lie algebras which
are not Lie algebras. In [72], the special cases of nilpotent and filiform Hom-Lie algebras
are studied and classified up to dimension 7. In [73], the algebraic varieties of Hom-Lie
algebras over the complex numbers are considered; it is shown that all 3-dimensional skew-
symmetric algebras can be Hom-Lie algebras, but this is not true for the 4-dimensional case.
Some more properties of the algebraic varieties of Hom-Lie algebras are studied. In [74],
the authors consider also the algebraic varieties over the complex numbers of Hom-Lie
algebras, they classify Hom-Lie structures with nilpotent twisting maps, as well as the
classification of their orbit closures. In [75], Hom-Lie structures on complex Lie algebras of
dimension 4 are studied and described. In [76], classification of 3-dimensional Hom-Lie al-
gebras is considered. The approach here is to first classify skew-symmetric multiplications,
while indicating which ones define Lie algebras, then classify the twisting maps over each
skew-symmetric algebra. In [77,78], the classification of 3-dimensional Hom-Lie algebra
is achieved using a different approach. A system of polynomial equations is obtained
from the defining identities, the properties of the spaces of all linear endomorphisms that
form a Hom-Lie algebra together with a given skew-symmetric multiplication are studied.
A classification of 3-dimensional Hom-Lie algebras for nilpotent twisting maps is achieved
by separating non-similar twisting maps, then classifying the multiplications up to isomor-
phisms of Hom-Lie algebras, that is, linear maps that intertwine both multiplications and
twisting maps.

Classification of other related structures have been considered. In [79], multiplicative
Hom-Lie superalgebras of dimension up to 3 are classified. Hom-Lie superalgebras with
trivial grading, which are Hom-Lie algebras, are omitted and Hom-Lie superalgebras that
are also Lie superalgebras are indicated. In [80], Hom-Lie triple systems, which differ
from 3-Hom-Lie algebras by the skew-symmetry condition, are studied and classified in
dimension 2 and for a multiplicative twisting map in dimension 3. Lie triple systems (when
the twisting map is the identity map) are omitted.

There has been a study of the classification of 3-dimensional 3-Hom-Lie algebras with
diagonal twisting maps by Ataguema, Makhlouf, and Silvestrov in [81].

Hom-type generalization of n-ary algebras, such as n-Hom-Lie algebras and other
n-ary Hom algebras of Lie type and associative type, were introduced in [81], by twisting
the defining identities by a set of linear maps. The particular case where all these maps
are equal and are algebra morphisms was considered and a way to generate examples
of n-ary Hom-algebras from n-ary algebras of the same type was described. Further
properties, construction methods, examples, representations, cohomology, and central
extensions of n-ary Hom-algebras were considered in [82-87]. These generalizations include
n-ary Hom-algebra structures generalizing the n-ary algebras of Lie type including n-ary
Nambu algebras, n-ary Nambu-Lie algebras and n-ary Lie algebras, and n-ary algebras of
associative type, including n-ary totally associative and n-ary partially associative algebras.
In [88], constructions of n-ary generalizations of BiHom-Lie algebras and BiHom-associative
algebras were considered. Generalized derivations of n-BiHom-Lie algebras were studied
in [89]. Generalized derivations of multiplicative n-ary Hom-(2 color algebras were studied
in [90]. Cohomology of Hom-Leibniz and n-ary Hom-Nambu-Lie superalgebras was
considered in [91] Generalized derivations and Rota—Baxter operators of n-ary Hom-
Nambu superalgebras were considered in [92]. A construction of 3-Hom-Lie algebras
based on o-derivation and involution was studied in [93]. Multiplicative n-Hom-Lie color
algebras were considered in [94].

In [95], Awata, Li, Minic, and Yoneya introduced a construction of (n + 1)-Lie algebras
induced by n-Lie algebras using a combination of bracket multiplication with a trace in
their work on quantization of the Nambu brackets. Further properties of this construction,
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including solvability and nilpotency, were studied in [43,96,97]. In [83,84], this construction
was generalized using the brackets of general Hom-Lie algebra or n-Hom-Lie and trace-
like linear forms, satisfying conditions depending on the twisting linear maps defining
the Hom-Lie or n-Hom-Lie algebras. In [98], a method was demonstrated of how to
construct n-ary multiplications from the binary multiplication of a Hom-Lie algebra and
an (n — 2)-linear function satisfying certain compatibility conditions. Solvability and
nilpotency for n-Hom-Lie algebras and (n + 1)-Hom-Lie algebras induced by n-Hom-Lie
algebras were considered in [99]. In [100], the properties and classification of n-Hom-Lie
algebras in dimension n + 1 were considered, and 4-dimensional 3-Hom-Lie algebras for
various special cases of the twisting map were computed in terms of structure constants as
parameters and listed in classes, in this way emphasizing the number of free parameters in
each class.

The n-Hom-Lie algebras are fundamentally different from the n-Lie algebras, especially
when the twisting maps are not invertible or not diagonalizable. When the twisting maps
are not invertible, the Hom-Nambu-Filippov identity becomes less restrictive, since when
elements of the kernel of the twisting maps are used, several terms or even the whole
identity might vanish. Isomorphisms of Hom-algebras are also different from isomorphisms
of algebras since they need to intertwine not only the multiplications but also the twisting
maps. All of this makes the classification problem different, interesting, rich, and not simply
following from the case of n-Lie algebras. In this work, we consider n-Hom-Lie algebras
with a nilpotent twisting map &, which means in particular that a is not invertible.

To our knowledge, the classification of 4-dimensional 3-Hom-Lie algebras up to
Home-algebras isomorphism has not been achieved previously in the literature. The aim
of this work is to investigate the properties and classification of an interesting class of
4-dimensional 3-Hom-Lie algebras with a nilpotent twisting map « and eight structure
constants as parameters, namely, 43 y(2) 6, given in [100]. All 3-dimensional 3-Hom-Lie
algebras with diagonal twisting maps have been listed as unclassified in [81]. The algebras
considered in our article are 4-dimensional, and the twisting maps are of a different type,
namely, nilpotent. Nilpotent linear maps are neither invertible nor diagonalizable, which
makes the object of our study fundamentally different from the case of n-Hom-Lie algebras
with diagonal twisting maps in the sense that when the twisting maps are not invertible,
the Hom-Nambu-Filippov identity becomes less restrictive, since when elements of the
kernel of the twisting maps are used in the identity, several terms or even the whole
identity might vanish, and when the twisting maps are not diagonalizable, the change
induced by introducing them in the identity is more significant. In this work, we achieved
a complete classification up to isomorphism of Hom-algebras of the considered class
of 4-dimensional 3-Hom-Lie algebras with a nilpotent twisting map, computed derived
series and central descending series for all of the 3-Hom-Lie algebras of this class, studied
solvability and nilpotency, characterized the multiplicative 3-Hom-Lie algebras among
them, and studied the ideal properties of the terms of derived series and central descending
series of some chosen examples of the Hom-algebras from the classification. These results
improve understanding of the rich structure of n-ary Hom-algebras and in particular the
important class of n-Hom-Lie algebras. Itis also a step towards the complete classification of
4-dimensional 3-Hom-Lie algebras and in general (1 + 1)-dimensional n-Hom-Lie algebras.
Moreover, our results contribute to the in-depth study of the structure and important
properties and subclasses of n-Hom-Lie algebras.

In Section 2, definitions and properties of n-Hom-Lie algebras that are used in the study
are recalled, and new results characterizing nilpotency as well as necessary and sufficient
conditions for multiplicativity of general (n + 1)-dimensional n-Hom-Lie algebras and
for algebras in the considered class are obtained in terms of the structure constants and
the twisting map. In Section 4, derived series and central descending series are studied
for all algebras in this class and are used to divide it into five non-isomorphic subclasses.
The levels of solvability and nilpotency of the 3-Hom-Lie algebras in these five classes are
obtained. In Section 5, building upon the previous sections, all algebras of this class are
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classified up to Hom-algebra isomorphism. In Section 6, for some algebras in this class, it
is determined whether the terms of the derived and central descending series are weak
subalgebras, Hom-subalgebras, weak ideals, or Hom-ideals.

2. Definitions and Properties of n-Hom-Lie Algebras

In this section, we present the basic definitions and properties of n-Hom-Lie algebras
needed for our study. Throughout this article, it is assumed that all linear spaces are over
a field K of characteristic 0, and for any subset S of a linear space, (S) denotes the linear
span of S. The arity of all the considered algebras is assumed to be greater than or equal to
2. Hom-Lie algebras are a generalization of Lie algebras introduced in [1] while studying
o-derivations. The n-ary case was introduced in [81].

Definition 1 ([1,20]). A Hom-Lie algebra (A, [-, -], «) is a linear space A together with a bilinear
map [-,-] : A X A — Aand alinear map o : A — A satisfying, forall x,y,z € A,

[x,y] = [y, x], Skew-symmetry
Hom-Jacobi
Y. [a() 2] = a(x), [y, 2] + [a(y), [z, 2] + [a(2), [x, y]] = 0. identity
O(xy.2) (cyclic form)

In Hom-Lie algebras, by skew-symmetry, the Hom-Jacobi identity is equivalent to

[a(x), [y, z]] = [[x, y],a(2)] + [a(y), [x,2]] Hom-Jacobi identity 1)
(Hom-derivation form)

Hom-algebras satisfying just the Hom-algebra identity (1), without requiring the skew-
symmetry identity, are called Hom-Leibniz algebras [17,20]. Thus, Hom-Lie algebras are
skew-symmetric Hom-Leibniz algebras. There are many Hom-Leibniz algebras which
are not skew-symmetric, and thus, not Hom-Lie algebras. When the twisting map is the
identity map & = Id 4 on A, Hom-Leibniz algebras become (left) Leibniz algebras, and Hom-
Lie algebras become Lie algebras. A Hom-Leibniz algebra is also a Leibniz algebra, or a
Hom-Lie algebra is also a Lie algebra if and only if the map Id 4 belongs to the set of all
linear maps « for which the identity (1) holds. Whether the map Id 4 belongs to the set of
all linear maps « for which the identity (1) holds or not depends on the underlying algebra.
The Hom-algebra identity (1) is linear with respect to a in the linear space of all linear maps
on the algebra, and hence, the set of all such « for which the identity (1) holds is a linear
subspace of the linear space of all linear maps on the algebra. There are many Hom-Leibniz
algebra which are not Leibniz algebras, or Hom-Lie algebras which are not Lie algebras.

Definition 2 ([1,16]). Hom-Lie algebra morphisms from Hom-Lie algebra A = (A, [-,-] 4, «) to
Hom-Lie algebra B = (B, [+, |, B) are linear maps f : A — B satisfying, forall x,y € A,

fxyla) = ), fW)ls @
foa = PBof. (©)

Linear maps f : A — B satisfying only condition (2) are called weak morphisms of Hom-Lie algebras.

Definition 3 ([20,23]). A Hom-Lie algebra (A, [-, -], ) is said to be multiplicative if a is an algebra
morphism, and it is said to be regular if  is an isomorphism.

Definition 4. An n-ary Hom-algebra (A, [-,..., ], {ai}1<i<n—1) is a linear space A together with

an n-ary operation, that is, an n-linear map [-,...,:] : A" = A x -+ X A — A and linear maps

n
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a;j: A — A1 <i<n—1 Ann-ary Hom-algebra is said to be skew-symmetric if its n-ary
operation is skew-symmetric, that is, satisfying, forall x1,...,xX,_1,Y1,...,Yn € A,

[Xo(1) -+ s Xo(my) = sgn(0)[x1, ..., Xn]. Skew-symmetry 4)

The n-Hom-Lie algebras are an n-ary generalization of Hom-Lie algebras to n-ary
algebras satisfying a generalization of the Hom-algebra identity (1) involving the n-ary
product and n — 1 linear maps.

Definition 5 ([81]). An n-Hom-Liealgebra (A, [, ...,-], {a;}1<i<n—1) is a skew-symmetric n-ary
Hom-algebra satisfying, for all x1,...,%,_1,Y1,...,Yn € A,

Hom-Nambu—Filippov identity
[al(xl)/"'ranfl(xnfl)/ [yl/"‘/ynﬂ = (5)

M-

l
-

[“1 (yl)/ s /“ifl(yifl)/ ['xll ey xn—l/yi]/“i(]/iJrl)/ e /“n—l(]/n)]-

Remark 1. If a; = Id4 forall 1 < i < n — 1, then one obtains an n-Lie algebra [37]. There-
fore, the class of n-Lie algebras is included in the class of n-Hom-Lie algebras. For any linear
space A, if [x1,...,Xu)y = 0 forall x1,...,x, € A and any linear maps a1, ..., &,_1, then
(Al los1, .-, ty—1) is an n-Hom-Lie algebra.

Example 1. Let A be a 4-dimensional linear space, and {e; }1<ij<a be a basis of A. Consider the

11 -1 -1
. ) ) . ) 0 2 -1 1
linear map « : A — A given by its matrix in the basis {e;}1<j<a, (] = 00 1 -2l°
00 0 -1
and the trilinear skew-symmetric map |-, -, -] defined by
[61162/ 63] = —€ + €3,
[e1,€2,e4] = 261 — €3 + ey,
[e1, e e]——le +e —le
1,€3,€4] = 2 1 2 2 4,
[e2, e e]—ge +ey+2e fle
2/63,04] = S€1 1€ 3= 56
Then, (A, [, -, -], «) is a 3-Hom-Lie algebra by [100], (Proposition 19.12).
0 00O
. . ) . . 0 01 0f.
Consider the linear map a1 : A — A defined by its matrix [aq] = 000 1]™ the
0 00O
basis {e; }1<i<a, and the trilinear skew-symmetric map [-, -, -] defined by
[61/62/ 83}] =0
le1,e2,e4]y = ey
[61,63,64}1 = —ey+ ey
ez, €3, €4y =

Then (A, [-,-,-]1,a1) is also a 3-Hom-Lie algebra by [100], (proposition 19.16).
Definition 6 ([81,87]). The n-Hom-Lie algebra morphisms of n-Hom-Lie algebras

A= (AL, Jadnihicicn-1), B=(B[,....-]s {Biti<i<n-1)
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are linear maps f : A — B satisfying, forall x,...,x, € Aandalll1 <i<n-1,
fxreoxnla) = ) fO)ls, Q)
foui = PBiof @)

Linear maps satisfying only condition (6) are called weak morphisms of n-Hom-Lie algebras.

The n-Hom-Lie algebras (A, [-,..., ], {&i}1<i<n—1) witha; = --- = a,,_1 = a will be
denoted by (A, [, ..., ], a).

Definition 7 ([87]). An n-Hom-Lie algebra (A, [, ...,-],«) is called multiplicative if « is an
algebra morphism, and regular if « is an algebra isomorphism.

The following proposition, providing a way to construct an n-Hom-Lie algebra from
an n-Lie algebra and an algebra morphism, was first introduced in the case of Lie algebras,
and then, generalized to the n-ary case in [81]. A more general version of this theorem,
given in [87], states that the category of n-Hom-Lie algebras is closed under twisting by
weak morphisms.

Proposition 1 ([81,87]). Let B : A — A be a weak morphism of n-Hom-Lie algebra A =
(A [ L A{aiti<i<n—1), and multiplication [, . ..., -] is defined by

[xl,...,xn]ﬁ = B([x1, ..., xu])-

Then, (A, [ ]g {Bo “i}lgz‘gn—l) is an n-Hom-Lie algebra. Moreover, if (A, [-,...,-], &) is
multiplicative and B o a = w o B, then (A, [..., ']ﬁ’ Bo oc) is multiplicative.

The following particular case of Proposition 1 is obtained if & = Id 4.

Corollary 1. Let (A, [-,...,]) bean n-Liealgebra, p : A — Aan algebramorphism, and [-, ..., -|g

is defined by [x1, ..., xn|g = B([x1,.. ., xn]). Then, (A, [erlpr ,B) is a multiplicative n-Hom-
Lie algebra.

The following definition is a specialization of the standard definition of a subalgebra
in general algebraic structures to the case of n-Hom-Lie algebras and n-ary skew-symmetric
Hom-algebras considered in this paper.

Definition 8. A Hom-subalgebra B = (B,[-,..., |5,B1,---,Bn—1) of an n-Hom-Lie algebra,
or more generally, of an n-ary skew-symmetric Hom-algebra A = (A, [-,...,- |4, &1,...,0y—1) is
an n-ary Hom-algebra consisting of a subspace B of A satisfying, for all x1,...,x, € B,

1. a;(B) CBforalll<i<n-—1,
2. [x1,...,x4]4 €B,

with the restricted from A multiplication [-,...,-]g = [-,..., |4 and linear maps B; = w;,
1<i<n-1onB.

The following definition is a direct extension of the corresponding definition in [20,23,87]
to arbitrary n-ary skew-symmetric Hom-algebras.

Definition 9. An ideal of an n-Hom-Lie algebra or more generally of an n-ary skew-symmetric

Hom-algebra (A, [, ..., ], a1,...,ay_1) is a subspace I of A satisfying, for all x1,...,x,_1 € A,
yel
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1. a;(I) Clforalll <i<n-—1
2. [x1,...,x5-1,Y] € I (or equivalently [y, x1, ..., x,—1] € D).

The following definitions are a direct extension of the corresponding definitions in [99]
to arbitrary n-ary skew-symmetric Hom-algebras.

Definition 10. Let (A, [,..., ], a1,...,a,_1) be an n-Hom-Lie algebra or more generally an
n-ary skew-symmetric Hom-algebra, and let I be an ideal of A. For2 <k < mnand p € N, we
define the k-derived series of the ideal I by

DY(I) = Land D! = ([DF(1),...,DV(I), A,..., A]).
k n—k

We define the k-central descending series of I by

+1
Cl(I)=Tand C"(I) = ([C/(]),L,...,LA,...,A]).
k-1 n—k

Definition 11. Let (A, [-,..., ], a1,...,&,—1) be an n-Hom-Lie algebra, or more generally an
n-ary skew-symmetric Hom-algebra, and let I be an ideal of A. For 2 < k < n, the ideal I is said to
be k-solvable (resp. k-nilpotent) if there exists r € N such that D} (I) = {0} (resp. C;(I) = {0}),
and the smallest r € N satisfying this condition is called the class of k-solvability (resp. the class of
nilpotency) of 1.

The following direct extension of the corresponding result in [99] to arbitrary n-ary
skew-symmetric Hom-algebras is proved in the same way as in [99] since the proof does
not involve the Hom-Nambu-Filippov identity.

Lemmal. Let A= (A, [,..., |4 (@i)1<i<n) and B = (B, [-, ..., ], (Bi)1<i<n) be two n-ary
skew-symmetric Hom-algebras, f : A — B be a surjective n-Hom-Lie algebras morphism and I an
ideal of A. Then, forallr € Nand2 <k < n:

F(D(D)) = Di(f(I)) and f(Ci(I)) = C(f(I)).

This lemma also implies that if two n-Hom-Lie algebras are isomorphic, they would
also have isomorphic terms of the derived series and central descending series, which also
means that if two n-Hom-Lie algebras have a significant difference in the derived series or
the central descending series, for example, different dimensions of given corresponding
terms, then they cannot be isomorphic.

Lemma 2 ([100]). Let A be a linear space, let [-, ..., -] be an n-linear skew-symmetric map (n > 2),
and let ay, ..., u,_1 be linear maps on A. If the (n — 1)-linear map

(X1, Xp1) = [ (x1), . 1 (Xy—1),d]
is skew-symmetric for all d € [A, ..., A, then the (2n — 1)-linear map H defined by

H(xll e rxnflrylr .. ~;yn) = [061 (xl)/ cee & (xnfl)r [ylr- . ~/yn]]

™=

(w1 (Y1), -1 (Wr—1), (X1 - - X1, Vi) @k (Vi1 ) - - - @n—1(yn)),

k=1

forall x1,...,%4_1,Y1,...,Yn € A, is skew-symmetric in its first n — 1 arquments and in its last
n arguments.
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Proposition 2 ([100]). Let A be an n-dimensional linear space (n > 2), and {e; }1<;<, be a basis of
A. Any skew-symmetric n-linear map [, ..., -] on Ais fully defined by giving [ey, ..., ey = d € A.
Let oy, ..., 0,1 be linear maps on A. If the (n — 1)-linear map

(Xl,. . .,xn,l) —> [0(1(9(1),. ..,Ocn,1(xn,1),d]

is skew-symmetric, then (A, [-,..., ], a1,...,&,—1) is an n-Hom-Lie algebra.

Corollary 2 ([100]). Let A be an n-dimensional linear space (n > 2), and {e; }1<i<, a basis of A.
Any skew-symmetric n-linear map [-, ..., -] on A is fully defined by giving [e1, ..., ey) =d € A.
For any linear map a on A, (A, [-,...,+], &) is an n-Hom-Lie algebra.

Let (A, [, ..., ],«) be an n-ary skew-symmetric algebra of dimension n + 1 with a
linear map «. Given a basis {e;}1<j<,+1 of A as linear space, the linear map « is fully
determined by its matrix determined by action of « on the basis, and a skew-symmetric
n-ary multi-linear operation (bracket) is fully determined by [ey,...,¢;,...,e,1] for all
1 <i < n+1,represented by a matrix B = (b(i,))1<i,j<n+1, as follows:

[61/"‘Ié;/"‘len+l] = (_1)n+1+iwir (8)
n+1
w; = b(p,i)ep, (wy,...,wpy1) = (e1,...,en41)B.
p=1

Proposition 3 ([100]). Let Ay = (A, [,..., ]y, 01) and Ay = (A, [-,..., ], a2) be two (n + 1)-
dimensional n-ary skew-symmetric Hom-algebras represented by matrices [a1], By and [ay], By,
respectively. The Hom-algebras Ay and Ay are isomorphic if and only if there exists an invertible
matrix T satisfying the following conditions:

By = det(T) 'TBiTY,  [ap] = T[ay]T L

Example 2. Consider the 3-Hom-Lie algebra (A, |-, -, -], «) defined in Example 1. The multiplica-
3 1
-3 —3 —2 -1
, ) ) ) ) ) -1 1 0 0
tion [-, -, is determined in the basis {e;}1<;<4, as in (8), by B = ’ 0 1 N Let
1 1
2z —z2 10
ap @ A — Abealinear map and [-,-,-], : A x A x A — A bea trilinear map defined in the basis

{eit1<i<a by

100 O 2 -3 1 0
o 20 o0 -3 3 -1 1
=19 01 o |™B=|1 5 1
000 —1 o I -1 0
1 -1 1 =2
Frr= |2 1 711 have that By = ——TBTT and [x;] = T[a]T~1. Thi
or = 0 0 1 1 , we naoe ina 2 = F(T) ana |Kp| = o . 1S
0 0 0 1
means that (A, [-,-,-],, &2) is a 3-Hom-Lie algebra isomorphic to (A, [-, -, -], a).

Proposition 4 ([100]). Let {e;}1<i<n+1 be a basis of a linear space A, let o be a permutation of
the set {1,...,n+ 1} of n + 1 elements, and let B = (b; )1<ij<n+1 be a matrix representing a
skew-symmetric n-ary bracket in this basis, then the matrix representing the same bracket in the
basis {ey(;) 11<i<n+1 is given by the matrix sgn (o) (by-1(j) o1(j))1<ij<n+1-
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Remark 2 ([100]). Let (A,[-,...,-],«) be an (n + 1)-dimensional n-Hom-Lie algebra and let B be
the matrix representing its bracket. D} (A) = [A, ..., A] is generated by {wy, ..., w, 1}, which
means that Rank(B) = dim D} (A).

If Rank(B) < n or equivalently det(B) = 0, then D} (A) has dimension at most n, which
means that D%(A) has dimension at most 1, and then, D3 (A) = 0.

Remark 3 ([100]). For the whole algebra A, all the k-central descending series, for all2 < k <mn,
are equal. Therefore, all the notions of k-nilpotency, for all 2 < k < n, are equivalent, and we denote
C,f(A)for any2 <k < nby CP(A).

Definition 12. Let (A, [, ..., ], &1,...,&,_1) be an n-Hom-Lie algebra or more generally an
n-ary skew-symmetric Hom-algebra. Define Z(A), the center of A, by

Z(A)={z€A:xy,...,xy-1,2] =0,Yx1,...,x,_1 € A}.

Lemma 3 ([100]). Let (A, [, ..., ], &) be an n-Hom-Lie algebra with A # {0}. If A is k-nilpotent,
forany 2 < k < n, then the center Z(A) of A is not trivial (Z(A) # {0}).

Lemmad4. Let A = (A, [-,...,], (a;)1<i<n—1) be an n-ary skew-symmetric Hom-algebra with

A #{0}.
(i) If A, is nilpotent, then Z(.A) is not trivial (Z(A) # {0}).
(i) IfdimA=n+1,thendimZ(A) =0ordimZ(A) =1or Z(A) = A.

Proof.

(i) The first statement is a generalization of Lemma 3 to the case of n-ary skew-symmetric
Home-algebras, and is proved in the same way, since the original proof does not use the
Hom-Nambu-Filippov identity.

(ii) Suppose that dim A = n + 1 and that dim Z(.A) > 1. Let {¢;}1<;j<,+1 be a basis of A
such thatey, ep € Z(A, then [eq,...,¢;,...,e,11] = 0forall1 <i < n+ 1, which means that
[x1,...,xy) =0forall xy,...,x, € A. O

The following direct extension of the corresponding result in [100] to arbitrary n-ary
skew-symmetric Hom-algebras is proved in the same way as in [100] since the proof does
not involve the Hom-Nambu-Filippov identity.

Proposition 5. Let A = (A, [-,..., ], {ai}1<i<n—1) be an (n + 1)-dimensional n-ary skew-
symmetric algebra. The algebra A is nilpotent and non-abelian if and only if dim Z(A) = 1 and
[A,..., Al = Z(A).

Proposition 6. Let A = (A, [-,...,],{ai}1<i<n—1) be an n-Hom-Lie algebra, or more generally
an n-ary skew-symmetric Hom-algebra with A # {0}. A is nilpotent of class p if and only if
{0} ccrl(A) € Z(A).

Proof. The statement holds, since A is nilpotent of class p if and only if C¥(A) = {0} and
CP~1(A) # {0}, and

CP(A) = {0} < {CF’”(A),A,...,A} = {0}
<~ Vce C’”_l(A),V X1, X021 €A 6,x1,..., X1 =0
> Vce CrYA),ce Z(A) < CFYA) CZ(A).
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Proposition 7. Let A = (A, [,...,:] 4, &) and B = (B, [,,...,"|3, B) be n-ary Hom-algebras.
Let f : A — B be an n-ary Hom-algebra homomorphism, then if A is multiplicative then B
is multiplicative. Moreover, if f is an isomorphism, then A is multiplicative if and only if B
is multiplicative.

Proof. Let f : A — B be a surjective homomorphism, then for all yy,...,y, € B there
exists x1,...,x, € Asuchthat f(x;) =y;for1 <i <mn,and o f = f oa. Suppose that A
is multiplicative, then we have

By, - ynlp) = B(f(x1), -, fxn)]g) = Bo f([x1, - ] 4) = foa(lxa,.. xn] o)
= [foa(xr),..., foalxn)]g = [Bof(x1),-.,Boflxn)]s = [B(y1),---, Byn)]s-

If f is an isomorphism, then the converse can be proved by applying the same argument
using f~! instead of f. O

Proposition 8 ([100]). Let (A,[-,...,:],a) be an n-ary Hom-algebra with dimA = n+1,
[, ..., ] skew-symmetric, a nilpotent, dim ker & = 2, and the bracket is represented by the matrix
B = (b;;) as in (8), in a basis where a is in Jordan normal form. The bracket [-, ..., -] satisfies the
Hom-Nambu—Filippov identity if and only if

big—l,jbp,n+1 — bn+1,jbp,io—l =0,vl < ],p <n+ 1,j 7é 1,j 7é i,
where ig is such that ker « = (eq, e;,).

Remark 4. Let us compare the polynomial equations obtained from the Nambu—Filippov identity
and the Hom-Nambu—Filippov identity in dimension n + 1 with various types of twisting maps:
Diagonalizable and invertible with eigenvalues A;,1 <i <n+1:

(Aibji — Ajbij)bpx + (Arbix — Aibyi)by i + (Ajbrj — Axbjx)byi =0, ©)
V1<ijkp<n+1Li<j<k

Diagonalizable with dim ker & = 1 with eigenvalues A;,1 <i <n+1:
Agbygw; — Agbjwy — Ajby jwyg + Ajbgw; =0, V1<j<k<n+1 (10)
Diagonalizable with dim ker « = 2 with eigenvalues A;,1 <i < n+1:
byjgwy —byyw; =0, V3<k<n+1; (11)
Nilpotent with dimkera = 1:

(bx—1,i = bi1)bp 1 — buy1,ibpr—1 +buy1xbpi1 =0, (12)
V1i<ikp<n+4+1li<k

Nilpotent with dim ker w = 2:

bio—l,jbp,n+1 — bn+1,jbp,i0—1 =0, Vi<jp<n+1,j # 1,5 + 1. (13)

These different cases are separate from each other, and the case of n-Lie algebras is the special case of
(9) where all the A; are equal. Notice that the higher the dimension of ker a, the less equation we
have and the less terms we have in each equation; that is, in these cases, the Hom-Nambu—Filippov
identity is considerably less restrictive. Another difference from the case of n-Lie algebras is that the
isomorphisms in Hom-algebras intertwine the multiplications and the twisting maps, which leads to
different, more restrictive isomorphism conditions and, in general, more isomorphism classes.

107



Axioms 2024, 13, 373

Lemma 5. Let (A, [, ...,],«) be an n-ary Hom-algebra with dimA = n+1, [-,...,-| skew-
symmetric and a nilpotent. Let {e;}1<i<p41 be a basis of A where a is in its Jordan form, and con-
sider -, ..., -] defined as in (8).

(i) Ifdimkera > 2, then (A,[-,...,-],«) is multiplicative if and only if [A, ..., A] C kerua.
(i) Ifdimkera =1, then (A,[-,...,-], «) is multiplicative if and only if a(wy) = (—1)" w11
and w; € kera, V2 <i < n+1, where (w;) is defined in (8).

Proof. Suppose that dimkera > 2, thenforall1 <i<mn+1,

a(w;) = (=" Ha(ler,..., 8. 1))

— (_1)”+1+i [(x(el),...,oz(ei),. . .,a(€n+1)} =0,

since e; € ker a for at least two different indices i, that is, at least one of the elements

aler),...,a(e), ..., aleni1)

is zero. Thus, [A, ..., Al = (wq,...,w,11) C kera.
Suppose now that dimkera = 1, then we have a(e;) = 0 and a(e;) = e;_1 for
2 <i<n+ 1. We obtain

a(w) = ()" a(ler, ... ena]) = (=1)"[a(e2), ..., alent1)]

(=1)"[er, - en] = (=1)"(=1)" " v g = (=1)" w11

For i # 1 we have

a(w) = (-1 Ha(ler,...,8,... ena))
= (1" [aer), o a(er), o wlensn)

(=) 0,eq,...,61,...,e4] =0,

thatis, a(w;) =0fori #1. O

Proposition 9. Let A = (A,[-,..., ], &) be an (n + 1)-dimensional n-Hom-Lie algebra. If
dimkera > 2, then A is multiplicative if and only if [x|B = 0, where [«] and B are the matrices
representing the twisting map w and the bracket in any given basis.

Proof. Let {e;}1<j<;+1 be a basis of A containing a basis of ker . Then, A is multiplicative
if and only if

—

a(ler, ..., 6,...,en41)) = [a(el),. : .,lx(ei),...,ﬂé(en+1):| foralll <i<mn+1.

On the other hand, [oc(el), cee, oc/(;), cee, w(enﬂ)} = 0 since at least one of the elements

€1,.--,6i_1,€i11,---,€y41 is in ker a. Moreover, [a]B is the matrix whose columns are the
coordinates of (—1)"**1a([ey,...,&,...,e,11]). Thus, a is an algebra morphism if and
only if [«]|B = 0.

Let now [a], and B; be the matrices representing « and [-,...,-] in another ba-
sis {€/}1<i<nt1, then there exists an invertible matrix P such that [a], = P[a|P~! and
B, = (det P)~!'PBPT, and we obtain

[€]2By = (Pla]P~1)((det P)"'PBPT) = (det P)~!(P[a]P~'PBPT) = (det P)*(P[«]BPT).

Therefore, [¢],B, = 0 if and only if [¢] B = 0, since P is invertible. [
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Corollary 3. Let (A, [, ..., ], «) be an n-ary Hom-algebra with dim A =n+1, [, ..., -] skew-

symmetric and « nilpotent. Let {e;}1<ij<n11 be a basis of A where w is in its Jordan form, and
dim A

consider [-, ..., ] defined by its structure constants in this basis, [6’1‘1/- . .,ein] = ) cifl i €k
k=1 e

. . . . . . . k _
If dimkera > 2, then (A, [.,...,-],«) is multiplicative if and only if ¢; . =0, for all
1<iy,...,iy < dim A and k such that e, ¢ ker a.

Remark 5. Note that when dim A = n + 1, it is sufficient to define the bracket by its structure
dim A
constants as [e1,...,6,...,en41] = Y1 c’{

b(p, i) ( 1)n+1+1 i’

o i1it1...ni16k The parameters b(p,i) in (8) are

Si=1i+1,... n+1"

3. Class 43 (2) 6 of 4-dimensional 3-Hom-Lie Algebras

An interesting class of 4-dimensional 3-Hom-Lie algebras 43 n2) 6 = (A, [-,.., ], &) is
defined according to (8) on the basis {e; }1<i<4 by

000 0 0 ¢(1,3,41) —c(1,2,41) 0
w00 L0y [0 c(1L342) —c(1,242) 0
“loo o 1|” "T| o0 ¢1,343 —c1,243) 0 |
0000 0 ¢(1,3,4,4) —c(1,2,4,4) 0
[61162183]:
ler, €2, e4] = ¢(1,2,4,1)e1 +¢(1,2,4,2)es + c(1,2,4,3)es + c(1,2,4,4)es
le1,e3,e4] = ¢(1,3,4,1)e1 +¢(1,3,4,2)e2 +¢(1,3,4,3)es +¢(1,3,4,4)ey
[62,63,64]2

where c(iy, ..., i, k) = ck

i1 iy AT€ the structure constants according to
recertn

dim A ' dim A
I:eill"’lein:l = Z Ci1/~~~,inek = Z C(il,...,in,k)ek.
k=1 k=1

Applying Lemma 5 to the class of 3-Hom-Lie algebras 43 y3) ¢, We obtain the following
result describing all multiplicative 3-Hom-Lie algebras in the class 43 y(2) 6-

Corollary 4. The 3-Hom-Lie algebra from 43 (o) ¢ is multiplicative if and only if
c(1,2,4,3) =0, ¢(1,2,4,4) =0, ¢(1,3,4,3) =0, c(1,3,4,4) = 0.
Proof. By Lemma 5, the 3-Hom-Lie algebra 43 y ) ¢ is multiplicative if and only if
[e1,€2,e4], [e1,€3,€4] € kera

which is ({e1,e;}), and this is the case if and only if ¢(1,2,4,3) = 0, ¢(1,2,4,4) = 0,
c(1,3,4,3) =0,and ¢(1,3,4,4) =0. O

So, the 3-Hom-Lie algebra from 4; y(2) ¢ is in the subclass 43 n(2) 6 0 Of multiplicative
3-Hom-Lie algebras if and only if the multiplication (bracket) is defined by

[61/62/ 63] = 0
le1,e2,e4] =¢(1,2,4,1)e1 +¢(1,2,4,2)ey,
le1,e3,ea] =¢(1,3,4,1)e; +¢(1,3,4,2)ey,
[e2, e3,e4] = 0.
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4. Derived Series and Central Descending Series for 4; x(2) 6

A consequence of Lemma 1 is that the derived series and the central descending
series of an n-Hom-Lie algebra are algebraic invariants. Here, we divide the considered
class of 3-Hom-Lie algebras into five subclasses following their derived series and central
descending series. Two 3-Hom-Lie algebras in two different subclasses will necessarily be
non-isomorphic, and we use this as an intermediate step towards the full classification up
to isomorphism of the 3-Hom-Lie algebras in this class.

In the case of n-Hom-Lie algebras, the terms of the derived series and the central
descending series are in general not ideals as in the case of n-Lie algebras. In the most
general case, they are weak subalgebras, and they can be subalgebras or ideals if the
twisting maps are algebra morphisms or surjective algebra morphisms, respectively, as has
been shown in [99]. For the case of 43 n(2) 6 1, We have the following result.

Theorem 1. Consider A = (A, [-,-,"],a) = 43 n(2) 6. Suppose that B # 0 and define d(p,q) =
c(1,2,4,p)c(1,3,4,q) —c(1,2,4,q9)c(1,3,4,p) with 1 < p,q < 4, that is, d(p,q) are all the
potentially non-zero 2 x 2 subdeterminants of the matrix B defining the bracket of A. Then, A is
3-solvable of class 2.

A is 2-solvable if and only if d(1,4) = 0, this implies moreover that there exists (A, ") €
K2\ {(0,0)} such that Ad(2,4) + A'd(1,2) = 0 and Ad(3,4) + A'd(1,3) = 0, or equivalently

d(2,4) d(3,4 d(2,4) d(3,4

that Rank (dgl,zi dg1,3§ dEl,zg dEl,3g‘ =0
If RankB = 2, or equivalently, there exists 1 < p < q < 4 such that d(p,q) # 0, then

) < 2 which is equivalent to

(1)  Z(A) = {0}. This also means that 43 \(») ¢ is not nilpotent.

(2) If Ais 2-solvable, then

(2a) If <Z gé; ZS’:;;) # 0, then A is 2-solvable of class 3.
2b) If <Zg:;; ZE%;;) =0, then A is 2-solvable of class 2.

If RankB = 1, or equivalently d(p,q) = 0, forall 1 < p < q < 4, then 43 y(5) ¢ s 2-solvable of
class 2, and also dim Z(A) = 1, and

Z(A) = ({c(1,3,4,p)er — c(1,2,4,p)es}),

where c(1,2,4,p) # 00rc(1,3,4,p) # 0. Moreover, the 3-Hom-Lie algebra is nilpotent if and
only if Z(A) = [A, A, A, or equivalently if and only if

c(1,2,4,1) =¢(1,2,4,4) = c(1,3,4,1) = ¢(1,3,4,4) =0,
c(1,3,4,p)c(1,2,4,3) +¢(1,2,4,p)c(1,2,4,2) =0,
c(1,3,4,p)c(1,3,4,3) +¢(1,2,4,p)c(1,3,4,2) = 0.

Proof. By Remark 2, we know that 43 y ) ¢ is 3-solvable. The derived series of A are

D%(A) = <{C(1/ 2/ 4/ 1)61 + C(ll 21 412)62 + C(ll 21 4/ 3)63 + C(lr 2r 4/ 4)64/
c(1,2,4,1)e1 +¢(1,2,4,2)ep +¢(1,2,4,3)e3 + ¢(1,2,4,4)e4}),

and D}(A) = [Di(A), D}(A), Di(A)] = {0} by skew-symmetry, since dim D}(A) is less
than 3 (the arity). We compute now the 2-derived series:

D3(A) = ({c(1,2,4,1)e1 +¢(1,2,4,2)ex +¢(1,2,4,3)e3 + ¢(1,2,4,4)es,
c(1,3,4,1)e1 +¢(1,3,4,2)es +¢(1,3,4,3)e3 + ¢(1,3,4,4)e4})
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We have 0 < dim D3(A) < 2. If dim D}(A) = 2, then

D3(A) = ({[e1, wp, w3], [e2, wa, w3), [e3, w2, w3], [eq, wa, w3] }) (14)
= ({(c(1,3,4,2)c(1,2,4,4) — c(1,3,4,4)c(1,2,4,2))w;
—(c(1,3,4,3)c(1,2,4,4) — c(1,3,4,4)c(1,2,4,3) )ws,
—(c(1,3,4,1)c(1,2,4,4) — (1,3,4,4)c(1,2,4,1) w3,
—(c(1,3,4,1)c(1,2,4,4) — c(1,3,4,4)c(1,2,4,1))w,
(c(1,3,4,1)c(1,2,4,2) — c(1,3,4,2)c(1,2,4,1))ws
—(c(1,3,4,1)c(1,2,4,3) — ¢(1,3,4,3)c(1,2,4,1))wy }).

If dim D3(A) = 2, then D3(A) = D}(A) since D3(A) C D}(A) and has the same dimen-
sion. We conclude in this case that A is not 2-solvable.

If dimD3(A) = 1, then D3(A) = ({v}) withv € A0 # 0. In this case,
D3(A) = ({[e;,v,0],1 < i < 4}), thatis, D3(A) = {0} and A is 2-solvable of class 3.
This occurs if and only if the rank of the family of generators of D3(.A) listed in (14) is 1,
that is, if and only if, for some A, A" € K,

(c(1,3,4,1)c(1,2,4,4) — c(1,3,4,4)c(1,2,4,1)) =0,
A(c(1,3,4,2)c(1,2,4,4) — c(1,3,4,4)c(1,2,4,2))

+ M (c(1,3,4,1)c(1,2,4,2) — ¢(1,3,4,2)c(1,2,4,1)) =0,
A(c(1,3,4,3)c(1,2,4,4) — c(1,3,4,4)c(1,2,4,3))

+ A (c(1,3,4,1)¢(1,2,4,3) — c(1,3,4,3)c(1,2,4,1)) = 0.

On the other hand, we have that

det (Zgg Zgg) = (c(1,2,4,3)c(1,3,4,2) — c(1,2,4,2)c(1,3,4,3)) x

x (c(1,2,4,4)c(1,3,4,1) — c(1,2,4,1)c(1,3,4,4)
=4d(2,3)d(1,4),

4(2,4) d(3,4)
d(1,2) d(1,3)
d(2,4) d(3,4)
d(1,2) d(1,3)

which means that det( ) = 0ifand only if d(2,3) =0 or d(1,4) = 0. This

means also that the condition det( > = 0and d(1,4) = 0 is equivalent to

only saying that d(1,4) = 0.

The coefficients appearing in the generators of D3(A) in (14) are the entries of the
Zg‘;g Zgg) that s, D2(A) = {0} if and only if (%‘2 ZE‘;’;D 0.

If dim D}(A) = 1, then all the coefficients appearing in the generators of D3(A) are
zero, since they are 2 x 2 subdeterminants of the matrix B which is of rank 1. This means
that D3(A) = {0} and A is 2-solvable of class 2.

We know that an (1 + 1)-dimensional #n-Hom-Lie algebra is nilpotent and non-abelian
if and only if [A, ..., A] = Z(A) and dim Z(A) = 1 (see [100], proposition 9). Therefore,
if dim[A, ..., A] = 2, A cannot be nilpotent. In this case, Cj.(A) = ({wp, w3}) forallr > 1.
Consider now the center of A,

matrix (

4
Z(A)={z=) ze |Vx,y € Alxyz =0}
k=1
4
:{Z: sz€k|v1§i<j§4,[€i,€]’,z] :0}
k=1
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and we obtain the following system of equations:

c(1,2,4,1)z1 =0, ¢(1,2,4,2)z1 =0, c(1,2,4,3)z21 =0, ¢(1,2,4,4)z1 =0,
c(1,3,4,1)z21 =0, ¢(1,3,4,2)z1 =0, c(1,3,4,3)21 =0, ¢(1,3,4,4)z1 =0,
c(1,2,4,1)zp +¢(1,3,4,1)z3 = 0, (1,2,4,2)zo +¢(1,3,4,2)z3 = 0,
c(1,2,4,3)z, +¢(1,3,4,3)z3 = 0, ¢(1,2,4,4)zp +¢(1,3,4,4)z3 = 0,
0(1,2,4,1)zs =0, ¢(1,2,4,2)zs =0, ¢(1,2,4,3)z4 =0, c(1,2,4,4)z;, =0,
c(1,3,4,1)z24 =0, ¢(1,3,4,2)z4 =0, c(1,3,4,3)z4 =0, ¢(1,3,4,4)z4 = 0.

Then, we obtain, z; # 0 or z4 # 0 if and only if the 3-Hom-Lie algebra is abelian, that
is, ¢(1,2,4,i) = ¢(1,3,4,i) = 0, forall 1 < i < 4. Excluding this case, we obtain the
following system:

c(1,2,4,1)2p +¢(1,3,4,1)z3 = 0; ¢(1,2,4,2)z2 +¢(1,3,4,2)z3 = 0,
¢(1,2,4,3)zp +¢(1,3,4,3)z3 = 0; ¢(1,2,4,4)z5 + c(1,3,4,4)z3 = 0.

which is equivalent to zpws + z3w, = 0. Therefore, dimZ(A) = 1 if and only if
RankB = dim({wy, w3}) = 1. In this case,

4
Z(A)={z=) zer € A:zy =z4=0and ¢(1,2,4,p)zo + ¢(1,3,4,p)z3 = 0}

z2¢(1,2,4,p)
c(1,3,4,p)

={z2(c(1,3,4,p)ea —c(1,2,4,p)e3) : zp € K}

= {2262 — e3:2y € K}

if there exists 1 < p < 4 such that¢(1,3,4,p) # 0, and

4
Z(A)={z=) zmer € A:z; =z =0and c(1,2,4,p)z, +¢(1,3,4,p)z3 = 0}
k=1
oy c(1,3,4,p)
= 551,2,4,p)
={z3(c(1,3,4,p)es —c(1,2,4,p)es) : z3 € K}
= {z3e3 : 23 € K}

ey +2z3e3:23 € K}

otherwise. By Proposition 5, A is nilpotent if and only if Z(A) = [A,AA], a
dim Z(A) = 1. Now, we prove that this is equivalent to
¢(1,2,4,1) = ¢(1,2,4,4) = ¢(1,3,4,1) = ¢(1,3,4,4) =0,
c(1,3,4, p)c(l,2,4,3) +c(1,2,4, p)c(1,2,4,2) =0, (15)
c(1,3,4, p)c(1,3,4,3) +¢(1,2,4, p)c(1,3, 4,2) =0.

Z(A) = [A, A A] if and only if dim({w,, w3,c(1,3,4,p)es — c(1,2,4,p)es}) = 1, which

c(1,3,4,1) —c(1,2,4,1) 0

. . c(1,3,4,2) —c(1,2,4,2) ¢c(1,3,4,p) | _ .

is equivalent to Rank c(1,3,43) —c(1,243) —c(1,2,4,p) |~ 1, thatis, all the 2 x 2
c(1,3,4,4) —c(1,2,4,4) 0

minors of this matrix are zero, which gives the system (15). O

Corollary 5. The class of 3-Hom-Lie algebras 43 y2) ¢ with B # 0 can be split into five non-
isomorphic subclasses:
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(1) 3-solvable of class 2, non-2-solvable, non-nilpotent, with trivial center:

[61162/ 63] =0
le1,e2,e4] = ¢(1,2,4,1)e1 +¢(1,2,4,2)ep +¢(1,2,4,3)es +¢(1,2,4,4)ey
le1,e3,e4] =¢(1,3,4,1)e1 +¢(1,3,4,2)ex +¢(1,3,4,3)e3 + ¢(1,3,4,4)eq4
le2,e3,e4] =0

_ , d(2,4) d(3,4)\
with d(1,4) # 0, in that case we have Rank (d(1,2) d(1.3)) = 2.

(2) 3-solvable of class 2, 2-solvable of class 3, non-nilpotent, with trivial center:

[61/6’2/63]

le1,€2,€4] = c(l 2,4,1)e1 +¢(1,2,4,2)ex +¢(1,2,4,3)e3 +¢(1,2,4,4)es
le1,e3,e4] = Ac(1,2,4,1)e1 +¢(1,3,4,2)ep 4+ ¢(1,3,4,3)e3 + Ac(1,2,4,4)ey
[ ] =

e,e3,e4) =0

with (c(1,2,4,1),¢(1,2,4,4)) # (0,0) or

le1, €0, €3] =

[6 ,€2,¢. 4] = (1 2,4, 2)€2+C(1 2,4, 3)

le1,e3,es] = (1 3,4,1)e1 +¢(1,3,4,2)ea +¢(1,3,4,3)e3 +¢(1,3,4,4)eq
le2, €3, 4] =

d2,4) d(3,4)\ _
such that Rank (d(1,2) d(1,3)) =1

(3) 3-solvable of class 2, 2-solvable of class 2, non-nilpotent, with trivial center:

[61162/ 63} =0

le1, €2, e4] c(1,2,4,2)e; +¢(1,2,4,3)es
le1,e3,e4) =¢(1,3,4,2)ep+¢(1,3,4,3)e3
[ ]

with d(2,3) # 0.

e,e3,e4) =0

(4) 3-solvable of class 2, 2-solvable of class 2, non-nilpotent, with 1-dimensional center:

[e1, 2,631 =0

le1,e0,e4] = ¢(1,2,4,1)e1 +¢(1,2,4,2)er +¢(1,2,4,3)es +¢(1,2,4,4)ey

le1,e3,e4] = Ac(1,2,4,1)e1 + Ac(1,2,4,2)ep + Ac(1,2,4,3)e3
+Ac(1,2,4,4)e,4

[e2,€3,e4] =0

with [eq, ep,e4] # 0 (that is, not all ¢(1,2,4,1), ¢(1,2,4,2), ¢(1,2,4,3), c(1,2,4,4) are zero),
or

€1,€2,€3

€1,€2,€4

e1,e3,64 (1341)61+C(1342)62+C(1343)€3+C(1344)

€2,€3,€4
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(5) 3-solvable of class 2, 2-solvable of class 2, nilpotent of class 2, with 1-dimensional center:

[e1e2,65] =0
%1,62’64} IR c(1,2,4,3) # 0
[ )

—c(1,2/4,2)2 ,
€1,63,€64 = %62 — C(1,2,4,2)€3
€,€3,64
or
le1,e2,e3] =0
_ (1,2,4,2)2
[e1, €2, e4) —C(1242)€2+7(1342) e3 o c(1,3,4,2) £0
le1,e3,ea] =1¢(1,3,4,2)ex —¢(1,2,4,2)es3
le2,e3,e4) =0

Remark 6. In the last case above, either ¢(1,3,4,2) # 0or c(1,2,4,3) # 0, if both are zero, then
the bracket is zero.

Corollary 6. In the subclasses presented in Corollary 5, cases 1 and 3 cannot be multiplicative. All
the multiplicative 3-Hom-Lie algebras in the considered class are contained in the remaining subclasses:

(2m) 3-solvable of class 2, 2-solvable of class 3, non-nilpotent, with trivial center:

[6’1,62,63] =

[e1,e2,e4] = (1 2,4,1)e1 +¢(1,2,4,2)er
[e1,e3,e4] = (1 3,4,1)e1 +¢(1,3,4,2)er
le2, e3,e4] =

with d(1,2) = c(1,2,4,1)c(1,3,4,2) — c(1,2,4,2)c(1,3,4,1) # 0.

(4m) 3-solvable of class 2, 2-solvable of class 2, non-nilpotent, with 1-dimensional center:

le1,e2,e3] =0

le1,e2,e4] =¢(1,2,4,1)e1 +¢(1,2,4,2)ep
le1,e3,ea] = Ac(1,2,4,1)er + Ac(1,2,4,2)es
le2,e3,e4] =0

(bm) 3-solvable of class 2, 2-solvable of class 2, nilpotent of class 2, with 1-dimensional center:

le1,e2,e3] = 0
[el/ €2, 34] =0
[61163184] = C(1,3,4,2)e2 4 C(1/3/4/2) 7é 0.
[62/ €3, 64] =0

5. Isomorphism Classes for 43 n(2) 6

The following theorem gives the classification up to isomorphism of the class of
3-Hom-Lie algebras 4; y ) 6. Note that isomorphisms are considered in the sense of Hom-
algebras, that is, they are required to intertwine not only the multiplications, but also the
twisting maps.

Theorem 2. Any 3-Hom-Lie algebra A in the class of 3-Hom-Lie algebras 43 n(2) 6 with B # 0 is
isomorphic to one of the non-isomorphic 3-Hom-Lie algebras, as described in Tables 1-5. Each one of

the five tables corresponds to the case with the same number in Corollary 5.

Proof. Let A = (A, [,...,-],«) be a 3-Hom-Lie algebra in one of the classes presented in
Corollary 5 and consider the matrix B defining its bracket in a basis {e;}, where « is in
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its Jordan normal form Any 3-Hom-Lie algebra isomorphic to A has its bracket given
by a matrix B’ = PBPT, where P is an invertible matrix that commutes with [a],

det( )
the matrix representing « in the basis (¢;). A matrix P = (p(i,]))1<;j<4 commutes with
0000 p(1,1) 0 0 p(1,4)
o o 1 of. e [ p21) pG3) p23) p24)
[a] = 00 0 1 if and only if it is of the form P = 0 0 (3.3 p(2.3) |’
000 0 0 0 0 (3,3)
with det(P) # 0, that is, p(1,1)p(3,3)® # 0, which is equivalent to p(1,1) # 0 and

p(3,3) # 0. We denote by c(i, ], k,p) the structure constants of the bracket after the
transformation by P.
In the following, in the matrix B’ there appear structure constants of the form

(i, j, k1) = p(i(;%{(%) or p((’]’k;l) Note that since p(1,1) # 0 and p(3,3) # 0,

c(i, k1) c(i,j, k1) -
7 —Qor —2 22 =0 < c(i,jk 1) =0, 16
P, 1)p(33) b(3,32 g,k 1) ae)

and thus, in such a case the 3-Hom-Lie algebras given by the bracket with ¢(i, j, k,I) = 0
and the bracket with ¢(i, j, k,1) # 0 cannot be isomorphic.

(1) dim D% (A) = 2, non-2-solvable, non-nilpotent, with trivial center, that is,

0 ¢(1,3,41) —c(1,2,41) 0
p_ |0 c(1,342) —c(1,242) 0
10 c(1,3,4,3) —c(1,2,4,3) 0]’
0 c(1,3,44) —c(1,2,44) 0
with d(1,4) = ¢(1,2,4,1)c(1,3,4,4) — c(1,2,4,4)c(1,3,4,1) 0.
’_ 1 T _
det(P)
/ —c(1,24,1)p(1,1)—c(1,2,4,4)p(1,4)
0 v'(1,2) RIOE 0
0 V(2,2) v(2,3) 0
/ —c(1,244)p(2,3)—c(1,24,3)p(3,3) ’
0 vG.2) p(LD)pEI7 0
0 <1344)pG, 3)2—c(1,2,4,4)p(2,3)p(3,3) _c(1244) 0
p(11)p(33)° p(1,1)p(3.3)
Loy _ p(23)(=c(1,2,4,1)p(1,1) —c(1,2,4,4)p(1,4))
V(1,2) =c(1,3,4,1) = TERITTERE
N p(3,3)(c(1,3,4,1)p(1,1) +¢(1,3,4,4)p(1,4))
p(1,1)p(3,3)° ’
V(2,2) = c'(1,3,4,2)
_p(2,3)(—c(1,2,4,1)p(2,1) — ¢(1,2,4,3)p(2,3) — c(1,2,4,4)p(2,4) — c(1,2,4,2)p(3,3))
B p(L1)p(3, )
L P3,3)((1,3,41)p2,1) +¢(1,3,4,3)p(2,3) +¢(1,3,4,4)p(2,4) +¢(1,3,4,2)p(33)
p(L,1)p(3,3)3 ’
/ _ 7C/ _ 7C(1r2r4rl)p(2/1) - C(l 2 3)]!7( )
V' (2,3) = (1,2,4,2) p(l,l)p(S,S)
—c(1,2,4,4)p(2,4) — c(1,2,4,2)p(3,3)
p(1,1)p(3,3)? ’

—c(1,2,4,4)p(2,3) — ¢(1,2,4,3)p(3,3))
r(1,1)p(3,3)

n p(3,3)(c(1,3,4,4)p(2,3) +¢(1,3,4,3)p(3,3))

p(1,1)p(3,3)? '

¥(3,2) =c'(1,3,4,3) = p(2,3)(
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and notice that % = 0 if and only if ¢(1,2,4,4) = 0; therefore, a bracket with
c(1,2,4,4) = 0 and a bracket with ¢(1,2,4,4) # 0 cannot define isomorphic 3-Hom-Lie

algebras. If ¢(1,2,4,4) # 0, then choosing

P=P =
c(1,2,4,4) (1,241
P ’ (1 24?3) (33) S
c(1,2,4, ,
p(2,1) p(3,3) —W p(2,4)
c(1,24,3)p(33)
0 0 p(3,3) T 1,244
0 0 0 p(3,3)
21) = (7C(1,2,4,4)C(1,3,4,3)C(1,2,4,3)+C(l,3,4,4)C(1,2,4,3)2)p(3,3)
p21)=- —(1,2,4,0)d(1,4)
(c(1,2,4,4)2¢(1,3,4,2) — ¢(1,2,4,2)c(1,2,4,4)c(1,3,4,4)) p(3,3)
+ ~(1,2,4,4)d(1,4)
(c(1,2,4,1)¢(1,2,4,4)c(1,3,4,2) — (1,2,4,1)c(1,3,4,3)c(1,2,4,3)) p(3,3)
p(24) = ~(1,2,4,4)d(1,4)
L (=el1,2,8,2)c(1,2,4,9)c(1,3,4,1) +¢(1,3,4,1)c(1,2,4,3))p(3,3)
~c(1,2,4,4)d(1,4)
0 c0244)c(1341)—c(1241)c(1344) 0
c(1,244)p(33)?
0 0 0 O
we obtain B’ = (1,2,44)c(134,3)—c(12,4,3)c(1,3,4,4) Ifc(1,2,4,4) =0, then
0 c(L,244)2 0 0
0 c(12,4,3)+¢(1,3,44) 10
c(1,244) -
/ c(1,24,1)
0 ¥(1,2) G2l o
oo ven v o
= / _ 24,
0 b(l(i 22) Gy O
c(1,54/
0 SanGa 0 0

3,3)(c(1,3,4,1)p(1,1) + ¢(1,3,4,4)p(1,4)) — c(1,2,4,1)p(1,1)p(2,3)
p(1,1)p(3,3)

2,3)(—c(1,2,4,1)p(2,1) — ¢(1,2,4,3)p(2,3) — ¢(1,2,4,2)p(3,3))

r(1,1)p(3,3)°
L P34 )p(2,1) +¢(1,3,4,3)p(2,3) +(1,3,4,4)p(2,4) +¢(1,3,4,2)p(3,3))
p(1,1)p(3,3)°
—c(1,2,4,1)p(2,1) —c(1,2,4,3)p(2,3) — c(1,2,4,2)p(3,3)
p(1,1)p(3,3)?

3,3)(c(1,3,4,4)p(2,3) +c(1,3,4,3)p(3,3)) — ¢(1,2,4,3)p(2,3)p(3,3)

p(1,1)p(3,3)

¥(1,2) = ¢(1,3,41) = 2L

¥(2,2) = (1,3,4,2) = 2L

V(2,3) = —'(1,2,4,2) =

¥3,2) = d(1,3,4,3) = 2L

Using the same argument, consider the cases where each of the structure constants
c(1,3,4,4),¢(1,2,4,3),and ¢(1,2,4, 1) are zero or non-zero.

If ¢(1,3,4,4) = 0,then d(1,4) = 0 and

,4)\ 0, 0
1,2) d(1,3)) = \ c(1,2,4,1)c(1,3,4,2) — c(1,2,4,2)c(1,3,4,1), c(1,2,4,1)c(1,3,4,3) — c(1,2,4,3)c(1,3,4,1)

has rank less than or equal to 1, which means that the 3-Hom-Lie algebra is 2-solvable.
Ifc(1,2,4,1) =0, then d(1,4) = 0 and

d2,4) di3,4)\ _ [ ¢(1,2,4,2)c(1,3,4,4), c(1,2,4,3)c(1,3,4,4)
, , — \-c(1,2,4,2)c(1,3,4,1), —c(1,2,4,3)c(1,3,4,1) )/
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also has rank less than or equal to 1, which means that the 3-Hom-Lie algebra is 2-solvable.
If c(1,2,4,3) =0,¢(1,3,4,4) #0and ¢(1,2,4,1) # 0, then d(1,4) # 0 and

4(2,4) 4G4\ _ (1,2,4,2)c(1,3,4,4) 0
(d(l,z) d(1,3)) = (6(1,2,4,1)6(1,3,4,2)7c(1,2,4,2)c(1,3,4,1), c(1,2,4,1)c(1,3,4,3)>
has rank 2 if and only if determinant c(1,2,4,1)c(1,2,4,2)c(1,3,4,3)c(1,3,4,4) # 0, that is,
ifand only if ¢(1,2,4,2) # 0 and ¢(1,3,4,3) # 0.
If ¢(1,2,4,4) = 0, ¢(1,2,4,1) # 0, ¢(1,3,4,4) # 0, ¢(1,2,4,3) # 0, ¢(1,2,4,3) #
c(1,3,4,4), then choosing

P="Pp=
(1,2,43)
ey O 0 p(1,4)
1343)p(3,3
pRY) PG iria aisan ) p(2 ,) () )
1,343)p(3,3
0 0 p(3,3) c(1,243)— crzl 3,44)
0 0 0 p(3,3)

(1,2,4,3)(c(1,2,4,3)c(1,3,4,1) — ¢(1,3,4,4)c(1,3,4,1) — ¢(1,2,4,1)c(1,3,4,3))

p(L4)=- (c(1,2,4,3) — ¢(1,3,4,4))c(1,3,4,4)p(3,3)
o ((1,2,4,2)c(1,2,4,3) +c(1,3,4,3)c(1,2,4,3) — c(1,2,4,2)c(1,3,4,4))p(3,3)
p@1)=- c(1,2,4,1)(c(1,2,4,3) — c(1,3,4,4))
(—c(1,2,4,1)c(1,3,4,3)% + ¢(1,2,4,3)c(1,3,4,1)c(1,3,4,3) + c(1,2,4,2)c(1,2,4,3)c(1,3,4,1)) p(3,3)
p(2.4) = (1,2,41)(c(1,2,4,3) — c(1, 3,4 4))c(1,3,4,4)

. (—c(1,2,4,1)¢(1,2,4,3)c(1,3,4,2) — ¢(1,2,4,2)c(1,3,4,1)c(1,3,4,4) + ¢(1,2,4,1)¢(1,3,4,2)c(1,3,4,4)) p(3,3)
¢(1,2,4,1)(c(1,2,4,3) — c(1,3,4,4))c(1,3,4,4)

B

——— 0 0 0 0

we obtain B’ = 0 0 1 0
c(1,344)

0 c(1243) 0 0

If ¢(1,2,4,4) = 0, c(1,2,4,1) £ 0, ¢(1,3,4,4) # 0, c(1,2,4,3) # 0, ¢(1,2,4,3) =
c(1,3,4,4), then choosing

P=nPg=
c(1,3,44) 0 0 c(1,2,4,1)p(2,3)—c(1,3,4,1)p(3,3)
p(3,3) 1(33)2
—c(1,3,44)p(2,3)—c(1,2,42)p(3,3
“ )p(c(l,;/l,cl() B3 p(3,3) p(2,3) p(2,4)
0 0 p(33) p(2,3)
0 0 0 p(3,3)
 —c(1,2,4,1)¢(1,3,4,3)p(2,3) + ¢(1,3,4,1)c(1,3,4,4)p(2,3)
p24) = o(1,2,4,1)c(1,3,4,4)
c(1,2,4,2)c(1,3,4,1)p(3,3) — c(1,2,4,1)c(1,3,4,2)p(3,3)
M ¢(1,2,4,1)c(1,3,4,4)
c(1,2,4)
0 0 S5 0
we obtain B’ = 0 6(1?43) 0 0
0 =] -1 0
o(1,344)
0 1 0 0

Ifc(1,2,4,4) =0,¢(1,2,4,1) #0,¢(1,3,4,4) # 0and ¢(1,2,4,3) = 0, then choosing

P=P 4=
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c(13,44) 0 0 —c(1,241)c(1,34,3)—c(1,34,1)c(1,3,4,4)
p(33) c(1,344)p(33)
_0(1,2(,;112221171()?»3) (3 3) _6(1132,;1521?4(5’»3) ( 4)
c(1,2,4, ’ c(1,34;,
0 0 pB33) -

0 0 0 p(3,3)

(—c(1,2,4, 1)c(1,3,4,3)% — ¢(1,2,4,2)c(1,3,4,1)c(1,3,4,4) + (1,2,4,1)c(1,3,4,2)c(1,3,4,4))p(3,3)

p(24) = - c(1,2,4,1)c(1,3,4,4)?2
c(1241)
00 - (372 0
weobtainB' = [ 0 0 0 0
0 0 0 0
01 0 0

(2) dim D%(.A) = 2, 2-solvable of class 3, non-nilpotent, with trivial center, which is

d(2,4) d(3,4)
d(1,2) d(1,3) # 0, thus B takes the form

0 Ac(1,2,4,1) —c(1,2,4,1)

equivalent to d(1,4) = 0 and (

0 ¢(1,3,4,4) 0
Consider first the case where (¢(1,2,4,1),c(1,2,4,4)) # (0,0), then

0
o c(1,342) —c(1,2,42) 0f.
B = 0 (1343 —c(1.243) 0 if (¢(1,2,4,1),¢(1,2,4,4)) # (0,0), or
0 Ac(1,2,4,4) —c(1,2,4,4) 0
0 ¢(1,3,4,1) 0 0
o ¢(1,3,42) —c(1,2,4,2) 0]. B
B= |0 1343 —o(1243) offE0241)c(1244)=(0,0).
0
1,

(1,241 p(1,1)+¢(1,244)p(1,4)

!
0 b'(1,2) PG 0
, 0 b'(2,2) b'(2,3 0
B = 0 b (3,2) _c(l,2,4,4);;((21,3;))—;?;1:);?&4,3);7(3,3) 0
0 c(1244)(Ap(33)-p(23)) T e(1244) 0
p(1,1)p(3,3)? p(L1)p(33)

(c(1,2,4,1)p(1,1) +¢(1,2,4,4)p(1,4)) (Ap(3,3) — p(2,3))
p(1,1)p(3,3) ’

V(1,2) =c'(1,3,4,1) =

V(2,2) =c'(1,3,4,2)

 p(3,3)(Ac(1,2,4,1)p(2,1) + Ac(1,2,4,4)p(2,4) +¢(1,3,4,3)p(2,3) + ¢(1,3,4,2)p(3,3))
B p(1,1)p(3,3)°
—p(2,3)(c(1,2,4,1)p(2,1) +¢(1,2,4,3)p(2,3) + ¢(1,2,4,4)p(2,4) + ¢(1,2,4,2)p(3,3))
p(1,1)p(3,3)° ’

+

V(3,2) =c'(1,3,4,3)
_e(1,2,4,4)p(2,3)(Ap(3,3) — p(2,3)) + p(3,3)(c(1,3,4,3)p(3,3) — c(1,2,4,3)p(2,3))
B p(1,1)p(3,3)? ’

b'(2,3) = —c'(1,2,4,2)
¢(1,2,4,1)p(2,1) +¢(1,2,4,3)p(2,3) 4 c(1,2,4,4) p(2,4) +¢(1,2,4,2)p(3,3)
p(1,1)p(3,3) ’
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If c(1,2,4,4) # 0, then choosing

c(lé,éé,)él) 0 0 _ c(1é,zé,)1)

P c(1,2,4p3) 1(3,3)

76(1,2,4,1) (1 2,4, 4)p( )
P

P — P2,1 — p(z, 1) p(3, 3) _C(l,2,4,3)p(3,3) 76(1,2,4,2) (1 2,4, 4) ( )

c(1,244) c(1,244)2
1,24,3)p(3,3
0 0 P(3, 3) - d 0(1,2/254() )
0 0 0 p(3,3)
0 0 0 0

Ac(1,2,4,3)2 — Ac(1,2,4,2)c(1,2,4,4)
—c(1,3,4,3)c(1,2,4,3) +c(1,2,4,4)c(1,3,4,2)

we obtain B’ = 0 c(1,2,4,482 0 0
0 c(1,34,3)—Ac(12,4,3) 0 o
( C(l')z 4‘8 2,4,3)
Ac(1,24,4)+c(1,2,4,
0 c(1,244) -10
If ¢(1,2,4,4) = 0 and c(1,2,4,3) # 0, then
0(1,34,1)p(1,1)+c(1,34,4)p(1,4)
0 PP 0 0
c(1,3,4,1)p(2,1) — c(1,2,4,2)p(2,3) +c(1,3,4,3)p(2,3)
, 0 +¢(1,3,4,4)p(2,4) +¢(1,3,4,2)p(3,3) _c(1,242)
B = p(1L1)p(3,3)? p(11)p(33)
0 0(1,344)p(2,3)+¢(1,34,3)p(3,3) 0 0
POpeRr
c(1,5,4,
0 PG 0 0
By choosing
0(1,2/4,3)
242 e(1343)p(33) X ( O) (33) P
c(1242)+¢(1,34,3))p(3,3 c(1343)p(3,3
P=DP,=| (1,241 p(33) c(1,243) ( p(2,)4() e
, c(1,343)p(33
0 0 p(3,3) c(1,243)
0 0 0 1(3,3)
we obtain
0 c(1,241)(Ae(1,2,4,3)—c(1,34,3)) _c1241)
c(1,243)p(3,3)2 p(3.3)?
—Ac(1,2,4,3)c(1,3,4,3) — Ac(1,2,4,2)c(1,2,4,3)
r +¢(1,3,4,3)% +¢(1,2,4,3)c(1,3,4,2)
B = 0 c(1,2,4,3)2 0 0
0 0 -1 0
0 0 0 0

If ¢(1,2,4,4) = 0, in which case ¢(1,2,4,1) # 0 (else the 3-Hom-Lie algebra would
be 2-solvable of class 2 by Theorem 1). We consider ¢(1,2,4,3) = 0 and ¢(1,3,4,3) # 0.

We have
0 C(1,2,4,1)(/\p(3,3)7p(2,3)) _ c(1,241) 0
3,3)3 p(3:3)?
p(3,3)(Ac(1,2,4 1) ( 1) +c (1 343)p(2,3)
+¢(1,3,4,2)p(3,3)) — p
B =] o x(e(1,2,41)p(2,1) 4+ c(1,2, 2) (3 3)) _c1241)p21)+e(1242)p(33) ¢ |,
p(11)p(3,3)° p(L1)p(3,3)?
0 c(1,34,3) 0 0
p(1,1)p(33)
0 0 0 0
choosing
P="P3
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1343
s 0 0 p(1,4)
1,2,42)p(33 3,3)(Ac(1,2,42)—c(1,342
_ o 6(1,2)4;’71() ) p(3,3) LG c(c(1’3,4’>3)c< ) - (p(z,éi)( :
p(3,3)(Ac(1,242)—c(1,342
0 0 p(3,3) c(1,343)
0 0 0 p(3,3)
0 c1241)(=Ac(1242)+Ac(1343)+c(1342) _c(L241) |
c(1,343)p(3,3)2 p(33)?
we obtain B’ = | 0 0 0 0
0 0 0
0 0 0

1

0
Consider now (c(1,2,4,1),¢(1,2,4,4)) # (0,0) and ¢(1,2,4,4) = 0, thatis, ¢(1,2,4,1) # 0.
Suppose also that ¢(1,2,4,3) = 0and ¢(1,3,4,3) = 0. Then,

0 C134DPLP(33)—c(1241)p(11)p(23) c(1241) 0
p(1L,1)p(3,3)3 p(3,3)?
p(3 3)( (1 3,4, 1 ( 1) (1 3,4, 2)p(3,3))
B — | o _fr@3(=ct24 1)p(2 D-c(1,242)p(33)  —c(1241)p1)-c(1242)p(33) |
p(11)p(3,3)3 p(1,1)p(3,3)?
0 0 0 0
0 0 0 0
(1241)c(134.2)—c(1,2,42)c(1,34,1)
i2A b X ( O) (33) P
c(1242)p(3,3 (1,34,1)p(33
P="Py= T (1240) pB3.3) iz ( p(2,)4() :
/ (1,341)p(33
0 0 p(3,3) c(1,241)
0 0 0 p(3,3)
(1,2,41)
0 0 (32 0
g_|lo1 0 o0
00 0 0
0 0 0 0

In this case, the 3-Hom-Lie algebra is multiplicative by Corollary 4.
If (¢(1,2,4,1),¢(1,2,4,4)) = (0,0) and (c(1,3,4,1),¢(1,3,4,4)) # (0,0), then

c(1,341)p(1,1)+c(1344)p(14)
0 0 0
p(11)p(33)?
p(3,3)(c(1,3,4, 1)p(2 1) —c(1,2,4,2)p(2,3)
+¢(1,3,4,3)p(2,3) +¢(1,3,4,4)p(2,4)
0 +¢(1,3,4,2)p(3,3)) — c(1,2,4,3)p(2,3)2 _ c(1,243)p(2,3)+¢(1,242)p(3,3) 0
B' = p(L1)p(33)° p(11)p(33)2
7(3(1,2,4,3 p(2 3) +C(l 3,4, 4)p(2,3)
0 +e(1,3,4,3)p(3,3) _c(1243) 0
p(l(,%)f‘(fﬁ)z p(L1)p(33)
c(1,9,4/
0 PG 0 0
If ¢(1,2,4,3) # 0, choosing
0(1243) 0 0  c(1,243)c(1,341)
p(33) c(1345p(33)
—c(1,2,4,3)c(1,3,4,1)p(2,1)
—c(1,2,4,3)c(1,3,4,2)p(3,3)
_ _ ¢(1,2,4,2)p(3,3) +¢(1,2,4,2)c(1,3,4,3)p(3,3)
P=Ps p(21) p(3,3) - c(1,243) c(l,%,4,3)c()l,3(,4,4)) ’
c(1242)p(33
0 p(3,3) ~ T 1243)
0 0 0 1(3,3)
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0 0 0 O
0 0 0 0
weobtain B' = |  c(1243)c(1343)+c(1242)(c(1243)-c(L344) _1
c((1,2,4,3))2
(13,44
0 c(1243) 0 0
If c(1,2,4,3) = 0, then
0(1,34,1)p(1,1)+c(1,344) p(1,4)
0 ERVIRRIE 0 0
o(1,3,4, 1)p(2 1)~ e(1,2,4,2)p(2,3)
, 0 +¢(1,3,4,3)p(2,3) +¢(1,3,4,4)p(2,4) +¢(1,3,4,2)p(3,3) _c(1,242)
B = p(L1)p(3,3)2 p(1L1)p(33)
0 (1,34,4)p(2,3)+¢(1,3,4,3)p(3,3) 0 0
P(l(i 3!7( ))2
0 PGS 0 0
If c(1,3,4,4) # 0, choosing
(1,344) _c(1,341)
COREE 0 pG33)
c(1,3,4,3)°p(3,3)
—c(1,2,4,2)c(1,3,4,3)p(3,3)
P="Pe= 134,3)p(3,3) _68’3’1’3 8 3 i i?”g §§
= = 343)9(3, (34
#0 p(2,1) p(33) -4 c(1,3,4;,74) c(1,344)2 :
e(1,343)p(3,3)
0 0 p(3,3) T (1,344)
0 0 0 p(3,3)
0 0 0 0
_ c(1242)
we obtain B’ = 00 c(1344) 0
0 0 0 0
0 1 0 0
If c(1,3,4,4) = 0, since (c(1,3,4,1),c(1,3,4,4)) # (0,0), then c(1,3,4,1) £ 0,
c(1,34,1)
0 (s 0 0
¢(1,3,4,1)p(2,1) — ¢(1,2,4,2)p(2,3)
b | o 034323 +e01,342p63) 1242
B = PLDPBP PLp(E3)
(1,34,
0 p(L1)p(33) 0 0
0 0 0 0
If ¢(1,3,4,3) # 0, then taking
c(1,34,3)
0 (3,3) 0 0 p(1,4)
¢(1,2,4,2)p(2,3) — ¢(1,3,4,3)p(2,3)
Ze(1,3,4,2)p(3,3
P=Py;= Ry p(3,3) p(23) p(24)
0 0 p(33) p23)
0 0 0 p(33)
c(134,1)
0 1) (0 ) 0
12,42
we obtain B’ = | 0 0 (1,34,3) 0
0 1 0 0
0 0 0 0

121




Axioms 2024, 13, 373

If ¢(1,3,4,3) = 0, then the 3-Hom-Lie algebra is now multiplicative, and we have

c(1341)
0 (33 0 0
/ 0 PEACIZANPRI+1342)p(3I)-c(1242)p23p(BI)  _ c(1242)
B = p(L1)p(33)? p(L1)p(3,3)
0 0 0 0
0 0 0 0

As in the previous case, ¢(1,3,4,1 # 0, moreover ¢(1,2,4,2) # 0 because otherwise we
would have dim D}(.A) = 1. Choosing

P =Py
1242
C(p(3/3) L 0 p(1,4)
1,341)p(21)+c(1,342)p(3,3
PR p(3,3) LAAE03420) p2.4)
c(1,34,1)p(2,1)+c(1,342)p(33) |’
0 0 p(3,3) c(1242)
0 0 0 1(3,3)
c(1,34,1)
0 FIE 0 0
we obtain B’ = | © 0 -1.0
0 0 0 O
0 0 0 0

(3) dim D% (A) = 2, 2-solvable of class 2, non-nilpotent, with trivial center. In this case,
the matrix defining the bracket is given by

0 0 0 0
p_ |0 c(L342) —c(1,2,42) 0
“ 10 ¢(1,3,43) —c(1,2,4,3) 0
0 0 0 0
0 0 0 0
p(2,3)(—c(1,2,4,3)p(2,3) — ¢(1,2,4,2)p(3,3))
0 _pB3E1343)p23) +c(1342pB3)  —c(1243)p(23)-c(1242)p(33)
B = p(11)p(3,3)3 p(1L1)p(3,3)?
0 c(1,34,3)p(3,3)2—c(1,2,43)p(2,3)p(3,3) Cc(1243) 0
p(11)p(3,3)° p(L1)p(3,3)
0 0 0 0

Note thatc’(1,2,4,3) = Oifand only if ¢(1,2,4,3) = 0. Thus, the cases where ¢(1,2,4,3) =0
and ¢(1,2,4,3) # 0 cannot be isomorphic.

(3.a) Ifc(1,2,4,3) # 0, then taking

c(1,243)
(33) 0 ( O) . p(1,4)
c(1343)p(33
p=py = | PED POI st p2d
0 0 p(3,3) C(1,243)
0 0 0 p(3,3)
for arbitrary p(2,1), p(1,4),p(2,4), and p(3,3) # 0, gives the following matrix defining
the bracket
0 0 0 0
g_ |0 d(1342) —(1,242) 0
0 0 -1 0]’
0 0 0 0
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c(1,2,4,3)c(1,3,4,2) — ¢(1,2,4,2)c(1,3,4,3)

'(1,3,4,2) =

c'(1,3,4,2) c(1,2,4,3)2 ,
, C—(1,2,4,2) —c(1,3,4,3)

¢(1,2,4,2) = ids) .

(3.b) If c(1,2,4,3) = 0, then consider ¢(1,3,4,3) # 0and ¢(1,2,4,2) # 0, since otherwise
the center of the algebra would become non-zero (Theorem 1):

0 0 0 0
0 ((1343)-c(1242)p(23)+c(L342)p(33)  _ _c(1242)
B — p(1,1)p(3,3) p(1,1)p(3,3)
0 c(1,3,4,3) 0 0
p(1.1)p(3,3)
0 0 0 0
Taking
P=P;, =
c(1,34,3)
o 0 0 p(1,4)
1,34,3)—c(1,34.2))p(3,3
PR p(3,3) - U lIa0) p24)
(c(1,34,3)—c(1,3,42))p(3,3)
0 0 p(3,3) T c(1,242)—c(1,343)
0 0 0 p(3,3)
for arbitrary p(2,1),p(1,4),p(2,4), and p(3,3) # 0 and for ¢(1,3,4,3) # c(1,2,4,2),
0 0 0 0
_ A
gives the following matrix defining the bracket B’ = 8 1 ¢ (1’02' 42) 8 , with
0 0 0 0

_ c(1242)
’(1,2,4,2) = c(1343)

Consider now two such 3-Hom-Lie algebras with different parameters ¢’(1,2,4,2) = a

and ¢”(1,2,4,2) = b, and denote the matrices defining the brackets by B} and B}, respec-
tively. Those 3-Hom-Lie algebras are isomorphic if and only if

0 0 0 0
(a+1)p(2,3) . B
. 1P PB{PT_BQ — 0 p(l,ll)p(g,3)2 P 1)p(33) b 0 o
) 0 pmpes ! 0 0
0 0 0

0 0 0 0

0 <342 c(1242)

(3.c) If (c(1,3,4,3) = ¢(1,2,4,2), then B' = X M P(LB)P(%) :

p(L1)p(33)
0 0 0 0
(1,34,3)
Taking P = P33 = Py Py 71(?433)) P gives
= _ [y
’ 0 0 p(11) p(2,3)
c(1,34,3)
’ ! 0 p(L1)
U 0 0
(1,342)

|0 cazaz 10
U 0 0
0 0 0 0
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(4) dim D% (A) =1, Ais 2-solvable of class 2, non-nilpotent, with 1-dimensional center.

In this case, wy and ws are linearly dependent.

0 Ac(1,2,4,1) —c(1,2,4,1) 0
) _ [0 Ac(1,2,42) —c(1,2,42) O
s #0,w2 = Aws, A €K, then B= | o Y "5 17543 o
0 Ac(1,2,4,4) —c(1,2,4,4) 0
O C(1/3/4/1) O 0
) _ |0 e(1,342) 00
Ilfws =0and w, # 0, then B = | ¢(1,3,43) 0 0
O C(1/3/4/4) O 0

(4.a) We consider first the case when w3 # 0 and w, = Aws, where A € K, then
(Ap(3,3) — p(2,3))(c(1,2,4,1)p(1,1)

0 +c(1 2,4,4)p(1,4 _c(1,24,1)p(1,1)+c(1,24,4)p(1,4) 0
p(11)p(3,3)3 p(11)p(3,3)%
(Ap(3,3) —p(2,3))(c(1,2,4,1)p(2,1)
+¢(1,2,4,3)p(2,3) + c(1,2,4,4)p(2,4) (1,2,4,1)p(2,1) +¢(1,2,4,3)p(2,3)
-1 o +¢(1,2,4,2)p(3,3)) B +c(1 244924 +e(1,242p33)
p(11)p(33)3 p(1,1)p(33)2
(Ap(3,3) — p(2,3))(c(1,2,4,4)p(2,3)
0 +¢(1,2,4,3)p(3,3)) _c(1,244)p(2,3)+c(1,24,3)p(3,3) 0
p(11)p(3,3)3 p(1,1)p(3,3)%
0 c(1,244)(Ap(3,3)=p(2,3)) o c(1244) 0
p(11)p(3,3)? p(1,1)p(3,3)
If c(1,2,4,4) # 0, then taking
c(1,2,4,4) _ c(1241)
IO 0 p(33)
¢(1,2,4,3)%p(3,3)—
e(1,2,4,1)c(1,2,4,4)p(2,1)—
— _ c(1,2,4,3)p(3,3) c(1,2,4,2)c(1,2,4,4)p(3,3)
P= Py p(2,1) pB3) — c(1,2,44) c(12,44)2
124,3)p(3,3
0 0 p(3,3) — (12, )41,74() )
0 0 0 p(3,3)
0 0 0 0
o 0 0 0 0
we obtain B’ = 0 0 0 0
c(1,24,3)
0 A -1 0
(4b) Ifc(1,2,4,4) =0, then
0 c(1,241)(Ap(3,3)—p(2,3)) c(1,24,1) 0
p(33)° N (3 3)
(Ap(3,3) — p(2,3))(c(1,2,4,1)p(2,1) (1,2,4, 1) (2,1) +¢(1,2,4,3)p(2,3)
p_ | o e243p(23) +e1,242p(33) Te(1, 2 4, z) 3,3) 0
B = P(LDp(AP PG, 3)2
0 c(1,243)(Ap(3,3)=p(2,3)) (1243 0
p(1,1)p(33)? p(11)p(33)
0 0 0 0
Ifc(1,2,4,3) # 0and ¢(1,2,4,1) # 0, taking
c(1,24,3)
b33 0 p(L.4)
—Ac(1,24,3)p(3,3)—c(1,2,4,2)p(3,3
popy,— | UGN p(3,3) Ap(3,3) p24) |
0 0 p(3,3) )Lp(3,3)
0 0 0 p(3,3)
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00 163y 0
weobtainB = [ 0 0 0 0
0 0 -1 0
0 0 0 0

(4.0) Ifc(1,2,4,3) = 0and c(1,2,4,1) # 0, then

0 c(124,1)(Ap(33)—p(2,3)) c(1,2/4,1)
p(33) - p(B3)?
(Ap(3,3) = p(2,3)) %
B — 0 x(c(1,2,4,1)p(2,1) +¢(1,2,4,2)p(3,3)) _c(1,24,1)p(2,1)+c(1,24,2)p(3,3)
p(1,1)p(33)3 p(1,1)p(33)?
0 0
0 0 0
p(l,l) 0 0 p(1,4)
124,2)p(3,3
pop,_ | CUEEEY pB3) 63 p24) |
’ 0 0 p(33) Ap(3,3)
0 0 0 p(3,3)
c(1,2,41)
00 -— (5372 0
g_|l 00 0
0 0 0 0
0 0 0 0

0 0 0 0
(Ap(3,3) = p(2,3)) % (1,2,4,3)p(2,3)
, 0 x(c(1,2,4,3)p(2,3) +¢(1,2,4,2)p(3,3)) +c(1,2,4,2)p(3,3) 0
B = p(L1)p(3,3)3 p(L1)p(3,3)2
0 (1,2,4,3)(Ap(3,3)=p(2.3)) _c(1,243) 0
p(1,1)p(33)? p(1,1)p(3,3)
0 0 0 0
c(1,2,4,3)
P ’ (124?2) (33) P4
c(1,24,2)p(3,
P=Py= p(2,1) p(3,3) T 1243) p(2,4)
’ 0 0 33 c(1242)p(33) |’
p(3,3) T T (1243)
0 0 0 p(3,3)
0 0 0 0
B 0 0 0 0
= c(1,242)
0 C(1,2,4,3) + A _l 0
0 0 0 0

(4.e) Ifc(1,2,4,3) = 0and c(1,2,4,1) = 0, then

0 0 0 0
0 c(1242)(Ap(33)—p(23))  c(1,2,42) 0
B = p(11)p(33)? p(L1)p(33) ,
0 0 0 0
0 0 0 0
c(124,2) 0 0 14
b33 p(L4)
Ps=| P21D pB3) Ap(33) p(24) |
0 0 p(3,3) Ap(3,3)
0 0 0 p(3,3)
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B =

o O o o
o o o O

(4.f) Now, we consider the case where w3 = 0 and w, # 0, we have

c(1,34,1)p(1,1)+c(1,344)p(1,4)
0 T1pGAR 00
2,1) +¢c(1,3,4,3)p(2,3)
(2,4) +¢(1,3,4,2)p(3,3)
(1

P
c(1,3,4,1)p(
4

+¢(1,3,4,4)
B=|10 DpB3)? 00
0 c(1,344) 5(2 3))£E(l,%,4,3)p(3,3) 0
P(l(l (3§)2
1344
0 PADPG3 00
If c(1,3,4,4) # 0, then choosing
c(1,344) _ c(1341)
p(33) 0 0 P(3)
e
(13,4, p(2
_ _ c(1343)p(33)  —c(1,3,4,2)c(1,3,4,4)p(3,3)
P =Py p(2,1) p(3,3) - (1544) 5(134;1)( )
c(1,3,43)p(3,3
0 0 p(3,3) T (1344
0 0 0 p(3,3)
0 0 0 O
. oo o0 o0
we obtain B’ = 00 0 0
01 0 O
(4.g) Ifc(1,3,4,4) =0, then
: o 0 o
0 (1,341)p(21)+c(1,3,43)p(2,3)+c(1,342)p(3,3) 0 0
B/ == p(ld):,f)zf’éz)”)z
(1,34,
0 PADG3) 00
0 0 0 0
If ¢(1,3,4,3) # 0, then choosing
O : 0.0
s N
) 1341)p(2,1)—c(1,34,2)p(3,3
0 0 p(3,3) pc(1,3,4,3) :
0 0 0 p(3,3)
we obtain (1341)
(1,34,
0 1,302 0 0
g_|o o oo
0 1 00
0 0 0 0
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(4.h) If c(1,3,4,3) = 0, then

If ¢(1,3,4,1) # 0, then choosing

gives

c(134,1)
0 (337 00
0 134D)pRD+c(1342)p33) 4
p(L1)p(33)?
0 0 00
0 0 00
p(1,1) 0 p(1,4
1,3,4,2)p(3,3
“ c(1,3,251() L p(3,3) p23) p24
0 p(3,3) p(2,3
0 0 0 p(33
(1,3,4,1)
0 Ll 00
g_|l0 0 00
0O 0 00

0 0 00

If ¢(1,3,4,1) = 0, then the 3-Hom-Lie algebra becomes nilpotent.

— — — ~—

(5) dim D}(A) = 1, 2-solvable of class 2, nilpotent of class 2, with 1-dimensional center.
In this case, the matrix defining the bracket of A takes the following form:

0 0 0 0
—c(1,2,4,2)? _
Bs1 = c(1,2,43) c(1,2,4,2) 0 , where ¢(1,2,4,3) # 0, or
0 —c(1,2,4,2) —c(1,2,4,3) 0
0 0 0 0
0 0 0 0
. 0 ¢(1,3,42) —c(1,2,42) 0 here o{1,3,4,2) 2 0
52 = —c(1,24,2)? , Where c(1,5,4, .
0 —e(1,242) -5 O
0 0 0 0
Consider the first form, then
1
B'= — —PB5,PT =
det(P)” !
0, 0, 0,
0 — (1242) _2e(1242)p(23)  c(1243)p(23)2 c(1242)  c(1243)p(23)
’ c(1243)p(11)p(3,3) p(L1)p(33)2 p)pB3P 7 p(L1)p(E3) p(l Dp(33)% ~
0 c(12,4,2) (1,24,3)p(2,3) c(124
! ~pA)p(B3)  pA1p(B3)? - pQ 1)?( )
O, 7 O/
where c(1,2,4,3) # 0. Taking
c(1,2,4,3)
P32 ’ (12:?2) (33) )
c(1,24,2)p(3,
P=Ps; = p(2,1) p(33) T (1243) (P(ZI‘)L)( :
' c(1,2,42)p(3,3
0 0 p(3,3) T (1243)
0 0 0 p(3,3)
00 0 O
o [ 0o o0 0o o
we obtain B’ = 00 -1 0
0 0 0 O
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For the second form, we have

/ 1 T
B = ) PBs,P
0 0 0
0 c(1,242)%p(2,3)2  2c(1,24,2)p(2,3) i c(1,34,.2) c(1,2,4,2)*p(2,3) c(1,2,4,2)
c(1,34.2)p(1,1)p(3,3)° p(L1)p(33)* pLDp(B3)  c(1342)p(LDpBA2 — p(1,1)p(33)
0 c(1,242)%p(23)  c(1242) c(1,24,2)*
c(1342)p(LN)p(33)7 — p(1)p(33) c(1342)p(1,1)p(33)
0 0 0

where ¢(1,3,4,2) # 0. If ¢(1,2,4,2) # 0, then by taking

c(12,4,2)%
RGO ( 0) . p(1,4)
21 3,3) CL342p(33 2 4
P=ha= e PeS) iz c(1zgz)p()3 3)
0 0 p(3,3) c(1,242)
0 0 0 p(3,3)
00 0 O
0o o0 0o o
we obtain B’ = 00 -1 0
00 0 O
0 0 0 0
/ 0 <342 4 | ‘
If ¢(1,2,4,2) =0, then B’ = p(1,1)p(3,3) , and by choosing
0 0 0 0
0 0 0 0
(1342)
2(33) 0 0 p(1,4)
P=Ps;=| P21 pB33) p23) p(24)
’ 0 0 p(33) p(23)
0 0 0 p(33)

we obtain B’ =

o O O O
S O = O
o O O O
o O O O

O

Table 1. List of representatives of all isomorphism classes in 43 y(2) 6, Corollary 5: case 1.

o O o O

dim D; (A) = 2, non-2-solvable, non-nilpotent, with trivial center:

la c(1,2,4,4) £0.

le1,e2,e3] =0
[61182, 64} =ey
ler,e3,e4]  =¢'(1,3,4,1)er +¢'(1,3,4,3)e3 +¢'(1,3,4,4)es
[62183, 4} = O,
_ —d(14) , )
'(1,3,4,1) = 51244§ #0, c(1,3,4,3) = oyin
'(1,3,4,4) = c1243+c344)

c(1244)

Two such 3-Hom-Lie algebras, given by the structure constants (c’(7,j, k, p))
and (¢"(i,j,k, p)), respectively, are isomorphic if and only if

c'(1,3,4,3) ="(1,3,4,3) and ¢’ (1,3,4,4) = " (1,3,4,4)

and % is a square in K. Thus, thls family of 3-Hom-Lie algebras up

to isomorphism is parametrized by - W x K x K, where (Hlé)z is the factor
group of K* by (K*)? = {x?|x € K*}.
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Table 1. Cont.

1b  ¢(1,2,4,4) =0,c(1,2,4,3) #0and c(1,2,4,3) # c(1,3, 4 4). In this case
c(1,2,4,1) and ¢(1, 3,4, 4) are non-zero since d(1,4) #

[81,62,63] = 0 ,

[e 62,34] — C/(1,2,4,1)61 +e3 (1 2 4 1) (1 2 4 1) # O,
lereses] = c(1,3,4,4)e ©d(1L3,44) = 4555 A0
[82,63,64] = 0,

Two such 3-Hom-Lie algebras, given by the structure constants (¢(i, ], k, p))
and (c¢"(i,,k, p)), respectively, are isomorphic if and only if

c(1,241)
(1240

is a square in K.

lc  ¢(1,2,4,4) =0,¢(1,2,4,3) #0and c(1,2,4,3) = c(1,3,4,4).
In this case, also ¢(1,2,4,1) and ¢(1, 3,4, 4) are non-zero since d(1,4) # 0.

[e1,e2,e3] =0 (1344)
le1,en,e4] =¢'(1,3,4,3)e3+ ¢4 c'(1,3,4,3) (1243) #0,
le,es,ea] =c'(1,24)e1+es " (/(1,2,4,1) (1 2,4,1) #0.
le2,e3,4] =0,
Two such 3-Hom-Lie algebras, given by the structure constants (¢(, ], k, p))
and (¢"(i,j,k, p)), respectively, are isomorphic if and only if ,,%1122111))
is a square in K.
1.d ¢(1,2,4,4) =0and ¢(1,2,4,3) = 0. Similarly, in this case
¢(1,2,4,1) and ¢(1, 3,4,4) are non-zero since d(1,4) # 0.
[ell €z, 63] = 0/
levyex,eal =24 e 541y = ¢(1,2,41).
le1,e3,e4] =ey
[82/ es, 64] = 0/
Two such 3-Hom-Lie algebras given by the structure constants (¢/(i, j, k, p))

and (¢"(i,j,k, p)) are isomorphic if and only if C,,((l’i’i’llg is a square

in K. In particular, if c(1,2,4,1) is a square in K, we obtain the following brackets:

le1,e0,e3) =0
[e1,e2,e4] =e
[e1,e3,e4] =ey4
[e2,€3,€4] =0.

Table 2. List of representatives of all isomorphism classes in 43 y(2) 6, Corollary 5: case 2.

dim D% (A) = 2, 2-solvable of class 3, non-nilpotent, with trivial center, that is,

d(1,4) =0, (%g Zg:‘;g £ 0, equivalent to (¢(1,2,4,1),c(1,2,4,4)) £ (0,0)

and (c(1,3,4,1),¢(1,3,4,4)) = A(c(1,2,4,1),¢(1,2,4,4)) for some A € K

(
or(c(1,2,4,1),¢(1,2,4,4)) = (0,0) and (c(1,3,4,1),¢(1,3,4,4)) # (0,0):
2a c(1,2,4,4) £ 0, hence (c(1,2,4,1),c(1,2,4,4)) # (0,0)

le1,e2,e3] =0
le1,e2,e4] =ey4
le1,es,es] =¢'(1,3,4,2)ex+¢'(1,3,4,3)e3 +¢'(1,3,4,4)ey
leo,e3,e4] =0, .
(12432 Ae(1,242)c(1,2,44)
'(1,3,42) = (12347
—e(1,343)c(124,3)+c(1,2,4,4)c(1,34,2)
+< Ty £ '
/ c(1343)—Ac(1,243
0(1,3,4,3) — R
/ Ac(1244) (1,243
¢(1,3,4,4) = 20244L0243)

Any two different brackets of this form give non-isomorphic 3-Hom-Lie algebras.
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2b  (c(1,2,4,1),¢(1,2,4,4)) # (0,0) and ¢(1,2,4,4) = 0, which means that
c(1,2,4,1) # 0 (else the 3-Hom-Lie algebra would be 2-solvable of class 2).
Forc(1,2,4,3) #0,
e1,e0,e3] =0
=c'(1,2,4,1)e; +e3

[ ]
[e1, €2, e4]
le1,e3,e4] = A'(1,2,4,1)e1 +¢'(1,3,4,2)ez
[62/ €3, 4} = O/ N
1,24,3)—c(1,34,3
¢(1,2,4,1) = c(l,(2,4,1)) Zé 0, A (: %
_ —Ac(1,24,3)c(1,34,3)—Ac(1,2,42)c(1,2,4,3
((1,3,4,2) = A
c(1,3,4,3)2+c(1,2,4,3)c(1,3,4,2)
+ c(,243)
Two such brackets given by the structure constants (¢’(i,7,k, p)) and (¢ (i, ], k, p))
define isomorphic 3-Hom-Lie algebras if and only if ,,((11 22:1;11)) is a square in K.

2.c (c(1,2,4,1),¢(1,2,4,4)) # (0,0) and ¢(1,2,4,4) = 0, which means that
c(1,2,4,1) # 0 (else the 3-Hom-Lie algebra would be 2-solvable of class 2).
Forc(1,2,4,3) = 0and ¢(1,3,4,3) #0,

[

le1,e2,e4] = ¢/ (1,2,4,1)e;
le1,e3,e4] = /\’ '(1,2,4,1)e; + e3
[ ] =

Voo A4 2)+/\c(1 34,3)+¢(1342)
= c(1,343) ’
¢'(1,2,4,1) = ¢(1,2,4,1).
Two such brackets given by the structure constants (¢’(i,j,k, p)) and (¢ (i, ], k, p))
d(1,24,1)
T(1,24,1)

are isomorphic if and only if 5 is a square in K.

2d  (c(1,2,4,1),¢(1,2,4,4)) # (0,0) and ¢(1,2,4,4) = 0, which means that
c(1,2,4,1) # 0 (else the 3-Hom-Lie algebra would be 2-solvable of class 2).
For¢(1,2,4,3) = 0and c(1,3,4,3) = 0, the 3-Hom-Lie algebra
is multiplicative.

[81/ €, 33] = 0/
le1,e0,e4] =c'(1,2,4,1)e /
, ¢(1,2,4,1) =c(1,2,4,1 0.
[elr es, 34] =e ( ) ( ) 7é
[82/ €3, 34] = 0/
2.e  Two such brackets given by the structure constants (¢’ (i, ], k, p)) and (¢” (i, ], k, p))

define isomorphic 3-Hom-Lie algebras if and only if f,i((lléill)) is a square in K.

(c(1,2,4,1),c(1,2,4,4)) = (0,0) and (c(1,3,4,1),c(1,3,4,4)) # (0,0),

(1,2,4,3) #0
[611 €, 63} =0
[E ,€2, 4} =3
e, e3,e4) =0c(1,3,4,3)e3 +c'(1,3,4,4)ey
/(1,3,4,3)e3 + ¢ (1,3,4,4
[z, e3,e4] = OZ )e(1,243)+c(1,343)c(1243) _ c(1242)c(1,344)
/ c(1,24,2)c(1243)+c(1,343)c(1243) _ c(1242)c(1344
('(1,3,4,3) = ( ) c(1243) - c(1,243)2 7
(1344
'(1,3,44) = 515

Any two different brackets of this form give non-isomorphic 3-Hom-Lie algebras.

2f  (c(1,2,4,1),¢(1,2,4,4)) = (0,0) and (c(1,3,4,1),c(1,3,4,4)) # (0,0),
(1,2,4,3) = 0,¢(1,3,4,4) #0

[31162/ 33] = 0/

el ZAAL a2 -2
3,e4] =€y B

leo,e3,e4] =0,
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28 (c(1,2,4,1),c(1,2,4,4)) = (0,0) and (c(1,3,4,1),c(1,3,4,4)) # (0,0),
c(1,2,4,3) =0,¢(1,3,4,4) =0and ¢(1,3,4,3) #0

[61162183] =0 1242
ler,ea,es] = c'(1,2,4,2)e ((1,2,42) = §§1’3'4'3§,
le1,e3,es] =c'(1,3,4,1)er+es  ~ (1,3,4,1) =c(1,3,4,1).
[62/ es, 64] = O/

Two such brackets given by the structure constants (¢(i,j, k, p)) and (" (i, ],k p))
define isomorphic 3-Hom-Lie algebras if and only if ¢'(1,2,4,2) = ¢"(1,2,4,2)

c(1341) . .
and o(13,471) 18 asquare in K.

2h  (c(1,2,4,1),¢(1,2,4,4)) = (0,0) and (c(1,3,4,1),¢(1,3,4,4)) # (0,0),
c(1,2,4,3) =0,¢(1,3,4,4) =0and ¢(1,3,4,3) = 0.
This 3-Hom-Lie algebra is multiplicative,

[61, €7, 83] =0

[61/ e, 64] =e / _

leneses] —c(1,3,41)e '(1,3,4,1) =¢c(1,3,4,1) # 0.

[62, es, 84] =0
Two such brackets given by the structure constants (¢’(i, j, k, p)) and (¢" (i,],k, p))
define isomorphic 3-Hom-Lie algebras if and only if ﬁ is a square in K.

Table 3. List of representatives of all isomorphism classes in 43 y(2) 6, Corollary 5: case 3.

dim D}(A) = 2, 2-solvable of class 2, non-nilpotent, with trivial center:

3a  ¢(1,2,4,3) #£0

le1,en,e3] =0
le1,e2,ea]) =¢'(1,2,4,2)er+e3
[6 €3, 4] = C/(1/3/4/ 2)62
[62/63184] = 0, ( o - ” :
/ _ c(1,243)c(1,34,2)—c(1,24,2)c(1,3,4,3
(1,3,4,2) = o (6(124)3) )
/ _ —c(1,24.2)—c(1343
¢(1,2,4,2) = <0223,
3b  ¢(1,2,4,3) =0,¢(1,3,4,3) # 0and c(1,3,4,3) # c(1,2,4,2)
[81162/ 83} = O,
[e1,e2,e4] =¢'(1,2,4,2)ep , _ c1242)
le1,e3,e4] =e3 , (12,42) c(1,343)"
[32/ es, 84} =0
3¢ ¢(1,2,4,3)=0,¢(1,3,4,3) #0and ¢(1,3,4,3) = ¢(1,2,4,2)
[61162/ 63} =0
le1,e2,e4] =e2 / _ c(1342)
le1,e3,e4) =¢'(1,3,4,2)ex+e3 7 ¢(1,3,42) = c(1343)
[62/ es, 64} =0

Table 4. List of representatives of all isomorphism classes in 43,N(2),6, Corollary 5: case 4.

dim D% (A) =1, 2-solvable of class 2, non-nilpotent, with 1-dimensional center:

w3 # 0, wy = Awz with A € Kand ¢(1,2,4,4) #0

[ell €, 83] = 0
le1,en,e4] = €4
4a le1,e3,e4] = Mey’
[62/ 63(/ 64] ) =0
’ 1,243
A= c(1244) +A.

Two such brackets with parameters A’ and A" define isomorphic 3-Hom-Lie
algebras if and only if A’ = A"
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4b w3 #0,wy, = Awzwith A € Kand ¢(1,2,4,4) =0,¢(1,2,4,3) #0,¢(1,2,4,1) #0
[81, e, 63] =0 ,
E Eiiﬂ —are (L243)es 1(12,4,3) =c(1,2,4,3) £0.
le2,e3,e4] =0
Two such brackets given by the structure constants (¢’(i, j, k, p)) and (¢" (i,,k, p))
define isomorphic 3-Hom-Lie algebras if and only if % is a square in K.
4c w3 #0,wy; =AwzwithA € Kand ¢(1,2,4,4) =0,¢(1,2,4,3) #0,¢(1,2,4,1) =0
[61,62, (33] =0
le1,e2,e4] =e3
[e1,e3,e4] =Ae3
le2,e3,e4] =0,
4d w3 #0,wy = Aws with A € Kand ¢(1,2,4,4) =0,¢(1,2,4,3) =0,¢(1,2,4,1) £0
le1,e2,e3] =0
le1,e2,e4] =¢'(1,2,4,1)e
le1,e3,e4] =0
[e2,€3,4] =0,
4e w3 #0,wy=AwzwithA € Kand ¢(1,2,4,4) =0,¢(1,2,4,3) =0,¢(1,2,4,1) =0,
c(1,2,4,2) #0
le1,e2,e3] =0
[e1,e,e4] =€
le1,e3,e4] =0
le2,e3,e4] =0,
4f w3 =0,c(1,3,4,4) #0
le1,e2,e3] =0
[61,62, 4] = 0
[e1,e3,e4] =eq
[e2,€3,4] =0,
4g ws=0,0c(1,34,4)=0,c(1,341) #0,c(1,3,4,3) £0
le1,e2,3] = 8
e1,6,¢€ =
L} é,eﬂ (3,4 e ey c(1,3,4,1) =c(1,3,4,1).
[e2,e3,e4] =0
Two such brackets given by the structure constants (¢’ (i, j, k, p)) and (¢" (i, ], k, p))
define isomorphic 3-Hom-Lie algebras if and only if f,i((llzill)) is a square in K.
4h w3=0,0(1,344) =0,¢(1,3,4,1) #0,c(1,3,4,3) =0

le1,e2,e3] =
[e1,e0,e4] = / _
lenesed] =c(1,3,41)e (1,3,4,1) =¢(1,3,4,1)
[e2,€3,e4] =0
Two such brackets given by the structure constants (¢ (i, j, k, p)) and (¢ (i, ], k, p))

define isomorphic 3-Hom-Lie algebras if and only if ”<(11?°,21111)) is a square in K.

This bracket defines a multiplicative 3-Hom-Lie algebra.

Table 5. List of representatives of all isomorphism classes in 43 y(2) 6, Corollary 5: case 5.

dim D}(A) = 1, 2-solvable of class 2, nilpotent of class 2, with 1-dimensional center:

5.a

€1,€2,€3
€1,€2,64
€1,€3,64
€2,€3,64

5b

€1,€2,€3
€1,€2,64
€1,€3,64
€2,€3,64
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The classification presented in Theorem 2 and Tables 1-5 is valid over any field of char-
acteristic 0. Some of the families of isomorphism classes are parametrized by (H]g)z x K for
a givend € N. In the case where K is algebraically closed (in particular if K = C), we have

(1115)2 = {1} and the parameter whose range is (Hﬂé)z can be taken tobeequalto 1. If K = R,
then —— = {-1, 1} and we obtain two non-isomorphic cases, one where the parameter

(K*)

whose range is is equal to 1 and one where it is equal to —1. A very different case

(K*)
is when K = Q. In this case, W is infinite (for example, all prime natural numbers are
in different equivalence Classes) This means that there is infinitely many isomorphism
classes parametrized by ®2 and an infinite number of 3-Hom-Lie algebras in each iso-
morphism class For example, in the case 1.a in Table 1, the 3-Hom- Lle algebras given by
(1,3,41) = 3,c(1,3,4,3) = —1,¢'(1,3,4,4) =2and ¢"'(1,3,4, 1) =4,7"(1,3,4,3) = -1,
¢”(1,3,4,4) = 2 are isomorphic since ¢’(1,3,4,3) = ¢(1,3,4,3), ' (1,3,4,4) = "(1,3,4,4)

and ;:,((113;211)) = 4 which is a square in Q. On the other hand, the 3-Hom-Lie algebras
given by ¢'(1,3,4,1) = 1, ¢'(1,3,43) = -1, c'(1,3,44) = 3 and ¢"(1,3,41) = 1,
”(1,3,4,3) = -1, (1, 3 4,4) = 3 are not isomorphic because //((11?;;11)) = %, which

is not a square in Q.

6. Examples and Remarks

In this section, we consider some examples that show specific properties not following
from the results proved above, and that may lead to further investigations of the properties
of n-Hom-Lie algebras. The following result is a consequence of [[85], lemma 6.2].

Proposition 10. Let A = (A, [,..., ], (&i)1<i<n—1) be an n-Hom-Lie algebra and let I be an
ideal of A. Then, forallp € N,2 <k <, DfH(I) is a weak ideal ofle(I) and CEH(I) isa
weak ideal of CI(I). In particular, D}(A) and C}(A) are weak ideals of A. Moreover, if all the
a;,1 <i < n—1are Hom-algebra morphisms, then DfH(I) is an ideal of D,’:(I) and C,f“(l) is
an ideal ofC,f(I).

A consequence of this is that all the multiplicative algebras in the above classification
are not simple since they have at least one non-trivial ideal (D3 (A)).

The elements of the derived series and central descending series of A for the above
algebras are given by

DY(A) = ({c(1,2,4,1)e1 +c(1,2,4,2)ex + c(1,2,4,3)es + ¢(1,2,4,4)es,
c(1,3,4,1)ey +¢(1,3,4,2)ep + ¢(1,3,4,3)e3 + ¢(1,3,4,4)eq}),

DY(A) = ({c(1,2,4,1)e; +¢(1,2,4,2)ex +¢(1,2,4,3)e3 +c(1,2,4,4)ey,
c(1,3,4,1)ey +¢(1,3,4,2)ep + ¢(1,3,4,3)e3 + ¢(1,3,4,4)e4}).

For the cases 1.a (see Table 1) and 2.a (see Table 2), D% (A) is not invariant under &,
that is, it is not an ideal.
Case 2.a (Table 2) In this case,

D3(A) = ({(c'(1,3,4,2)c'(1,2,4,4) — ¢'(1,3,4,4)c'(1,2,4,2) )ws—
—(c'(1,3,4,3)c'(1,2,4,4) — ¢'(1,3,4,4)'(1,2,4,3) )w,,
—('(1,3,4,1)c'(1,2,4,4) — ' (1,3,4,4) (1,2,4,1) w3,
—('(1,3,4,1)c'(1,2,4,4) — ¢'(1,3,4,4)' (1,2,4,1) )w,,

(c'(1,3,4,1)c'(1,2,4,2) — '(1,3,4,2)c'(1,2,4,1)) w3 —
—(c'(1,3,4,1)'(1,2,4,3) — ¢'(1,3,4,3)'(1,2,4,1))w, })
= ({c'(1,3,4,2)w3 — ¢'(1,3,4,3)w,}) # {0}
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since in case 2 (Table 2) dim D}(.A) = 2. Denote by v the generator of D3(A):

=c'(1,3,4,2)wz — ¢
—c'(1,3,4,2)es — ¢
— '(1,3,4,2)es — ¢'(1,3,4,3)c'(1,3,4,2)es — ¢'(1,3,4,3)% e5
—(1,3,4,3)c' (1,3, 4, 4)es
—c'(1,3,4,3)c'(1,3,4,2)e; — ¢'(1,3,4,3)%e3 — ('(1,3,4,3)c'(1,3,4,4)
' (1,3,4,2))ey.

In general, D3(A) is a weak subalgebra of A. We study whether D3(.A) can be a Hom-
subalgebra in this class. To this end, we calculate the image by a of D3(.A):

1,3,4,3)w,

(
(1,3,4,3)(c'(1,3,4,2)ex + ¢'(1,3,4,3)es + ¢'(1,3,4,4)ey)

w(v) = a(—c'(1,3,4,3)c'(1,3,4,2)e; — '(1,3,4,3)% e
—(c'(1,3,4,3)c'(1,3,4,4) +'(1,3,4,2) )ey)
—a(c’(1,3,4,3)c'(1,3,4,2)ep) — a(c'(1,3,4,3)%e3)
—a(('(1,3,4,3)c'(1,3,4,4) + '(1,3,4,2) )eq)
'(1,3,4,3)c'(1,3,4,2)a(es) — c'(1,3,4,3)%a(e3)
—('(1,3,4,3)c'(1,3,4,4) + '(1,3,4,2))a(eq)
= —c'(1,3,4,3)% — (c'(1,3,4,3)c'(1,3,4,4) + ¢'(1,3,4,2) )es

In the case when (¢(1,3,4,3)c’(1,3,4,4) + '(1,3,4,2)) # 0, the elements a(c'(1,3,4,2)ws —
c'(1,3,4,3)wy) and (1, 3,4,2)ws — ¢’(1,3,4, 3)w, are linearly independent, which means
that D3(A) is not invariant under «, and thus, D3(.A) is a weak subalgebra but not a
Hom-subalgebra of A.
If (c'(1,3,4,3)c'(1,3,4,4) +¢'(1,3,4,2)) = 0, then

'(1,3,4,2) = —c'(1,3,4,3)c(1,3,4,4),
w(v) = —c'(1,3,4,3)%e,,
'(1,3,4,3)c'(1,3,4,2)e; — ¢'(1,3,4,3)% e3
'(1,3,4,3)c'(1,3,4,4) +'(1,3,4,2))ey
'(1,3,4,3)c'(1,3,4,2)e; — '(1,3,4,3)% e3

+c/(1,3,4,3)%(1,3,4,4)e0 — ' (1,3,4,3) e3
=c'(1,3,4,3)%(c'(1,3,4,4)e; — e3)

U=

—C
—(c
—C

If ¢’(1,3,4,4) # 0, then in this case ¢'(1, 3,4, 3) # 0 because otherwise ¢’(1,3,4,2) = 0 too,
which contradicts the assumption dim D% (A)=2.1f(1,3,4,4) =0, then ¢'(1,3,4,2) =0,
and thus, ¢/(1,3,4,3) # 0 because otherwise dim D%(A) # 2. Thus, these elements are
linearly independent since e, and e3 are linearly independent. Thus, in the case (2.a),
D3(A) cannot be invariant under «, and hence, D3(A) is a weak subalgebra but not a
Hom-subalgebra of A.

Since D3(.A) is not a Hom-subalgebra of 4, it is not a Hom-ideal either. Let us study
now whether DZ(A) is a weak ideal of .A. We have

[e1,e2,0] =

[el,ez, —'(1,3,4,3)'(1,3,4,2)es — ' (1,3,4,3)%;
((1,3,4,3)¢ (1,3,4,4) + ¢'(1,3,4,2) )ed]

= —c'(1,3,4,3)(1,3,4,2)[e1, e, e2] — ¢'(1,3,4,3)%[ey, €2, €3]
—('(1,3,4,3)c'(1,3,4,4) + c'(1,3,4,2))[e1, €2, €4]
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= —c/(1,3,4,3)c'(1,3,4,2)0 — ¢'(1,3,4,3)% 0
—(c'(1,3,4,3)c'(1,3,4,4) + '(1,3,4,2) )ey
=—(c'(1,3,4,3)c'(1,3,4,4) + '(1,3,4,2) )ey.

If (¢'(1,3,4,3)c'(1,3,4,4) + '(1,3,4,2)) # 0, when ¢/(1,3,4,3) # 0, [e1,e2,0] and v
are linearly independent. Thus, D3(.A) is a weak subalgebra, but not a weak ideal of .A. If
c’(1,3,4,3) =0, then ¢'(1,3,4,2) # 0, since dim D% (A) # 2 otherwise, which contradicts
the assumptions of the case 2.a). We obtain

[e1,e3,0] = [e1,e3,—(c'(1,3,4,3)c’(1,3,4,4) +'(1,3,4,2) )e4]
= —(c'(1,3,4,3)c'(1,3,4,4) + c'(1,3,4,2) ) [e1, €3, e4]
= —(c(1,3,4,3)c'(1,3,4,4) + ¢/ (1,3,4,2))(c'(1,3,4,2)ex + ¢/ (1,3,4,4)ey).
This element is linearly independent from v, and hence, it is not in D3(.A). Thus, D3(.A) is
not a weak ideal of A.
If (c'(1,3,4,3)c (1,3,4,4) + ¢'(1,3,4,2)) = 0, then v = ¢(1,3,4,3)2(c'(1,3,4,4)e; — e3).

In this case, [ej, e, v] # 0if and only if (j,k) = (1,4) or (j,k) = (4,1). Therefore, we
compute only ey, ey, 7],

le1,e4,0] = [61,64, '(1,3,4,3)%(c'(1,3,4,4)e; — 63)}
= c’(1,3,4,3)2([el,e4,c’(1,3,4,4)ez] — [e1, €4, €3])
=c'(1,3,4,3)%(—c'(1,3,4,4)[e1, 2, e4] + [e1, €3, €4])
= c’(1,3,4,3)2( —c'(1,3,4,4)es + c'(1,3,4,2)es
+¢(1,3,4,3)es + (1,3, 4,4)e4>
= —('(1,3,4,3)%(—c'(1,3,4,3)c'(1,3,4,4)es + ¢'(1,3,4,3)e3)

=c'(1,3,4,3)3(c'(1,3,4,4)er — e3)
=c'(1,3,4,3)0.

Therefore, D3(.A) is a weak ideal of .A. In this case, the bracket of A is given by

where ¢’(1,3,4,3) # 0. Note that one cannot conclude this from the general statements
in [99].

Example 3. If we take K = C, ¢(1,3,4,4) = +iand ¢(1,3,4,3) = —2, then we obtain the
following two examples where D3(A) is a weak ideal of A:

[61/62/ 63] =0 [61/62/ 63] =0
le1,e0,e4] =ey or le1,e0,e4] =ey
[61, es, 64] =2iep —2e3+1iey [61, es, 84] = —2iep —2e3 —iey
[62/ €3, 64] =0 [62/ €3, 84] =0.

7. Discussion

This work provides a complete classification of a class of 4-dimensional 3-Hom-Lie
algebras with a nilpotent twisting map, up to isomorphism of Hom-algebras, as well as
important properties of the classified algebras.
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One of the main differences with previous work in the classification of n-Lie algebras is
that isomorphisms of Hom-algebras are different from isomorphisms of algebras since they
need to intertwine not only the multiplications but also the twisting maps. Isomorphisms of
Home-algebras are more restrictive, and thus, give rise to many more isomorphism classes
of Hom-algebras than isomorphism classes of algebras.

The n-Hom-Lie algebras are fundamentally different from the n-Lie algebras especially
when the twisting maps are not invertible or not diagonalizable. When the twisting maps
are not invertible, the Hom-Nambu-Filippov identity becomes less restrictive, since when
elements of the kernel of the twisting maps are used several terms or even the whole
identity might vanish. In this work, we consider n-Hom-Lie algebras with a nilpotent
twisting map &, which means in particular that « is neither invertible nor diagonalizable.
All of this makes the classification problem different, interesting, rich, and not simply
following from the case of n-Lie algebras.

In our work, we achieved a complete classification up to isomorphism of Hom-algebras
of the considered class of 4-dimensional 3-Hom-Lie algebras with a nilpotent twisting
map, computed derived series and central descending series for all of the 3-Hom-Lie
algebras of this class, studied solvability and nilpotency, characterized the multiplicative
3-Hom-Lie algebras among them, and studied the ideal properties of the terms of derived
series and central descending series of some chosen examples of the Hom-algebras from
the classification.

Theorem 1 gives a full study on solvability, nilpotency, and center of the considered
class of algebras; Corollary 5 uses it to divide the considered class of algebras into five
non-isomorphic subclasses. Differences with n-Lie algebras can be seen, for example, in the
fact that 2-solvable 3-Lie algebras with dim D(A) = 2 (cases 2 and 3) do not appear,
for n = 3, in the case of n-Lie algebras in dimension #n + 1 in [37], where all n-Lie algebras
of dimension n + 1 are classified.

In Theorem 2, a complete classification up to isomorphism of Hom-algebras of the type
43 N(2),6 18 given. The theorem is not simply a list of representatives of each isomorphism
class that is given, it gives conditions defining each isomorphism class and, in the proof,
the isomorphisms to transform a given 3-Hom-Lie algebra of the type 43 y(2) ¢ into the
chosen representative are provided. That way, for any choice of 3-Hom-Lie algebra of
the type 4; y(2) 6, One can easily determine which isomorphism class it belongs to and the
isomorphisms between it and the chosen representative of that isomorphism class.

Lemma 5, Proposition 9, and Corollary 3 give necessary and sufficient conditions
for (n + 1)-dimensional n-Hom-Lie algebras to be multiplicative, given extra conditions
on the dimension of the kernel of the twisting map. An application of these statements
applied to the class of algebras that we classify in this work is given by Corollary 4.
A characterization of nilpotency both in dimension 7 4 1 and in general is established in
Lemma 4, and Propositions 5 and 6.

In Section 6, we study more properties of some particular examples from the afore-
mentioned classification, and show that members of derived series and central descending
series can satisfy more properties than are given by the general statements in [99].

Part of this work was performed using the computer algebra software Wolfram Math-
ematica 13. Namely, the computation of terms of the derived series and central descending
series, as well as the center in the proof of Theorem 1, was performed using Mathemat-
ica. In Theorem 2, at each step, the matrix B’ = ﬁ(mPBPT, as well as the isomorphism
matrix P, were computed using Mathematica, while splitting the cases and choosing the
representative of each isomorphism class were not automated.

Perspectives on further research based on this work include completing the classifi-
cation of 4-dimensional 3-Hom-Lie algebras for the chosen twisting map, and then, for
different twisting maps; or, for the considered class in this work, study further properties
such as possibilities of deformations and extensions, together with the corresponding
cohomology complexes.
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K and any integer s; > 2, the sequence of integers s1, sy, 53, . .. satisfying s; ;1 —s; € Kiif 5; is a prime
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either K= {1}and T € [},3)or K= {2} and T € [}, 3).
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1. Introduction

Throughout, we denote by P(n) the largest prime divisor of an integer n > 2. In [1],
for k € N, the sequence of integers a1, a2, 43, ..., where a; > 2 and, foreachi =1,2,3,...,

)

. a;+k, if a; is a prime number;
i+1 — . . .
P(a;),  if a; is a composite number

has been considered. For example, in the case when a; = 2 and k = 12, this sequence
(a;)%2; is

2,14,7,19,31,43,55,11,23,35,7,19,31,43,55,11,23,35, .. .. 2)
Evidently, no two consecutive terms of the sequence (a;)*; defined in (1) can be a com-
posite. Deleting all the composite terms and leaving only those elements of (a;)$* ; that are
primes, we will obtain a sequence of prime numbers p1, p2, p3,. .., where p; = a; ifaj isa
prime number and p; = a5 if a; is a composite number, satisfying

pi+1 = P(pi +k) 3)

foreachi=1,2,3,.... Accordingly, removing the composite terms from (2), we obtain the
following sequence of primes (p;)° satisfying (3) with the first term p; = 2 and k = 12:

2,7,19,31,43,11,23,7,19,31,43,11,23, . ...

The sequences (1) and (3) are both iterative sequences of integers
x, f(2), f(f ), fFF (),

where f is a map from the set N to itself. The most known sequence of this type is the
Collatz sequence defined by f(x) = 3x + 1 for x odd and f(x) = x/2 for x even; see [2] and
some recent papers [3-6] on the original Collatz problem and its variations. The results are
very far from the conjecture asserting that the Collatz sequence starting from an arbitrary
positive integer is ultimately periodic with the period 1,4, 2. Some other versions of iterative
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integer sequences have been considered in [7] (where f(x) = |ax + B]) and subsequently
in [8,9].

In [1], it was shown that the sequence (1) is periodic for any k € N and any initial
choice of a7 > 2. Now, we will give a different proof of this fact by deriving an explicit
upper bound on the largest element of this sequence in terms of a; and k. Of course, this
immediately implies the periodicity of (a;);>;, because, by (1), for each i € N, the element
a;41 is uniquely determined by its predecessor a;.

To present our result, we will use the following notation. For a given k € N, by N (k)
we denote the smallest prime number that does not divide k. For odd k, it is clear that

N(k) = 2.
Here are the first 15 values of N (k) for k even.

k |2(4|6|8]10(12 |14 |16 |18 |20 |22 | 24|26 |28 |30
N(k)|3|3|/5|3|3|5|3 |3 |53 |3|5|3]|3]7

By the definition of N (k), it follows that
N(k) <k+1 @)

for each k € N with equality if and only if k € {1,2}. For large k, the upper bound for
N (k) is much better than that in (4). Indeed, let ¢ = N(k) be the least prime number not
dividing k > 2. Then, all the primes smaller than g must divide k. Thus, their product
[1,<4 p divides k and hence

) logp <logk.
p<q

Using the asymptotical formula }_,, log p ~ x as x — oo, we deduce that for any ¢ > 0
there is a constant k(¢) > 0 such that

N(k) < (1+¢)logk foreach k> k(e). )
In fact, by [10] (Theorem 4), the lower bound

1
logp= Y logp>(q-1)(1— 5o
F;qogp ngq;l ogp > (9 - 1)( 210g(q—1))

holds for g > 564, so an explicit k(s) in (5) in terms of € can be determined.
With this notation, we can state our first result:

Theorem 1. All the elements of the sequence (1) are smaller than or equal to
max{ay, N(k)k} + N(k)k, (6)

while all the elements of the sequence (3) are smaller than or equal to
max{py, N(k)k} + (N (k) — 1)k, )

In particular, the sequences (1) and (3) are both periodic.

For k = 1 and a; = 2, the sequence (1) is 2,3,4,2,3,4, .. ., while the right-hand side
of (6) is max{2,2} +2 = 4. For k = 1 and p; = 2, the sequence (3) is 2,3,2,3,2,3,...,
whereas the right-hand side of (7) is 3. So, formally, the inequalities (6) and (7) are the best
possible. For k > 2, these bounds can be improved, but we will not go into the details.

More generally, for a fixed real number T satisfying % < 7 < 1and a finite set

K:{kl,...,km} CN,

with k = maxk;, @®)
k/‘EK
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we will consider a class of integer sequences S (7, K) consisting of all sequences {s1,5s2,53, . ..}
satisfying s; > 2 and, foreachi =1,2,3,...,

sit1 —s; € K if s; is a prime number; )

2 <s;y1 < 7s; if s; is a composite number. (10)

Note that the smallest composite number in N\ {1} is 4, so some integer s; 1 satisfying (10)
can always be chosen due to T > % and s; > 4.

In particular, if K = {k} is a singleton set (this notation is consistent with (8)), then,
by (9) and (10), for eachi =1,2,3,...,

s;i+k, if 5; is a prime number;
Si+1 = . . . . . .
any integer in the interval [2,7s;], if s; is a composite number.

It is clear that
S(t,K) CS(,K) if t<7

and
S(t,K) € S(t,K') if KcK.

For each S € S(7,K), we will show the following:

Theorem 2. Assume that T € [},1) and that K = {ki, ...,k } C N has the largest element k.
Then, the elements of the sequence {s1,52,53,...} € S(7,K) (as defined in (9) and (10)) are all
smaller than

max{sy, 7e* /(1 — 1)} + . (11)

Furthermore, in a particular case, when K = {k}, all the elements of S = {s1,s3,53,...} €
S(t, K) are smaller than or equal to

max{sy, TN(k)k/(1 — 1)} + N(k)k, (12)

while all the prime elements of S do not exceed
max{p1, TN(k)k/(1 — 1)} + (N(k) — 1)k, (13)

where pq is the first prime element of the sequence S.

Note that parts (12) and (13) of Theorem 2 imply Theorem 1. Indeed, the sequence (1)
belongs to the class S(t, K), where K = {k} is singleton set and T = % (The largest prime
factor of a composite integer n > 4 does not exceed n/2.) Thus, the upper bound (6)
follows from (12) with T = %, whereas (7) follows from (13). If i < j is the pair of positive
integers with the smallest index i and the smallest difference j — i satisfying a; = a;, then
the sequence (1) is ultimately periodic with period 4,411, ...,a;-1. (The same is true for
the sequence (3) and the first pair of primes in it satisfying p; = p;.)

Of course, the sequences in S(7, K), although bounded, are not necessarily all periodic.
All the cases when they are all periodic are described by the next theorem:

Theorem 3. Assume that T € [%,1) and K = {ky,...,ky} C N. Then, the sequences in S(t,K)
are all periodic if and only if one of the following holds:

(i) K:{l}and%gr<%;
(i) K={2}and 3 <7 <3.
In all other cases, the class S(t, K) contains infinitely many nonperiodic sequences.

In the next section, we will give three auxiliary lemmas. Then, in Sections 3 and 4,
we will prove Theorems 2 and 3, respectively. (As we already observed above, Theorem 2
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implies Theorem 1.) In the last section, we will show that the class S(K, T) always contains
nonperiodic sequences in the case when K C N is infinite.

2. Auxiliary Lemmas

Lemma 1. For any integers a, k > 2, the arithmetic progression
a,a+k,...,a+ (N(k)—1)k,a+ N(k)k (14)

contains a composite number. Moreover, if a # N (k), then the arithmetic progression
a,a+k,...,a+ (N(k)—1)k (15)

contains a composite number.

For example, for k = 210, we have N (k) = 11. Selecting a = 199, we see that the first
10 numbers in (15)

199,409, 619, 829,1039, 1249, 1459, 1669, 1879, 2089

are all primes, while the eleventh number
a+ (N(k) — 1)k =199 + 10210 = 2299 = 11219

is a composite. This shows that for k = 210, the list (15) cannot be replaced by the shorter
lista,a+k,...,a+ (N(k) — 2)k. See the Wikipediaarticle (https://en.wikipedia.org/wiki/
Primes_in_arithmetic_progression) (accessed on 2 January 2024) for some further nontrivial
examples of primes that form long (in terms of k) arithmetic progressions with the difference k.

Proof. Consider the list of integers (15) modulo g = N (k). If for some integers i, j satisfying
0 <i < j<g—1thenumbersa+ ik and a + jk were equal modulo g, then g | (j —i)k.
Because g is a prime and 1 < j—i < g — 1, this forces g | k, which is not the case by
the definition of 4 = N(k). Therefore, the integers (15) are all distinct modulo g, which
means that exactly one of them, say a + ¢k, 0 < ¢ < q — 1, is divisible by 4. This number is
composite, unless a + ¢k = g. Note that for £ > 1, we have

Nk)=g=a+lk>a+k>k+2,

which is impossible using (4). Hence, the equality a + ¢k = g occurs only for / = 0 and
a = q. This proves the second assertion, because then a # g. Of course, for a # g, this also
proves the first assertion. On the other hand, if a = g = N(k), then the last number in the
list (14), namely, a + N(k)k = N(k)(1 + k), is composite. This completes the proof of the
first assertion of the lemma. O

The next lemma is (1.12) from [11].

Lemma 2. For any real numbers x > 0 and y > 1, the interval (x,x + y| contains at most
2y/ log y prime numbers.

This result of Montgomery and Vaughan is related to the famous Hardy-Littlewood
conjecture, which asserts that for the prime-counting function 77(x) = #{p < x} the inequality

(x +y) < 7e(x) + 7(y)

holds for any integers x,y > 2, see [12] (p. 54). This inequality has been proved only under
some assumptions on x and y; roughly, when x and y are of similar size, see, e.g., [13-16].
More references can be found in [17]. However, in our situation, y can be small compared
to x, so the bound with an extra factor 2 as given in Lemma 2 seems to be the best available
known result for our purposes. In fact, as a result of Hensley and Richards [18], the
conjecture of Hardy and Littlewood is incompatible with the so-called prime k-tuples
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conjecture, which is widely believed to be true. In view of this, it is not clear at all if the
constant 2 in Lemma 2 can be replaced by a constant arbitrarily close to 1.
To state our next lemma, we need the following definition. We say that a finite string
of positive integers
C=s1,5,...,5¢

isan s-cyclein the class S (7, K) if sy = s,5; # sforj = 2,..., tand the purely periodic sequence
Coo —51,52,---,5t,51,52,+«-,5t, -

belongs to the class S(7, K). This means that the elements of the sequence C* are all in
N\ {1} and satisfy (9) and (10). (Of course, it is sufficient to verify this fori = 1,...,¢,
because s;11 = 51 = s and the sequence C* is periodic.)

For example, consider the case T = % and K = {4}. Note that if s; = 15, then, by (10),
as s;,1 we can select, for instance, 3 or 6. Hence, C = 3,7,11,15and C' = 3,7,11,15,6 are
both 3-cycles in the class S(3, {4}). (Their first element is 3, and 3 is the only element in
both strings C,C'.)

Lemma 3. Assume that for some integer s > 2, the class S(t, K) has at least two distinct s-cycles.
Then, S(t, K) contains infinitely many nonperiodic sequences.

Proof. Let C and C’ be two distinct s-cycles in S(7, K). Take any nonperiodic sequence
with two letters of the alphabet {C, C'}. Then, replace C, C’ in it with their corresponding
strings of integers, say, s, s, ...,5t and s, sé, ..., Sh. We claim that the resulting sequence
S € S(1,K) is nonperiodic.

Assume that S is periodic. Then, without the loss of generality, we may assume that
some period in it starts with s and ends at a certain integer s’ # s. The next element of S
must be s again; so, in the period, we can replace the strings back to the letters C and C'.
Because S is periodic, this means that a nonperiodic sequence on {C,C’} from a certain
place is also represented by a periodic sequence on the same two letters. Consequently,
at some stage, say from the gth element, we must have the cycles C and C’ both starting
from the same element s; = s. As C # C/, the cycles C and C’ cannot be of the same
length. Indeed, otherwise, the sequence of C, C’, starting from the element s, is uniquely
determined, and a nonperiodic sequence on these two letters cannot be represented by a
periodic one.

Assume that C has more elements than C’, i.e., t > m. Recall that the cycles C and
C’ both start from s = s. But then, as after C’ we have C or C’, the element s¢, of the
sequence S must be s, which is not allowed by the definition of C (s is only the first element
of C). The case t < m can be treated with the same argument.

Therefore, the sequence S obtained as a nonperiodic combination of two s-cycles C, C’
and then replacing them with their corresponding strings of numbers in N \ {1} is indeed
nonperiodic.

Finally, observe that, by taking any composite integer s greater than 2s and adding it
to the beginning of the above constructed nonperiodic sequence

S={s1=s,52,53...} € S(1,K),
we will obtain a new nonperiodic sequence sg, 51,52, 53, . - . in S(T, K); see the property (10).

This completes the proof of the lemma, because there are infinitely many choices of such
integers sg. [l

3. Proof of Theorem 2

Let S = {s1,52,53,...} be a sequence from the class S(7,K). For the simplicity of
exposition, we present this sequence in a binary alphabet {p, c}, where the letter p stands for
s; if s; is prime, and the letter ¢ stands for s; if s; is composite. For example, the sequence (2) is

p.cp.p, P PP PP PP PP P
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We clearly have s; < s;1 if the letter p stands for s;, and s; > s;1 if the letter ¢ stands for s;.

Let {p1, p2, p3, . ..} be a subsequence of S obtained from S by deleting its composite
elements, so p; simply enumerate the letters p. If the sequence {p1, p2, p3, . . .} were finite,
then we would have s; 1 € [2, Ts;] for each sufficiently large i, say, for i > ng. But then, for
eachi > ng from s; ;1 < 7s; < s;, we deduce that s;; > s,,,11 > 5y,12 > ...1is a decreasing
sequence of integers. This is impossible, because s; > 2 for all s; € S. Consequently,
the sequence {p1, p2, p3, - ..} is infinite. In the notation with p and ¢, this means that the
sequence S contains infinitely many letters p.

Next, we consider a subsequence {q1,42,92, ...} of {p1,p2,p3, ...} obtained by re-
moving from {p1, p2, p3, .. .} the primes from consecutive patterns p, p, ..., p of all primes
except for the first one. In particular, we will have q; = p;, while for each g;, i > 2, between
gi—1 and g;, first there are possibly a few prime elements of S and then there must be one of
several composite elements of S.

Now, we will prove (13). (Recall that K = {k}.) We claim that

9; < M := max{p, tN(k)k/(1 — 1)} (16)

for eachi € N.
We will use the induction on i. Of course, (16) trivially holds for i = 1 because then
g1 = p1. Assume that (16) is true for some gq;_1, where i > 2. Suppose that between g;_4
and g; there are ¢ > 0 primes (letters p) and then I > 1 composite elements of S (letters c).
By Lemma 1, we have
¢ < N(k)—1. (17)

Thus, the first composite element is smaller than or equal to ;1 + N(k)k. The Ith composite
element (the one that appears just before g;, say, s;) is therefore at most -1 (qi-1 + N(k)k).
Hence,

gi < 15 < T (qi1 + N(k) < t(gi_1 + N(k)k).

Now, by our inductive assumption g;_1 < M, it remains to verify the inequality
T(M+ N(k)k) < M.

However, the latter inequality is equivalent to TN (k)k/(1 — 7) < M, which is true by the
definition of M in (16). This completes the proof of (16).

Next, note that each p; is of the form g; + uk with some integersi > 1 and u > 0.
Furthermore, we must have u € {0,1,..., N(k) — 1} by Lemma 1. Hence, by (16), each p;,
i € N, is smaller than or equal to M + (N (k) — 1)k. This completes the proof of (13).

In order to prove (12), we first observe that, by Lemma 1 and the definition of (g;)2,
each element of the sequence S is smaller than or equal to

max{sy, max{q1,q2,43,..-} + N(k)k} < max{s;, M + N(k)k}.

Hence, by the definition of M in (16), all the elements of S do not exceed
max{sy, max{py, TN(k)k/(1 — 1)} + N(k)k}. (18)

Because p1 < s1, (18) does not exceed the right-hand side of (12).
It remains to prove (11) for the set K = {ky, ..., k;; } with the largest element k. This
time, we claim that
gi < M := max{py, e /(1 — 1)} (19)

foreachi > 1.

It is clear that (19) is true for i = 1. Assume that (19) is true for g;_1 with i > 2. As
above, suppose that between g;_1 and g; first there are £ > 0 prime elements and then/ > 1
composite elements of S. We will show that

€2k

(<4 -1 (20)
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By 7k < %k it is clear that (20) holds for ¢ < 6, so assume that ¢ > 7. The inequality (20)
also holds for K being a singleton set by (4) and (17) because k(k + 1) < %. Thus, we can
assume that m = |K| > 2. The £ + 1 consecutive elements of S

qi-1,9i-1+kij, gi-1 + ki kiy, oo g1 ki ki, +. kg, (21)

where k; , k
them is

i, -+, ki, € K, are all prime, and the first composite element of S following

qi71+ki1+ki2+...+ki£+k k e K.

igy1” igy1

If I > 1, there are also other composite elements between this element and g;, but they all
appear in descending order. This means that

7 < T(qic1 + ki ki, +.. 4k, +k (22)

i/,‘+1)'
Also, the interval

(o, x+yl=(9i1—1/2,qi1 +kiy + ki, +... +k;,]
contains at least £ + 1 prime numbers, for example, £ + 1 distinct primes that are listed
in (21). Here, x = g;_1 —1/2 and

y = ki, +ki, —|—...+k1’/ +1/2.
Therefore, using ¢ > 7 and (8), we obtain
8<Il+1<y<Utlk+1/2< (L+1)k

Hence, by Lemma 2, it follows that

2y 2(0+1)k
(+1<
s logy ~ log((¢+1)k)’

(23)

because the function 10; ; is increasing for y > e. Inequality (23) implies log((¢ +1)k) < 2k,
which yields (20).
Next, by (20) and (22), we obtain

9 < T(qic1 +kiy +hiy + o+ ki k) < T(gio+ (C+DE) < T(gi + ). (24)

Using the inductive assumption g;_; < M’, from (24) we deduce that q; < T(M’ + %),
which is less than or equal to M’ by the definition of M’ in (19). Hence, q; < M'. This
concludes the proof of (19) for each i € N.

Because the bound on ¢ in (20) is independent of i, the largest prime element of S does

not exceed
/ / e 1 2k
M+€k<M+(T—1)k:M ¥ k. (25)
Consider the subsequence {s;,5,11,5u+2, - -} of (5;)%,, where s, = p; and u is the smallest

integer with this property. By (25), the largest element of this subsequence is less than
(M + &% — k) +k = M + e* = max{p,, 7e* /(1 — 1)} + &%,

This proves (11) in the case when u = 1. Assume that u > 1. Then, the largest element of
S = {s1,82,83,...} is either less than M’ + ek (if it is among {Sy, S;4+1,Su+2, - - -}) or is equal
to max{sy,...,s, 1} = s1. Because s; > p1, M’ + ¢?* does not exceed the right-hand side
of (11). On the other hand, the element s; is also strictly smaller than the right-hand side of
(11). Consequently, all the elements of S are smaller than max{s;, 7e?/ (1 — 1)} + €. This
finishes the proof of the theorem.

4. Proof of Theorem 3

Consider the case (i). Let S = 51,52, 53, . . . be a sequence in the class S(7, {1}), where
% <7t< %. Ifs; € {2,3,4}, then, by (9) and (10), S is a purely periodic sequence with period
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2,3,40r3,4,2 0or4,2,3. We will show thatany S € S(t, {1}) is ultimately periodic with
one of those three periods. The proof is by induction on s; = s. Assume that s > 5 and that
we already established the periodicity of the sequence S in case it has an element at most
s — 1. For s > 5, at least one of the numbers s, s + 1 is composite and the next element of S is
smaller than 2 - (s + 1) < s. The periodicity now follows due to our inductive assumption.

Now, consider the case (ii). Let S = s1,5p,53, ... be a sequence in S(t,{2}), where
% <Tt< g. We will show that each S is ultimately periodic with one of the possible periods,
2,40r4,20r3,5790r5,7,9,30r7,9,3,50r9,3,7,5. If s € {2,4}, then, by (9) and (10),
S is purely periodic with period 2,4 or 4,2. If s; € {3,5,7,9}, then after several steps we
reach s, = 9 (possibly u = 1), so the next element s, is less than g -9 =5 1Ifs,y1is 2
or 4, then the sequence becomes ultimately periodic with period 2,4 or 4,2. Otherwise,
Su+1 = 3. Ifitis always 3, namely, s,,4 14, = 3 for every m > 0, then the sequence is purely
periodic with period 3,5,7,9 0r5,7,9,3 0r7,9,3,50r 9,3,5,7. If otherwise s, 114 € {2,4}
for some m > 0, then it is ultimately periodic with period 2,4 or 4, 2. For s; = s > 6, one of
the integers s, s 4- 2, s + 4 is composite, so the next element of S is less than g <(s+4) <s.
Hence, it is at most s — 1, which concludes the proof by induction on s.

Assume that T and K are such that neither (i) nor (ii) is satisfied. We first consider the
case when the set K contains an element k satisfying k > 3. In view of S( %, {k}) € 8(7,K),
it is sufficient to show that S( %, {k}) contains infinitely many nonperiodic sequences.

Suppose first that k > 6 is even. Then, 2 + k is composite. Thus, 2,2 + k is a 2-cycle
of S(%, {k}). Moreover, if 1 + k/2 is a composite number, then 2,2 + k,1 + k/2 is also a
2-cycle of S(1, {k}). On the other hand, if 1 + k/2 is a prime number, then k # 6 and k/2
is not a prime. In that case, 2,2 + k, k/2 is a 2-cycle of S( %, {k}). Therefore, in both cases,
for even k > 6, the class S(3, {k}) contains at least two distinct 2-cycles. Consequently, by
Lemma 3, it contains infinitely many nonperiodic sequences.

Likewise, for k > 9 0odd, 3,3 + kand 3,3 + k, (3 + k) /2, where (3 + k) /2 is composite,
are both 3-cycles of S(3, {k}), so the result follows by Lemma 3. If (3 + k) /2 is a prime, then
k #9and 3,3 +k, (1+k)/2is a 3-cycle, because (1+k)/2 = (3+k)/2 —1is composite
and greater than or equal to 6. The result again follows by Lemma 3.

In the remaining cases k = 3,4,5,7, we will explicitly present the corresponding
2-cyclesin S(3,{k}). Fork = 7,in §(3, {k}) there are two distinct 2-cycles, 2,9 and 2,9, 4.
For k = 5, there are two distinct 2-cycles, 2,7,12 and 2,7,12,6. For k = 4, there are two
distinct 2-cycles, 2,6 and 2,6,3,7,11,15. Finally, fork = 3,in S (%, {k}) there are two
distinct 2-cycles, 2,5, 8 and 2, 5, 8, 4. In all the above cases, the required result follows from
Lemma 3.

Now, it remains to consider the case K C {1,2}. Suppose first that K = {1,2}. Then,
the class S(7, K) contains two distinct 2-cycles, 2,4 and 2, 3, 4, so the proof is concluded
by Lemma 3. Because the cases (i) and (ii) are already considered, we are left with two
possibilities K = {1}, T > % and K = {2}, t > g. IfK={1}and T > 3, thenin S(t, {1})
there are the following two distinct 2-cycles: 2,3,4 and 2, 3,4, 3,4. Finally, if K = {2} and
> g, then the class S(,{2}) also contains two distinct 3-cycles, for instance, 3,5,7,9 and
3,5,7,9,5,8. In both cases, the proof is concluded by Lemma 3 as before.

5. Concluding Remarks

The main result of this paper’s Theorem 2 shows that the sequences of the class S(K, 7)
are all bounded. More precisely, the largest element of S = {s1,s,53,...} € S(K, 1) is
bounded from above in terms of s1, T and the maximal element of K no matter how large
the finite set K is.

What about the case when the set K C N is infinite, which is possibly a very sparse
set? We will show that then no result similar to Theorem 2 is possible, because the class
S(K, T) always contains unbounded sequences for any infinite K C Nand any 7 € (0,1).

Indeed, let us start the construction of such S = {sy,sy,s3,...} € S(K, 7) from any
prime number s; = p. Because K is infinite, we can choose k € K so large that
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(%—1);7 <k (26)

Take the least positive integer j for which the number p + jk is composite. By Lemma 1,
this j does not exceed N (k). Then, by the rule (9), because p,p +k,...,p+ (j — 1)k are all
primes, the numbers

Sy = p+k,...,S]‘+1 = p+]k

can be chosen as the consecutive elements of S. Because s;1 is composite, by the rule (10),
as the next element s; > of S we can choose any integer from the interval

[%(PJrk)/T(P +jk)]. (27)

This is indeed possible, because the right endpoint of the interval (27) is Ts;1, while its left
endpoint is

T 2p
(p+k)>2 il

N[~

due to (26).

Note that the interval (27) is of the form [u, 2u], with u > 2. Therefore, by Bertrand’s
postulate, it contains a prime number, say, p'. Let us choose s;,, = p'. Because sj,, = p’
belongs to the interval (27), using (26), we deduce

T T 2p
Si+2:P/Z§(P+k)>§'7:PI

sop > p.
Now, arguing with s;; 5 = p’ > p as before, namely, choosing k' € K so large that

e

we will construct another prime element p” of S satisfying p” > p’. Continuing this process,
we will obtain a sequence S € S(K, T) containing an infinite subsequence of primes

p<p <p'<p’<.. ..
The latter sequence of primes is unbounded, so S € S(K, T) is unbounded too.
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1. Introduction

Let G be a finite group and p be a prime divisor of |G|. Let B be a p-block of group
G with defect group D. We consider the triple (k, R, F) to be a p-modular system [1-3].
This system comprises a complete discrete valuation ring R with a field of fractions k of
characteristic 0, where k contains all the primitive |G|™ roots of unity. We denote v, as a
valuation on the field k such that v,(p) = 1. Next, there is the residual field F = R/J(R)
of characteristic p, where J(R) is the Jacobson radical of ring R. We can use the field k as a
splitting field and F as an algebraically closed field. Let Irr(G) be the set of all ordinary
irreducible characters of G, which corresponds to the set of all simple kG-modules. Let M
be a simple kG-module, affording the irreducible character i of G. Then, there exists an
RG-lattice L such that k ® L = M, but L is not uniquely determined up to isomorphism
(see [1,4]). In this case, L is said to be a full R G-lattice in M, and, according to ([1], Chapter
2, Exercise 16.7), L is an indecomposable R G-lattice. Recall that an RG-lattice L is a left
RG-module that has a finite R-basis. Let K(B) be the number of ordinary irreducible
characters of B and IBr(G) be the set of all irreducible Brauer characters of G. We use °
to denote the restriction of the ordinary irreducible character i to the set of all p-regular
elements (p does not divide the order of the elements) of G. Let L(B) be the number of
irreducible Brauer characters of B. We define BL(G) as the set of all p-blocks of G. We use
= to refer to equivalence up to G-conjugacy.

Consider the order of the finite group G to be |G| = p*m such that g.c.d.(p,m) =1,
a,m € Z* for a fixed prime number p. Let ¢ € Irr(G). As is well-known, the degree of ¢

divides the order of G, as demonstrated in ([5], Theorem 2.4) and ([6], Theorem 3.11). If
n _ |Gl

p' = , where x;, denotes the p-part of a natural number x, then 7 is the highest power
creativecommons.org/licenses /by / p(1)p
40/). of p such that p" divides % The non-negative number 7 is called the p-defect of ¢. We
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can also define the p-defect of i as def () := vp(%). Let Irr(B) be the set of all ordinary
irreducible characters of G that belong to a p-block B of G. The defect number of B refers to

the maximum p-defect of irreducible characters belonging to the p-block B, and we write

def(B) := Max{def(y); ¢ € Irr(B)}.

The height of i can be written as h(¢) = def(B) — def (¢). If def () = «, we can say that
Y is of height zero or the full defect, and we write Ko(B) = {y € Irr(B)|h(y) = 0}. On the
other hand, if def (y) = 0, then we say that 1 is of defect zero, and we have ¢(1), = |G|,
(see [3,5,6]). The work in this paper relies on these numerical invariants of the p-block B of
the finite group G. Many questions and conjectures exist in this area of research. We are
concerned with Brauer’s height zero conjecture (BHZC), Robinson’s conjecture (RC), and
Olsson’s conjecture (OC) (see Sections 1.1-1.3 below).

Consider RG to be an interior G-algebra over R. Let eg be a p-block idempotent of
RG; that is, eé = ep, and ep is in the center of RG. Then, there exists a p-subgroup D of
G in which D is a minimal p-subgroup of G, such that eg € tr§((RG)P). Here, tr$ is the
relative trace map, and (RG)D is the set of D-fixed elements of RG (see ([4], Chapter 2,
Section 11)). A defect group of a p-block B is of order p?f (B). We refer the reader to ([7],
Definition 4j), ([8], p. 71), ([5], Chapter 5, Theorem 1.2), and ([9], Chapter 7, Definition
(57.10)) for further theory on defect groups.

The remainder of this paper is organized as follows. This section contains five subsec-
tions: a literature review of BHZC, a literature review of RC, a literature review of OC, the
anchor group of irreducible characters, and a description of our methods for solving and
dealing with these problems. Section 2 provides preliminaries of classical and standard
theories regarding the direct product of finite groups. We offer some of the characteristics
of ordinary irreducible characters. In Section 3, we present the main results; in particular,
we prove that RC holds for the direct product H; x H; of two finite groups H; and Hj if
and only if it holds for each of them. We prove that the same conclusion holds for Brauer’s
height zero and Olsson’s conjectures. In Section 3, we give the conjectures MARC, MHZC,
and MAOC related to the algebraic concept of “the anchor group of an irreducible charac-
ter”. These conjectures are the relative versions of RC, BHZC, and OC, respectively. We
prove the relative version of Robinson’s conjecture MARC in some cases. Let G be a finite
simple group that contains the irreducible character ¢ of degree p, where p is an odd prime.
We prove that the anchor group of ¢ is the trivial group. We also introduce the relative
version of the Green correspondence theorem for this group and give suitable examples
of this type of theory. Finally, we include a discussion and conclusions that support our
results and arguments.

1.1. Literature Review of Brauer’s Height Zero Conjecture

In 1955, R. Brauer [10] conjectured that “the defect groups of a p-block B are abelian
if and only if all irreducible characters in B have height zero.” This conjecture is called
Brauer’s height zero conjecture (BHZC) and is considered to be one of the most challenging
and fundamental conjectures in the representation theory of finite groups, having a signifi-
cant impact on group theory research. Over the past few decades, several authors have
contributed to proving the “only if” implication of BHZC. First, in 1961, P. Fong [11] proved
the “only if” implication of BHZC for principle blocks. He also proved the “if” implication
of BHZC for the p-solvable group. Later, in [12], he proved the “only if” implication of
BHZC for the solvable groups, where the prime number is the largest divisor of the group
order. Then, the proof of BHZC was completed for solvable groups in [13,14]. In 1984, D.
Gluck and T. R. Wolf [15] proved the “only if” implication of BHZC for the p-solvable group.
More recently, in 2012, G. Navarro and P. H. Tiep [16] proved the “only if” implication of
BHZC for a 2-block B with a Sylow 2-subgroup as a defect group of B. In 2013, R. Kessar
and G. Malle [17] proved the “if” implication of BHZC for all finite groups after decades of
other contributions on the subject. The next year, B. Sambale [18] investigated BHZC in
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the case of p-blocks of finite groups with metacyclic defect groups. He proved that BHZC
holds for all 2-blocks with defect groups of order 16 at most. Very recently, in 2021, G. Malle
and G. Navarro [19] proved the “only if” implication of BHZC for the principle p-block for
all prime numbers. After that, the proof of BHZC was completed by proving the “only if”
implication of BHZC for any odd prime (see [20]).

1.2. Literature Review of Robinson’s Conjecture

In 1996, G. Robinson [21] submitted a proposal for the expansion of BHZC, comparing
the order of the center of a defect group of a p-block and the p-part of characters’ degrees
that belong to the p-block of a finite group G:

Robinson’s conjecture. Suppose G is a finite group. Let x € Irr(G), which belongs
to a p-block B of G with a defect group D. Then, pf(X) > |Z(D)|. Moreover, the equality
holds if and only if D is abelian.

The other form of RC comes from the relation between the p-defect of the irreducible
character x and the height of x:

PO el (B)def ) )
def(B)
_ b
= T @)
D
< Z'(D')z[D:zw)]. 3

The equality in RC holds if and only if D is abelian. If D is abelian, then D = Z(D)
according to ([22], Section 2.2, Example (1)), which implies that all irreducible characters in
B have height zero from (3). Then, we obtain the “if” implication of BHZC; hence, RC is
an expansion for this implication of BHZC. In 1998, M. Murai [23] introduced a reduction
of RC to p-blocks of the covering groups for all primes p > 3. In 2014, B. Sambale [18]
investigated RC in the case of p-blocks of finite groups with metacyclic defect groups. He
proved that RC holds for all 2-blocks with a defect group of order 16 at most. Recently, in
2018, Z. Feng, C. Li, Y. Liu, G. Malle, and J. Zhang [24] proved that RC holds for all primes
p > 3 for all finite groups using Murai’s reduction of RC. Later, they proved [25] that RC
holds using Murai’s reduction in the case p = 2 of finite quasi-simple classical groups.
Thus, to complete the proof of RC, it only remains to investigate the so-called isolated
2-blocks of the covering groups of exceptional Lie type in the case of an odd characteristic.

1.3. Literature Review of Olsson’s Conjecture

In [26], J. B. Olsson conjectured that “Ky(B) < [Dp : Dp]”, where Dg is the defect
group of the p-block B of G and Dp denotes the commutator subgroup of D, called Olsson’s
conjecture (OC). The definition of the commutator subgroup can be found in [22,27,28].
This conjecture has been proven under certain conditions, but it remains open in general.
For instance, in [29], B. Kiilshammer showed that OC for the p-block B can be derived from
the Alperin-Mckay conjecture for B. The same result appeared in [30,31]. We remind the
reader that the Alperin-Mckay conjecture states that Ko(b) = Ko(B), where b is the Brauer
correspondent of the p-block B in RN (Djg). The meaning of the Brauer correspondent of
the p-block can be found in [2,5,32,33]. However, OC is satisfied for p-solvable, alternating,
or symmetric groups in [34-36]. If Dy is the abelian group, then the commutator Dp
is the trivial subgroup {1p}. Thus, OC leads to Brauer’s K(B) conjecture. Recall that
Brauer’s K(B) conjecture predicts that K(B) < |Dg|; see [37]. In particular, OC holds if Dp
is metacyclic (see [38,39]) or if Dp is minimal non-abelian and p = 2 (see [40]). In [41,42], S.
Hendren proved OC for some p-block with a defect group that is an extraspecial p-group
of order p® and exponents p and p2. Recently, the authors of [43] proved that OC is fulfilled
for controlled blocks with certain defect groups. Furthermore, in the same paper [43], they
used the classification of a finite simple group to verify OC for defect groups of p-rank 2
and cases where p > 3 for a minimal non-abelian defect group.
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The following example appeared in [37]:

Example 1. Let G = Sy be the symmetric group of degree four. The number of irreducible characters
|Irr(S4)| = 5.

For the case p =2

We have that the Klein four Vy is a normal 2-subgroup of Sy and the centralizer Cs,(Vy) = V.
From ([32], Chapter V, Corollary 3.11), there is only one 2-block By of S4 with def (By) = 3. For
the defect group of By, D(By) = Dg, the dihedral group of order 8 is a non-abelian 2-group. Note
that there exists x3 € Irr(By) with non-zero height. The center Z(Dg) = Cy, which is the cyclic
group of order 2. We have

p®f) > |Z(D)| =2, forall x € Irr(By).
The commutator of D(By) is isomorphic to Co. We have Ko(By) = 4 = [Dg : Ca].

For the case p = 3

We have the principal 3-block By = {x1, X2, x3}, with def (By) = 1. For the defect group of By,
D(By) = Cs, which is the cyclic group of order 3. Note that all x € Irr(By) are of height zero and
satisfy p?efX) = |Z(D)| = 3. As D(By) is an abelian group, the commutator D(Bp) = {Ipy}
and Ko(Bo) =3= |C3|

1.4. Anchor Group of Irreducible Characters

Let ¢ € Irr(G). Then, i may be extended to an algebra map in a unique way with
Y : kG — k. We consider the element

ep = 457 Ly

which is the unique central primitive idempotent in kG such that (ey) # 0 (see ([44],
Theorem 3.3.1)). As the center Z(RGey) is a subring of the center Z(kGey), the algebra
RGey is a primitive G-interior R-algebra (see [4]).

The anchor group of an irreducible character appeared for the first time in [45], defined
as the defect group of the primitive G-interior R-algebra RGey, for any irreducible character
¢ of G. As the anchor group of an irreducible character is a defect group, it is a p-subgroup
of G (see [46]).

Let us present the most important characteristics of the anchor group of irreducible
characters that we use in this paper. The following theorem appears in ([45], Theorems 1.2
and 1.3).

Theorem 1. Consider B to be a p-block of a finite group G with a defect group D. Let i € Irr(B)
with anchor group Ay. Suppose L is an R G-lattice affording 1. The following holds:

The anchor group of ¢ is a subgroup of the defect group D (up to G-conjugacy) of B.

The anchor group of ¢ contains a vertex of L.

If the defect group D is abelian, then D is an anchor group of .

If ¢ has a full defect (height zero), then Ay is the defect group of B.

If y° € IBr(G), then L is unique up to isomorphism and Ay is a vertex of L.

G L=

Theorem 2 ([47]). Let G be a finite group and B be a p-block of G with a defect group Dp. Suppose
¢ € Irr(B) such that $° € IBr(B). Then, the anchor group Ay of ¥ is cyclic if and only if the
defect group Dy is cyclic. In particular, if Ay is cyclic, then it is the defect group of B.

Lemma 1 ([46]). Let G be a finite group. If ¢ € Irr(G) with a degree prime to p, then the anchor
group of P is a Sylow p-subgroup of G.
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1.5. Methodology

Our main methods are based on classical and standard theories on the direct product
of finite groups [22,27], block theory [5,32,48], and character theory [6,49]. In addition,
the Green correspondence theorem is key for studying block theory and calculating the
anchor groups of irreducible characters. In fact, given a p-subgroup P of a finite group G,
let Ng(P) be the normalizer of P in G, Ind(RG|P) be the set of all isomorphism classes
of the indecomposable RG-lattices with vertex P, and Ind(RNg(P)|P) be the set of all
isomorphism classes of the indecomposable RN (P)-lattices with vertex P. The following
is the Green correspondence theorem, which appears in [1-5,37,50].

Theorem 3. Consider the hypotheses in the above paragraph. There is a bijection between
Ind(RG|P) and Ind(RNg(P)|P). We say that the lattice L € Ind(RG|P) corresponds to
the lattice L € Ind(RNg(P)|P) if and only if L is the unique (up to isomorphism) direct summand
of the restriction Resf]G P) (L) with vertex P or L is the unique (up to isomorphism) direct summand

. . G £ .
of the induction Ind No(P) (L) with vertex P.

We recall that the vertex of an indecomposable RG-lattice L is a unique (up to G-
conjugacy) minimal p-subgroup P of G, such that L is P-projective of G. Consequently, L is
a direct summand of the induced I nd%(N ) for some R P-lattice N.

2. Preliminaries

In this section, we present the classical and standard theories regarding the direct prod-
uct of finite groups. We detail some characteristics of the ordinary irreducible characters
used throughout the paper.

The following propositions are crucial for the representation of direct products of finite
groups.

Proposition 1. Let G be a direct product of the finite groups Hy and Hy. Let B be a p-block of G
with defect group Dg. If b; is a p-block of H; with defect group Dy, i = 1,2, then the following
holds:

(a) by ® by is a p-block of G and BL(G) is of the form {b; @ b;|b; € BL(H1),b; € BL(Hy)}.
(b) K(B) = K(b1)K(by) and L(B) = L(by)L(bp).
(c) Dg =¢ Db1 X Dbz-

Proof. See ([48], Propositions 2.3, 2.4, and 2.6). O

We offer the classical and standard theories of the direct product of finite groups in
the following result.

Proposition 2. Let G be a direct product of the finite groups Hy and Hy. Then, the following holds:

(a) G is abelian if and only if each of Hy and Hj are abelian.
(b) The center Z(G) = Z(H;) x Z(Hy).
(c) The commutator G = Hy x Hp.

Proof. For (a), see ([27], Chapter 9, Exercise 7). For (b), see ([22], Section 5.1, Exercise 1).
For (c), see ([28], Chapter 3, Exercise 165). O

Theorem 4. Let G = Hy x Hj be a direct product of the finite groups Hy and Hy. Then,
Irr(G) ={y @ ¢|p € Irr(Hy),¢ € Irr(Hp) }.

Proof. We write ¢ ® ¢ := ¢.¢. See ([6], Chapter 4, Theorem 4.21). [
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Now, we mention some properties of the ordinary irreducible characters (see ([6],
Chapter 2)). The ordinary irreducible character is a homomorphism if it is only linear (i.e.,
of degree one). Furthermore, the ordinary irreducible character has a kernel. It also has a
center, although it is not a group.

Definition 1. Consider G to be a finite group and ¢ € Irr(G).

*  The kernel of ¢ is defined as ker(y) = {x € G P(x) = ¢(1)}. It can easily be proven
that ker(y) is a normal subgroup of G. If ker(yp) = {15}, then we say that  is a faithful
character.

*  The center of ¢ is a subgroup of G, defined as Z () := {x € G : |¢p(x)| = (1) }.

Lemma 2. The group G is abelian if and only if every irreducible character of G is of degree one.

Lemma 3. Consider G to be a finite group and ¢ be a character of G with = Y njp; for
¢j € Irr(G). Then, ker() = N{ker(y;)|n; > 0}.

Lemma 4. Let G be a finite group with a commutator subgroup G. Then,
G = ({ker(y)|y € Irr(G), y(1) = 1}.
Lemma 5. Let G be a finite group. Then, Z(G) = N{Z(p)|y € Irr(G)}.

Theorem 5. Let G be a finite group with an abelian Sylow p-subgroup. Suppose G has a faithful
irreducible character  of degree P(1) = p®. Then, (1) is the exact power of p which divides
[G:Z(G)].

Proof. See ([6], Theorem 3.13). O

3. Some Conjectures on Direct Products
In this section, we deal with BHCZ, RC, and OC. We prove that the direct product

Hj x Hj of the finite groups H; and H, satisfies these conjectures if and only if H; and H,
satisfy these conjectures.

Proposition 3. Let G be a direct product of the finite groups Hy and Hy. Then, G satisfies RC if
and only if Hy and Hj satisfy RC.

Proof. Suppose H;, i = 1,2, are finite groups that satisfy RC. If x; € Irr(H;), which
belongs to a p-block b; of H; with a defect group D; for i = 1,2, then p#/Xi) >| Z(D;) |.
Moreover, the equality holds if and only if D; is abelian for i = 1,2. We need to show that
plef (x19x2) >| Z(Dy x D5) |, where equality holds if and only if D7 x Dj is abelian. From
Proposition 1(a), (c), b1 ® by is the p-block of the direct product H; x H; and has a defect
group that is equal up to G-conjugacy to D1 x D;. Per Proposition 2(b), the center of a
direct product of groups is the direct product of their centers. Now, from the definition of
the defect number of irreducible characters and Theorem 4, we have

def(x1 @ x2) = <Im>

_ ( [Hal - \Hzl )

= vy |H1| |H2|)—Up(7(1(1) x2(1)),
= v,(|H; +Up (|Hz2|) = vp(x1(1)) — vp(x2(1)),

= o) o Gatt)
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Hence,
def(x1® x2) = def(x1) +def(xa)- 4)

Therefore,
plefba®xa) — pdef(a) pdef(x2) > z(Dy)| - |Z(Dy)| = |Z(Dy x D).

As Proposition 2(a) states, the direct product of finite groups is abelian if and only if each
of them is abelian; thus, the equality holds. The other direction is easily achieved through
the same steps and citations. [

Remark 1. Let B be a p-block of the finite group Hy x Hy with a defect group D. Then, from
Proposition 1(a), (c), there exists a p-block b; of H; with a defect group D; for i = 1,2 such that
B = by ® by is the p-block of Hy x Hp with defect group D =g D1 X Dy. We have

Hence,
def(b1 & bz) =def(by) +def(by). 5)

Now, from Equations (4) and (5), the height of the irreducible character x1 ® X2 can be calculated
as follows:

h(x1® x2) = h(x1) + h(x2)- (6)

Proposition 4. Let G be a direct product of the finite groups Hy and Hp. Then, G satisfies BHZC
if and only if Hy and H; satisfy BHZC.

Proof. Suppose H;, i = 1,2, are finite groups that satisfy BHZC. Let D; be a defect group
of a p-block b; of H; for i = 1,2. Suppose the defect group D of a p-block by ® by of
a finite group Hj x Hj is abelian. Then, D =¢ D; x D; and, per Proposition 2(a), the
direct product of groups is abelian if and only if each of them is abelian. Thus, the defect
group D; of a p-block b; of H; is abelian for i = 1,2. As H; and H, satisfty BHZC, for all
Xi € Irr(b;), wehave h(x;) = 0,i = 1,2. Then, from Equation (6), we obtain the height of all
irreducible characters in the p-block b; ® by as zero. For the converse implication, suppose
all irreducible characters x1 ® x» in the p-block b; ® by of Hy x Hj have height zero. From
Equation (6) and the fact that the height of an irreducible character is a non-negative integer
by definition, we find that all irreducible characters in a p-block b; of H; for i = 1,2 have
height zero. Hence, per BHZC, the defect group D; of a p-block b; of H; is abelian for
i = 1,2. Now, also per Proposition 2(a), the defect group Dy x D, of the p-block by ® b, of
Hj x Hj is abelian. The same steps and citations can also be used to obtain the result in the
other direction. [

Proposition 5. Let G be a direct product of the finite groups Hy and Hy. Then, G satisfies OC if
and only if Hy and Hj satisfy OC.

Proof. Suppose B € BL(G) with defect group Dg. From Proposition 1(a), (c), there exists
a p-block b; of H; with a defect group Dy, i = 1,2, such that B = by ® b, is the p-block
of Hy x Hp with defect group Dg =g Dy, x Dy,. First, we need to show that Ko(B) =
Ko(b1)Ko(b2). Let x € Irr(G), which belongs to the p-block B of G. From Theorem 4,
X = p®¢, where ¢ € Irr(Hy) and ¢ € Irr(Hp). As B = by @by, ¢ € Irr(by) and
¢ € Irr(by). Suppose x has height zero. From Equation (6) and the fact that the height of
an irreducible character is a non-negative integer by definition, the irreducible characters i
and ¢ have height zero. From Proposition 1(b), we can infer that

Ko(B) = Ko(b1)Ko(b2)-
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Now, suppose G satisfies OC. Then, Ko(B) < [Dp : Dp]. Hence, per Propositions 1(c) and
2(c), this is equivalent to

& Ko(B) < [Dp:Dpg,
< Ko(b1)Ko(b2) < [Dp, X Dy, : Dy x D, ],
=4 KO(bl)KO(bZ) < [Dbl : Dbl} [Dbz : th].

Hence, Ky (b;) < [Db,- : Db,-] for i = 1,2. Thus, Hy and H; satisfy OC. The other direction is
proven similarly. O

4. Relative Versions of Conjectures and the Green Correspondence Theorem

In this section, we give the conjectures MARC, MHZC, and MAOC, which are related
to the algebraic concept of “the anchor group of an irreducible character,” which are the
relative versions of RC, BHZC, and OC, respectively. By restricting these conjectures to the
anchor group instead of the defect group, we prove MARC in some cases. We introduce
the relative version of the Green correspondence theorem for a finite simple group G that
contains the irreducible character of G with degree p, where p is an odd prime. We give
suitable examples of this type of theory.

First, we give the relative version of RC.

MARC: Suppose G is a finite group. Let y € Ir(G) with anchor group A,. Then, p?ef X0 >
|Z(Ay)|, and equality holds if and only if A, is abelian.

In the following results, we verify MARC in special cases.

Proposition 6. Consider G to be a finite group. Let x € Irr(G) with anchor group A, such that
the order |Z(Ay)| = p. Then, MARC holds for x.

Proof. Suppose x € Irr(G), which belongs to the p-block B of G with defect group D. If
the defect group D is abelian or the irreducible character yx is of height zero, then the anchor
group of x is D, per Theorem 1(4), (5). Thus, the result holds by ([24], Lemma 3.1). If x
has defect zero, then it is lying in a p-block B = {x } with abelian defect group D = {15}
per ([5], Theorem 6.29) (see also ([3], Theorem 2.3.2)). Thus,

p?f00 = p¥ = |Z(Ay)| = 1.
If x has defect n, n > 1. Thus,
p?f ) = p > | Z(A)| = p.
]

Assume G = G/Q and Q is a normal subgroup of G. Let ¥ € Irr(G); we say that
the character ¥ is the lift of ¥ to G if it satisfies ¥(g) = ¥(gQ), where g € G. From ([49],

Theorem 17.3), ¢ € Irr(G) if and only if ¢ € Irr(G) and ker(yp) contains Q. So, we have

Irr(G) C Irr(G). From ([33], p. 137), there exists a unique p-block B of G that contains the
p-block B of G, and we write Irr(B) O Irr(B).

Proposition 7. Using the same hypotheses as above, let Q be a normal p-subgroup of G and
¢ € Irr(G). Suppose € Irr(G) is the lift of i to G. Let ° € IBr(G) with a cyclic anchor group.
If ¢ satisfies MARC, then so does 1.

Proof. Suppose B is a p-block of G that contains 1 and B is a p-block of G that contains .
From the details above, Irr(B) C Irr(B). From ([33], Theorem 9.9(c)), the defect groups of
B and B are isomorphic. Since the anchor group of  is cyclic, it is the defect group of B per

Theorem 2. Hence, the anchor groups of ¢ and ¢ are isomorphic. [
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If we restrict BHZC to the anchor group instead of the defect group, then the statement
is not true. In particular, the “if” implication is not true.

Example 2. Let p = 2, G = S4 be the symmetric group of degree four. From Example 1, there is
only one 2-block By of Sy. From ([45], Example 5.8. (2)), there exists x € Irr(Sy) of degree two
with anchor group Vi, which is an abelian group, but the height of x is not zero.

The relative version of BHZC is as follows:
MHZC: If every irreducible character in a p-block has height zero, then their anchor group
is abelian.

Furthermore, we can reduce OC to the anchor group of the irreducible character
(MAOQOC) as follows:
MAOC: Let x € Irr(G) with an anchor group Ay. Suppose x belongs to the p-block B of G.
Then,

Ko(B) < [Ay: Ay],

where A, is the commutator subgroup of A.

Remark 2. Let D be an abelian defect group of the p-block B. We know that OC leads to Brauer’s
K(B) conjecture, which states that K(B) < |Dg|. However, this statement is not true in the case of
the anchor group of irreducible characters; that is, for any x € Irr(B), K(B) < |Ay| is not true
in general. From Examples 1 and 2, there is only one 2-block By of S4 that contains the irreducible
character x of degree two with anchor group Vy. We have K(By) =5 > |Ay|.

We focus on a simple finite group that contains the irreducible character with degree
p, where p is an odd prime.

Theorem 6. Let G be a simple finite group. Let € Irr(G) with degree (1) = p, where p is an
odd prime number. Then, the anchor group of  is the trivial group.

Proof. We have the degree (1) = p, which divides the order of G, per ([5], Theorem
2.4) and ([6], Theorem 3.11). Thus, G has a non-trivial Sylow p-subgroup P of G. As
G is a simple group, either ker(y) = G or ker(yp) = 1g. If ker(¢p) = G, then ¢ is the
trivial character of G, which is not the case. Thus, ¢ is a faithful irreducible character of
G. Furthermore, from Lemma 2, the group G is non-abelian. If P is non-abelian, then the
commutator P # {1p} and the center Z(P) # {15}. Consider Res§(¢) = Yietrr(P) diXi
for a positive integer d;. Since (1) = p = Res§(y)(1), then 1 < x;(1) < 9(1). As x;(1)
divides the order of P, the degree of x;; xi(1) is a power of p. We conclude that either
Res$ (1) is the sum of the linear characters of P or Res$ () is the irreducible character
of P. Let Res§(y) = di, Xi, +di,Xiy + .- +dj,xi,, where d;, > 0and x; (1) = 1. Asis
well-known, ker(Res$ (1)) C ker(y). Hence, per Lemma 3, ker(Res$ (¢)) = Mi<j<t kery;,.
Therefore, via Lemma 4,

{1} #8C () ker(x;) € kery.

1<j<t

This contradicts the fact that ¢ is faithful. Thus, Res§ () is an irreducible character of P.
From Lemma 5, we have

{Ic} #2Z(P)= [\ Z(x) C Z(Res§(p)) C Z(y).

xelrr(P)

Hence, Z(¢) # {15 }. Since G is simple, Z() = G and G is abelian. This leads us to another
contradiction. Thus, P is abelian, G is a non-abelian simple group, and Z(G) = {1}.
Hence, from Theorem 5, p is the exact power of p which divides [G : Z(G)] = |G|. We can
infer that a Sylow p-subgroup of G is cyclic of order p. Now, the defect of ¢ is defined

159



Axioms 2023, 12,1103

1/‘;?1‘59}, = 1and def(¢) = 0. Hence, per ([3], Theorem 2.3.2), ¢ belongs to the

singleton p-block, and the defect group of the singleton p-block is the trivial group {1¢}.
Then, the result is obtained from Theorem 1 (1). [

as pdef(q}) =

Remark 3. In Theorem 6, we exclude p = 2, as no simple group exists with an irreducible character
of degree 2, as in ([49], Corollary 22.13).

The following corollary immediately follows from Theorem 6.

Corollary 1. Let G be a simple finite group that has an irreducible character of degree p, where p is
an odd prime. If x € Irr(G) with x(1), = p, then the anchor group of x is the trivial group.

We introduce the relative version of the Green correspondence theorem (Theorem 3) in
a simple finite group G, which contains the irreducible character ¢ of degree p, where p is
an odd prime. Let B be a p-block of G. We define Ind(B|A) to be the set of all isomorphism
classes of the indecomposable R G-lattices with vertex A, which belong to B. We write

Irr(B|A) := {x € Irr(B) |x° € IBr(B) and A is the anchor group of x}.

Lemma 6. Per the same hypotheses as above, let x € Irr(G) with the non-trivial anchor group A
and x° € 1Br(G). We write N = Ng(A) to be the normalizer of A in G. Let § € Irr(N) with
60 € IBr(N) such that 0 lies under y; that is, (Res$; (1), 0) # 0. Then, the irreducible characters
x and 6 have the same anchor group. However, if x belongs to the p-block B of G and 0 belongs to
the p-block b of N, then |Irr(B|A)| = |Irr(b]A)|.

Proof. Assume that L is the indecomposable R G-lattice affording x and L is the indecom-
posable R N-lattice affording 6. Then, from Theorem 1 (5), L is unique up to isomorphism
and A is a vertex of L. Per Theorem 6, G possesses a cyclic Sylow p-subgroup that contains
all p-subgroups of G. Hence, the vertex of L is equal to the anchor group of an irreducible
character x, which is equal to the defect group of the p-block B (see ([47], proof of Theorem
5)). Hence, a one-to-one correspondence exists between Irr(B|A) and Ind(B|A). Like-
wise, there is a one-to-one correspondence between Irr(b|A) and Ind(b|A). The condition
(Res$; (1), 0) # 0, is equivalent to L being a direct summand of the restriction Res§ (L) with
vertex A. Per the Green correspondence theorem [1], L has a vertex A. Thus, L € Ind(b|A).
Therefore, the irreducible character 6 has anchor group A, and |Irr(B|A)| = |Irr(b|A)|. O

We extracted the Brauer character tables for the following examples from ([2], Ap-
pendix B). These tables can also be obtained for some examples (but not all) from GAP [51].
One can also extract the degree of the irreducible characters, the structure of the defect
group of a p-block of G, and its normalizer in the group G from GAP [51].

Example 3. Consider G to be a simple group GL(3,2), the general linear group of order 168 =
23 .3.7. The number of irreducible characters is | Irr(GL(3,2))| = 6.

In the case of p =3

We have four 3-blocks of G. The principal 3-block By of GL(3,2) has defect 1 and contains three
irreducible characters, all of degree prime to 3. Hence, the anchor group A, of each irreducible
character x in By is a Sylow 3-subgroup of GL(3,2) per Lemma 1. The Sylow 3-subgroup of
GL(3,2) is isomorphic to Cs, a cyclic group of order 3. The two irreducible characters of GL(3,2)
are of degree three, and their anchor groups are the trivial group {1¢y(3)} per Theorem 6. The
irreducible character ¢ of GL(3,2) with (1) = 3 has the trivial anchor group per Corollary
1. The normalizer of Ay in GL(3,2) is Ngr(32)(Ay) = Ss, the symmetric group of degree three.
We have that Cs is a normal 3-subgroup of Sz and the centralizer Cg,(C3) = Cs. From ([32],
Chapter V, Corollary 3.11), there is only one 3-block by of Sz with def (by) = 1 that contains
the irreducible character 0 lying under x. Note that |Irr(Bo|Ay)| = 2 = |Irr(bo|Ay)|. The
application of the relative versions of the conjectures is detailed in the following: the center of Ay
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is isomorphic to Cs, a cyclic group of order 3. Thus, for each x € Irr(GL(3,2)), MARC holds
because of Proposition 6. As all irreducible characters in the principal 3-block By have height zero,
the defect group of By is abelian because of BHZC. Hence, their anchor groups are abelian based on
Theorem 1(3). Thus, MHZC holds. As Ay = Cs is an abelian group, the commutator Ax = {1(;3}.
We have Ko(Bg) = 3 = [C3 : {1¢, }], so MAOC holds.

In the case of p =7

We have two 7-blocks of G. The principal 7-block By of GL(3,2) has defect 1 and contains five
irreducible characters, all of degree prime to 7. Hence, the anchor group A, of each irreducible
character x in By is a Sylow 7-subgroup of GL(3,2), which is isomorphic to Cy, a cyclic group of
order 7. The singleton 7-block with the trivial defect group {1132} The normalizer of Ay in
GL(3,2) is Ng1(32)(Ax) = (C7 : C3), the non-abelian group of order 21. Let by be the principal
7-block of (C7 : C3) which contains 0 lying under x. Note that |Irr(Bo|Ay)| = 3 = |Irr(bg| Ay)|.
The application of the relative versions of the conjectures is detailed in the following: for each
X € Irr(By), the center of Ay is isomorphic to Cy. Then, per Proposition 6, MARC holds. We have
that all irreducible characters in the principal 7-block By have height zero. Hence, their anchor groups
are abelian, and MHZC holds. As A, = Cy is an abelian group, the commutator AX = {1C7}. We
have Ko(By) =5 < [C7: {1¢,}] =7, s0o MAOC holds.

Example 4. Consider G to be a simple group As, the alternating group of degree five of order
60 = 22 -3 - 5. The number of irreducible characters is | Irr(As)| = 5.

In the case of p = 3

We have three 3-blocks of As. The principal 3-block By of As has defect 1 and contains three
irreducible characters, all of the degree prime to 3. Hence, the anchor group A, of each irreducible
character x in By is a Sylow 3-subgroup of As, which is isomorphic to C, a cyclic group of order 3.
As the two irreducible characters of As are of degree three, their anchor groups are the trivial group
{14} per Theorem 6. The normalizer of Ay in As is Na (Ay) = Ss, the symmetric group of degree
three. As in the previous example, there is only one 3-block by of S3, which contains the irreducible
character 6 lying under x. We have |Irr(Bo|Ay)| = 2 = |Irr(bo| Ay)|. The application of the
relative versions of the conjectures is as follows: the center of Ay is isomorphic to Cz, a cyclic group
of order 3. Thus, for each x € 1 rr(As), MARC holds. Note that all irreducible characters in the
principal 3-block By have height zero. Hence, their anchor groups are abelian, and MHZC holds. As
Ay = Cy is an abelian group, the commutator Ay = {1¢,}. We have Ko(By) =3 = [C3 : {1, }],
and MAOC holds.

In the case of p = 5

We have two 5-blocks of As. The principal 5-block By of As has defect 1 and contains four irreducible
characters, all of degree prime to 5. Hence, the anchor group A, of each irreducible character x
in By is a Sylow 5-subgroup of As per Lemma 1. The Sylow 5-subgroup of As is isomorphic to
Cs, a cyclic group of order 5. The normalizer of Ay in As is Nag(Ay) = Day, the dihedral group
of order 10. We have that Cs is a normal 5-subgroup of D1 and the centralizer Cp,,(Cs5) = Cs.
From ([32], Chapter V, Corollary 3.11), there is only one 5-block by of D1 with def (by) = 1. Let
6 € Irr(by) lies under x. Then, we have |Irr(By|Cs)| = 2 = |Irr(bo|Cs)|. The application of the
relative versions of the conjectures is as follows: the center of Ay is isomorphic to Cs. Thus, for each
X € Irr(As), MARC holds. Note that all irreducible characters in the principal 5-block By have
height zero. Hence, their anchor groups are abelian, and MHZC holds. As Ay = Cs is an abelian
group, the commutator Ay = {1, }. We have that Ko(By) = 4 < [C5 : {1¢,}] = 5, and MAOC
holds.

Remark 4. If the simple group G does not satisfy the condition stated in Theorem 6, then there
is no cyclic Sylow p-subgroup of G, and it does not satisfy Lemma 6, as shown in the following
example.

For the following example, we used the Magma computational algebra system [52] to
find the Brauer irreducible characters for the group SL(3, 3).
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Example 5. Let p = 3, G = SL(3, 3) be the special linear group of order 5616. The degrees of the
irreducible characters of SL(3,3) are

i P1 P2 P3 P4 Ps Pe Y7 s (2] Yo P P2
l/J,-(l) 1 12 13 16 16 16 16 26 26 26 27 39

Note that |Irr(SL(3,3))| = 12, which belong in two 3-blocks. The principal 3-block By
has defect 3 and contains 11 irreducible characters, 9 of which are of degree prime to 3 and two
of which are of degree 12 and 39, namely, 1, and 1, respectively. The defect group D of By
is the extraspecial 3-group (C3 x C3 : C3) of order 27, which is a Sylow 3-subgroup P of G.
Thus, from Lemma 1, the anchor group of each irreducible character with degree prime to 3 is
a Sylow 3-subgroup. It remains to calculate the anchor groups of P and p1p. We have that
N := Ng(P) = (C3 x C3 : C3) : (Cy x Cy) is the normalizer of P in G, which is the group of
order 108. We can see that Res$(2) = 2¢1 + ¢6 + s + 11, where ¢, P, Ps, p11 € Irr(N),
as follows:

1a 3a 2a 6a 3b 3c 3d 2b 2c 6b 6c
Res(yp) [ 12 | 3 4 1 3 3 0 | 4 | 4 | 1 1
P 1 1 1 1 1 1 1 1 1 1 1
6 2 -1 2 -1 2 2 -1 0 0 0 0
¢s 2 2 0 0 2 -1 -1 0 2 0 -1
$11 6 0 0 0 -3 0 0 2 0 -1 0

The notation in the first row above is as provided in the Atlas of Finite Groups [53]. Let L be the
indecomposable R G-lattice affording . Let My, Mg, Mg, and M1 be the R N-lattices that afford
1, o, Ps, and P11, respectively. Hence, Resl(f](L) = M; © Mg © Mg ® My,. We can see that M
is the direct summand of Res$;(L). Then, per the Green correspondence Theorem 3, the two lattices
M and L have the same vertex. We have that the reduction My is the trivial FG-module. Then,
per ([54]1, Corollary 1), My has a Sylow 3-subgroup of N as a vertex. Thus, the Sylow 3-subgroup
of N is a vertex of the indecomposable R N-lattice My per ([2], Chapter 11, Exercise 21). It follows
that the Sylow 3-subgroup of N is a vertex of L. We know that the Sylow 3-subgroup of N is equal
to the Sylow 3-subgroup P of G in this example. Per Theorem 1(2), the vertex of L is contained in
an anchor group of V. Therefore, the anchor group of Py is a Sylow 3-subgroup P of G. To calculate
the anchor group of 1, we use the fact that 3 € Irr(G) is of degree 13. Suppose L1 are the
indecomposable R G-lattices that afford 11, 3, respectively. Consider 8 € Irr(N) to be of degree
1, such that Ind$(6) = {12 + 3, as follows:

1a 3a 2a 6a 3b 3c 3d 2b 2c 6b 6c

0 1 1 1 1 1 1 1 -1 -1 -1 -1
1la 3a 3b 13a 13b 13¢ 13d 2a 6a 8a 8b 4b

md$(6) | 52 | 7 1 0 0 0 0 —4 | 1| o0 0 0

P3 13 4 1 0 0 0 0 -3 0 -1 -1 1
V12 39 | 3 0 0 0 0 0 1 | -1 1 1 -1

Suppose M is the indecomposable R N-lattice that affords 6. Hence, I ndl(\;,(M) = Lo, L and
the two lattices M and L correspond to each other. Per the Green correspondence theorem, they have
the same vertex. As the reduction M of M has dimension prime to 3, the vertex of M is a Sylow
p-subgroup of N. As shown in the case of 1, we conclude that the anchor group of 1, is a Sylow p-
subgroup P of G. There is only one 3-block by of N. Note that 1 = |Irr(By|P)| # |Irr(bg|P)| = 4,
which does not satisfy Lemma 6. The application of the relative versions of the conjectures is
as follows: the center of the extraspecial 3-group is isomorphic to Cs, a cyclic group of order
3. Thus, for any x € Irr(SL(3,3)), MARC holds. Note that the defect group of By is non-
abelian group and there exist P, 1o € Irr(By), which are not of height zero. Thus, MHZC
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holds. The commutator subgroup of the extraspecial 3-group P is isomorphic to C3. We have that
KO(BO) =9= [(C3 X C3 : Cg) : C3], and MAOC holds.

5. Discussion

In this paper, we consider the application of RC, BHZC, and OC to a direct product of
finite groups. We use classical and standard theories for the direct product of finite groups,
block theory, and character theory to accomplish these results. In fact, Propositions 2.3 and
2.6 in [48] are crucial in block theory for a direct product of finite groups. We also discuss
the restriction of these conjectures to anchor groups of irreducible characters instead of
defect groups. As the anchor group of an irreducible character ¢ of a finite group G is a
defect group of the primitive G-interior R-algebra RGey, the previous conclusion is logical.
We give suitable examples of this reduction.

The review of these conjectures in Sections 1.1-1.3 can be compared to our results in a
simple finite group. Our discussion revolves around the anchor groups of the irreducible
character with degree p, where p is an odd prime. In [50], ]J. A. Green proved the Green
correspondence theorem. In this work, we introduce the relative version of the Green
correspondence theorem in a simple finite group G that contains the irreducible character
Y of degree p, where p is an odd prime. To achieve this result, we use Theorem 1 (5):
if ¢ € Irr(G) such that ¢° € IBr(G) with anchor group Ay, then there is a unique (up
to isomorphism) RG-lattice L affording i and Ay is a vertex of L. The outcomes of this
paper are important for the modular representation theory of a direct product of finite
groups, including an attempt to develop reductions of the RC, BHZC, and OC to the
algebraic concept “anchor group of irreducible characters”, as well as a relative version
of the Green correspondence theorem. We plan to study more conjectures regarding the
modular representation of a direct product of finite groups, including an assessment of
how reductions can be formed for these conjectures in an attempt to solve them.

6. Conclusions

This work focuses on BHZC [10], RC [21], and OC [26] (see Sections 1.1-1.3). We prove
that the direct product H; x Hj of two finite groups H; and H satisfies these conjectures if
and only if H; and Hj both satisfy these conjectures. We provide relative versions of RC
(MARC), BHZC (MHZC), and OC (MAOC) with respect to the algebraic concept of “the
anchor group of an irreducible character.” We prove the relative version of RC (MARC)
in the case of the center of the anchor group of ), Ay with order |Z(Ay)| = p and for
¢ € Irr(G) with some conditions. Consider G to be a simple finite group. We prove that the
anchor group of the irreducible character with degree p is the trivial group, where p is an
odd prime. Finally, we present suitable examples of these conjectures and theories in simple
finite groups. Many questions and conjectures remain in modular representation theory.
We will study more conjectures related to the modular representation of a direct product of

finite groups and attempt to develop reductions for these conjectures to solve them.
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1. Introduction

An algebraic structure of a ring in the framework of ()-structures, where (2 is a com-
plete lattice, is introduced in [1]. Therein some basic properties of ()-rings are investigated
and some related structures are introduced and investigated as well.

In the present paper, we develop this study further, introducing ()-ideals, connect-
ing them with ()-congruences and (2-homomorphisms and continuing our investigation
towards the theory of solving systems of equations on Q)-rings, in particular on Q)-fields.

()-algebras are classical algebras characterized by a particular lattice-valued relation,
so-called ()-equality, which replaces the ordinary one; according to this generalized equality,
(-algebras fulfill identities as lattice formulas.

Since ()-equality is a lattice-valued function, ()-algebras are objects in the lattice-
valued fuzzy framework. Fuzzy algebraic structures are one of the most established topics
in the theoretical research of fuzziness. Almost all aspects of classical algebraic structures
are “fuzzified”. Besides fuzzy groups, which were studied by hundreds of investigators
(e.g., [2-6]), various aspects of fuzzy rings are also investigated (e.g., [7-11]).

The classical framework of fuzzy algebraic structures is based on classical algebras
of the corresponding types (e.g., fuzzy groups are constructed by groups, similarly fuzzy
rings, etc).

Our framework is different in several aspects. First, we use a lattice as a codomain
of functions representing fuzzy sets; therefore, we say that they are lattice-valued [12,13].
Further, ()-algebras by definition can use wider classes of classical algebras of the cor-
responding type. Moreover, in the present research, we use ()-valued equality which
does not necessarily fulfill the separability property [1,14]. This enables us to extend our
framework more, using full classes of underlying algebras of the given type, as proved in
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our previous study [1]. However, in general, our study follows the others with various
types of ()-algebras with separability [15,16].

Historically, we have to mention that this type of lattice-valued equality was first
introduced by Fourman and Scott [17] for investigations in logic and set theory and later by
Hohle [17-20] in the theoretical development of fuzziness; this framework also contained a
separability condition and it was based on a complete Heyting algebra. Demirci, Bélohlavek
and Vychodil also conducted research on algebraic structures that were equipped with a
concept of similar fuzzy equality (see e.g., [21-29]). In this approach, traditional algebras
are utilized, but instead of employing strict equality, fuzzy equality compatible with the
algebra’s fundamental operations is employed.

To sum up, let us clearly underline the motivating reasons for dealing with ()-algebraic
structures. The first is the usage of generalized, ()-valued equality instead of the classical
“being equal” relation.. Indeed, in many real-life situations, data are corrupted, or they
are missing, or simply there is noise in the communication. Then, being equal is often
replaced by equal to some extent, and an appropriate many-valued equality can establish a
connection among similar objects. In addition, the level of equality of an object to itself is
understood as the belonging of this object to a domain with non-sharp boundaries. Finally,
in reality, a set of equality levels for different objects need not be linearly ordered, which
leads to a complete lattice as a codomain. This points to the second reason for introducing
()-algebras. They are constructed on classical basic algebras, which are equipped with an
(-equality. Depending on the identities that they satisfy with respect to this generalized
equality, they may be, e.g., (Q-groups, (2-quasigroups, ()-rings, etc. Still, the mentioned
basic algebras need not be groups, quasigroups, rings, etc. However, an essential property
of ()-algebras is that particular quotient structures of level subalgebras over the levels
of ()-equality are classical algebras fulfilling the mentioned equalities! In other words,
classical groups, quasigroups, rings, etc., are hidden as quotient algebras of ()-groups,
O-quasigroups, ()-rings, etc., respectively. Therefore, when dealing with a generalized
Q-structure obtained from a real situation, we can use many suitable features of the
corresponding classical structure, which is present in the form of quotients.

2. Preliminaries
2.1. Some Basic Notions from Ordered and Algebraic Structures

In our approach, we mostly deal with functions whose codomain is a complete lattice,
which is a partially ordered set (), <) in which there are infima (the greatest lower bounds
meet) and suprema (the lowest upper bounds join) for all subsets (denoted by A and V,
respectively) ([30]). The greatest (top) element is denoted by 1 and the lowest (bottom)
element by 0.

In the following, we recall some well-known algebraic notions.

We consider a ring to be an algebraic structure of the type (R, +,-, —,0), where R is a
nonempty set, + and - are binary operations, — is a unary operation and o is a constant
(nullary operation), such that (R, 4, —,0) is a commutative group and (R, -) is a semigroup
and the second binary operation, -, is distributive with respect to the first, +.

We also consider algebras (R, +, -, —,0) where (+, -, —, 0) are operations of the same
type (as for rings) without special properties.

A homomorphism of two algebras of the same type (R, +,-,—,0) and (T, +,-,—,0)
isamapping f : S — T, such that for all x,y € R,

fCx+y) = F() + (), f(x-y) = £(2) - £(y), f(—x) = —(x) and f(0) = o.

(Although the operations on S and T are different, for simplicity we use the same
symbol for the corresponding operations.)

A kernel of the homomorphism is a relation ker f on R, such that (x,y) € ker f if and
only if £(x) = f(y).

A congruence on R is an equivalence relation, p on R, which is compatible with all
operations:

For x,y,z,t € R, if xpy and zpt, then (x +z)o(y + 1), (x-z)p(y - t) and (—x)p(—y).

167



Axioms 2023, 12,757

The congruence class of a is defined by [a], := {x € R | (a,x) € p} as usual. The
quotient ring R /p is the ring on the set of all congruence classes, where the operations are
naturally defined by representatives.

A kernel of a homomorphism is a congruence relation on the domain algebra.

We formulate here the Second Isomorphism Theorem for rings [31]. Since we require
it for certain proofs, it is necessary to mention it.

Theorem 1. If ¢ and 6 are congruences on a ring R and 8 C ¢, then ¢ /0 is a congruence on R /0.

2.2. O-Valued Sets and Relations

As mentioned, the main objects of this research are functions from various sets in a
lattice, named in several ways throughout the literature: fuzzy sets and fuzzy relations
(if the domain is a square of a set); also lattice-valued sets and relations; finally, ()-valued
sets and ()-valued relations, if the codomain lattice is denoted by (). In order to unify
the notation, throughout the text we use the last version of these, sometimes replacing
()-valued with lattice valued, for the most general notions. Moreover, for several notions,
we use only the prefix () (without the word “valued”).

An O-valued set ;1 on a nonempty set A is a function y : A — ), where (), <) isa
complete lattice.

If p and v are ()-valued sets, then y is an ()-valued subset of v (denoted by u C v),
if forevery x € A, u(x) < v(x).

For p € ), a cut set (p-cut) of y : A — Q) is defined by

pp={x€A|ulx)=>p}

Example 1. Let Q) be a lattice in Figure 1, and let A = {a,b,c,d} be a set. Then, yu : A — Q)
defined by

b ¢ d
1 r

u(x) | p

is an O-valued set on A.
The cut sets of y are yy = {b}, up = pg = {a,b} and y, = po = {a,b,c,d}.

1
®

o
0

Figure 1. Lattice ().
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An Q-valued relation p on A is an Q-valued set on A2.

As usual, p is symmetric if p(x,y) = p(y,x) and p is transitive if (x,z) A p(z,y) <
p(x,y) forall x,y,z € A.

A symmetric and transitive (2-valued relation p on A is called an ()-valued equality
on A.

Let it : A — Q) be an O-valued set and p : A2 — Q) an Q-valued relation on A. If for
x,y € A, p and y satisfy

p(x,y) < p(x) Au(y), 1)

then we say that p is an ()-valued relation on y (see, e.g., [32]).
The ()-valued relation p is reflexive on p if

p(x,x) = u(x) for every x € A. (2)

Example 2. Let Q) be a lattice in Figure 1, and let A = {a,b,c,d} as in Example 1. Let E : A?> —
Q) be an Q-valued relation defined in Table 1.

Table 1. ()-valued equality on A.

E a b c d
a P q 0 0
b q 1 0 0
c 0 0 r r
d 0 0 r r

One can easily check that E is an Q-valued equality on A. It is also a reflexive O)-valued
relation on the Q-valued set y from Example 1.

Letv : A — Q) be a nonempty ()-valued subset of an ()-valued set t : A — (), Ran
(-valued relation on y and S : A? = () an Q-valued relation on A. Then, S is a restriction
of R to v if

S(x,y) = R(x,y) Av(x) Av(y). ®)

In the following, we introduce the (known) concept of lattice-valued compatibility.

If Q) is a complete lattice and R = (R, F) is an algebra, then the function p1 : R — Q) is
said to be compatible with the operations in F if forany f € F, f : R* — R,n € N, for all
ai,...,a4; € Rand for a nullary operation o € F,

n

A w(ai) <u(flar,...,an), plo) =1. @

i=1

Analogously, an Q-valued relation E : R — Q) on R is compatible with the operations
in F if the following holds: for every n-ary operation f € F,forall aq,...,a,,b1,...,b; € R,
and for constant o € F,

>=

E(a;, b;) < E(f(ay,...,an), f(b1,...,by)); E(0,0) =1. 5)
1

Throughout the text, we relate some algebraic properties of lattice-valued objects with
their cuts, as follows: a property P of an ()-valued structure A is said to be cutworthy if
the analog crisp property holds for every cut-structure Ay, p € Q.
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2.3. O)-Rings
An O)-set is an ordered pair (R, E), where R is a nonempty set and E an Q)-valued
equality on A [17].

Remark 1. There is a difference between an ()-valued set defined in the previous section and an
Q)-set as defined here. The former is only a function from a set on a lattice ) and the latter is a pair
consisting of a set and a particular lattice-valued relation on this set.

If (R, E) is an Q-set, the related ()-valued set on R, denoted by y, is defined by

u(x) = E(x, x). (6)

E is an ()-valued reflexive relation on y, as defined by (1) (to be more precise, E is an
()-valued equality on p.

If R = (R, F)isanalgebraand E : R> — Q an Q-valued equality on R compatible with
the operations in F, then R = (R, E) is an Q-algebra. Algebra R is called the underlying,
basic algebra of R.

Let (R, E) be an O-algebra and t1(x1,...,x,) = ta2(xq,...,%,), and briefly let t; ~ t
be an identity in the type of R. Then, we can state that (R, E) satisfies identity t; ~ t; if

n

N (b)) < E(t1(by,...,bu), ta (b1, ..., by)), @)
i=1

for all by,...,by, € A and the term operations on R corresponding to terms t; and ¢,
respectively.

We continue with the main structure of the present research. An ()-ring is an (2-algebra
R = (R, E), where R = (R, +,-,—,0) is an algebra with two binary operations (-, +),
a unary operation (—) and a constant (0), so that the following identities hold in the sense
of (7):

u+ (v+w)~ (u+v)+w

Uut+ou o+u=u

u-(v-w)= (u-v) w
u-(v+w)=(u-v)+ (u-w)

(v4+w) -u=(v-u)+ (w-u).

We have E(0,0) = pu(o) = 1.
Next, we present some cut properties of ()-rings. These also hold for ()-groups and
generally for all ()-algebras as well [14].

Theorem 2. Let R = (R, E) be an Q-algebra of the type (+,-,—,0). Then, R is an Q-ring if
and only if for every p € () the quotient structure py,/Ey is a ring.
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Example 3. Let A = {a,b,c,d}, operations + and - be as presented in Table 2 and the unary
operation — defined by —x := x, and let b be a constant (nullary operation). Let E : A2 — Q be
the Q)-relation defined in Example 2 (Table 1), where () is a lattice in Figure 1. y is ()-set from
Example 2 and E is symmetric, transitive and reflexive on p.

Table 2. (a) Binary operation 4 on A. (b) Binary operation - on A.

(@ \
+ ‘ a b c d
a b a d c
b a b d d
c c d b b
d d c a a

(b) \
‘ a b c d
a a b a b
b b b b a
c a a d c
d b b c d

The Q-relation E is compatible since all the cuts are congruence relations on cuts of .

All the factor cuts are rings. Indeed, 1/ Ey is a one-element ring, isomorphic to {b}, y,/Ep
is a two-element ring isomorphic to subring {a,b}. ugy/Eq is also a one-element ring. p,/E, is
a two-element ring {{a, b}, {c,d}}. Finally, uy/Ey is also a one-element ring with one element
being the class {a,b,c,d}.

Hence, the structure (A, E) is an Q-ring by Theorem 2.

We mention some basic properties of ()-rings (proved in [1]) that we shall need in
some proofs.

Proposition 1 ([1]). Let R = (R, E) be an Q-ring where R = (R, +,-,—,0).
Then, the following hold in the sense of (7):

(i) u-omo,0-umo;

(i) u-(-v) = —(v-u);

(i) (—u)-v=~—(v-u).

An O)-ring is commutative if u - v =~ v - u.

If R, = (R,+,-,—,0,1) is an algebra with two binary, one unary and two nullary
operations o0 and ¢, then (R,, E) is an Q-ring with identity if ((R,+,-,—,0), E) is an
Q-ring and if u-t =~ u, (-u = u. An Q-ring with identity is called an Q-field if
R® = (R\ {o},,71,1) (where ~! is a unary operation) is an Q-group, where E° is the
restriction of E to R\ {0}.

The following proposition is proved in [1].

Proposition 2 ([1]). An Q-ring with identity R, = ((R,+,-, —,0,1), E) is an Q-field if and only
if for every p € Q, the factor py,/ E, is a field.

If R = (R,E) and Ry = (R, E*1) are Q-rings, we say that R is an Q-subring of the
Q-ring R if EM is a restriction of E to the ()-valued function y1 of R, determined by E/1.
Hence, E* (x,y) = E(x,y) A p1(x) A pup(y) forall x,y € R.

Theorem 3 ([1]). Let R = (R, E) be an Q-ring and S = (R, EY) an Q-subring of R. Then,
for every p € Q, the ring v,/ E}) is, up to an isomorphism, a subring of the ring pp / Ep.
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3. Results
3.1. O)-Congruences and Q)-Ideals

Let R = (R, E#) be an Q-ring. Knowing the well-known connection between congru-
ences and ideals in crisp algebras, first we define ()-congruences and then ()-ideals using
this notion.

An O-valued congruence on R is an Q-valued relation ® : R> — Q on R, which is
p-reflexive (for every x € R, ©(x,x) = EF(x,x)), symmetric, transitive and compatible
with the operations in R, and for all x,y € R fulfills ©(x,y) > E¥(x,y).

The following proposition yields directly from the definition.

Proposition 3. Let © be an Q-valued congruence on an Q-ring R. Then, for every p € Q, such
that uy, # @, ©p is a congruence relation on yy,, and the algebra i,/ ®, is a ring.

If © is a congruence on an Q-ring R = (R, E#), we define v : R — Q by
v(x) :=0(o,x), (8)
where 0 is a nullary operation in R. Next, we define E” : R — Q by

EY(x,y) := EF(x,y) Av(x) Av(y). ©

Analyzing the ()-valued set v, we can see that it "measures" the grade to which an
element is equal to the constant 0. Taking into account the definition of crisp two-sided
ideals in the ring, it corresponds to a congruence on the ring and it consists of all elements
which are congruent with 0. Hence, we introduce a notion of the Q-two-sided ideal in
QO-ring, as follows.

If© : R2 — O on R is an O-valued congruence on an ()-ring R, then P = (R,EY),
where v(x) := ©(o, x) is an Q-valued two-sided ideal on an Q-ring (or Q-valued ideal).

There is the smallest and the greatest congruence on every ()-ring, and the related
Q-ideals P = (R, EV) are described in the sequel.

The smallest congruence on an Q-ring is ©(x,y) = E¥(x,y). Then, v(x) := E*(o, x)
and E"(x,y) := E*(x,y) A E*(0,x) A E¥(0,y).

The greatest congruence is ©(x,y) = 1, forall x,y € R. Then, v(x) = 1 for all x € R
and EY(x,y) := E*(x,y).

In the following part, we prove that the Q-valued ideal is an Q-subring of R.

Proposition 4. If R = (R, E") is an Q-ring, then the Q-valued ideal P = (R, E) is an
Q-subring of R.

Proof. First, we have to prove thatv : R — () is compatible with the nullary, unary and two
binary operations.

Thatis, v(x +y) > v(x) Av(y), v(x-y) = v(x) Av(y), v(—x) = v(x) and v(o) = 1.
v(0) = 0(0,0) = p(0) =

By © being an Q)-congruence, we have that @(x,0) < @(—x, —o).

By Proposition 1, we have that u(x) A p(0) < EF(—(x-0),(—x) -0), u(x) Au(o) <
E¥(—(x-0),x-(—0))and pu(x) < EF(x-0,0).

Hence, we have the following;:

u(x) < E(x-0,0) < E(~(x-0), ~0)
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p(x) < p(=x) <E(=(x-0),(=x)-0).

Using transitivity from the previous three formulas, we have
1(x) < E(o, —o). Since it is valid for every x, it is also valid for o, so we have that

E(o,—0) =1.

Since
E<LO,
we have that

O(0,—0) =

Now,
O(x,0) < O(—x,—0) AO(—0,0) < O(—x,0).

Hence,

v(x) <v(—x).

Further, by Proposition 1, we have that E(0 - 0,0) = 1 and hence ©(0-0,0) = 1.
Therefore,

v(x) Av(y) =0O(x,0) AO(y,0) <O(x-y,0-0) N1 =0(x-y,0-0) ANO(0-0,0) <O(x-y,0) =v(x-y).

Finally, by 1 = E(0 4+ 0,0) < ®(0 + 0,0), we have that
v(x) Av(y) =0O(x,0) AO(y,0) <O(x+y,0+0) AO(0+0,0) <O(x+y,0) =v(x+y).
Finally, the condition that E(x, y) is a restriction to E*(x, y) is fulfilled:
E¥(x,y) = EF(x,y) NE"(x,x) ANE"(y,y),

by the definition of EY, since EV(x,x) = EF(x,x) A ®(0,x) = O(o0,x), and similarly for

E'(y.y). _ _
Therefore, P is an (Q-subring of R. O

Remark 2. Note that in the case of classical (crisp) rings, an Q-ideal gives a characteristic function
of an ideal. Indeed, since in a crisp case Q) is the chain {0,1}, ® is a weak-congruence relation
(weakly reflexive, symmetric, transitive and compatible with operations). In this case, an ideal is
a characteristic function with values 1 in case an element is in relation with o under ®, which
characterizes an ideal.

Since we first defined ()-ideals independently of the notion of ()-subrings and later
proved that every ()-ideal is an ()-subring, in the following we give a necessary and
sufficient condition for an ()-subring to be an ()-ideal.

Proposition 5. Let R = (R, E*) be an Q-ring and T = (R, EV) an Q-subring of R. Then, the
necessary and sufficient condition that T is an Q-ideal of R is that there is an Q-valued congruence
@ on R, such that for all x,y € R,

E'(x,y) = E*(x,y) NO(0,x) ANO(0,y). (10)

Proof. The proof is obvious by the definition of an (-ideal. [
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In the following, we prove that the notion of the ()-ideal introduced above is cutworthy,
in the sense that ()-ring is an (2-ideal if and only if all cut sets over related cut equalities
are ideals of the corresponding cut-factor ring.

Theorem 4. An Q-subring Z = (R,EV) of an Q-ring R = (R, EV) is an Q-ideal of R if and
only if for every p € Q, v,/ E}) is an ideal of the ring yp/Eg.

Proof. If Z = (R, EV) is an Q-ideal of an Q-ring R = (R, E"), then by the definition there
is an )-valued congruence © on R, such that for all x,y € R, E*(x,y) < ©(x,y) and

E'(x,y) = EF(x,y) A®O(0,x) ANO(0,y).

By the cutworthy properties of ()-congruences, the cut ®, for p € ) is a congruence
on the subalgebra y), of R, by p-reflexivity and the fact that E;f C Op.
The relation @, / E’; , naturally defined on classes by

([x] £l [y] Eg) € ©p/E}, ifand onlyif (x,y) € O, (11)

is a congruence on i,/ E,f,’ .

By Theorem 1,

VP/E;;/(@P/E;; = pp/Op,

where )/ Eg isaring and ©®p/ Eg is a congruence on it; hence, p),/©y is a ring as well.

By the definition of v, v(x) = ©(o, x) for all x € R, and looking at the cuts, for p € (),
x € vp if and only if @ (0, x) > p.

It is already proved in Theorem 3 that v,/ E}; is a subring of i,/ Eg .

Now we show that v,,/E} is an ideal of yp/ Eg . By the definition, we should prove
that Vp / EZ is a class of a congruence on Hp / Eg , containing o.

We have that ©,/ Eg is a congruence on i/ Eg and the class of this congruence
containing o is exactly v,/ E}, (sirEe 0 € vp for every p). B

To prove the converse, let P = (P, E") be an Q-subring of an Q-ring R = (R, EF).
Now, we have the assumption on cuts, and we have to prove that P is an ideal on R.

Since for every p € ), vp/E} is an ideal of jp/ EZ , elements in v,/ E} are exactly some

classes of i/ E%. Now we can look at the related congruences. For every p € (), ®, on
Hp/ E;,‘ is defined by

[x] El O, [y]E;‘ if and only if [x]E;: + (= [y]EL‘) € vp/Ey.
Since v/ E}, is an ideal, ©) is a congruence on i,/ Ej.

gy + (~[lgx) € v /E

if and only if
[x + (—y)]Ey € vy/Ey,
if and only if
x+ (—y) € vp,
if and only if

v(x+(=y)) = p.
Starting from a family of congruences {®; | i € I C O},
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(]l
if and only if
v(ix+(-y)) > 1i.
Further,
[x] g ®ily]
if and only if
v(x+(=y)) = Vi,
iel
for every i € I if and only if
[X]pr©vey ily] g

The family {®; | i € O} is closed under intersections, since

ﬂ 0; = ®Viel i
iel

Next, by the synthesis of this family, we define a relation ® : R> — Q) by
\/{P | ([ E” E") €0p}.

The supremum of @ in the complete lattice () is 0; hence, in the case that (x, y) does
not belong to any @, for p € (), we have that ©(x,y) = 0

Now, O is a symmetric, transitive and compatible ()-valued relation on R (being a
synthesis of the family of the relations of analogous crisp properties). It is also p-reflexive:
for x € R,

= VAp [ (¥ [¥ge) € ©p} = VAp [ x € wp} = p(x) = E'(x,%),

since y(x) is one of the values over which the supremum runs.
Finally, we prove the condition that E¥(x,y) < ©(x,y) for all x,y € R, as follows.
If E¥(x,y) = p, then (x,y) € E, and hence [x], p = [y]e;;. Since ©, is a congruence on

up/E},, we have that ([x ]ep [y]e;) € O, and O(x, y) p.

Hence, © is an Q-valued congruence on R, and by the construction ©(x,0) = v(x) =
EY(x,x). Therefore, Z is an Q)-ideal of R. [

Remark 3. If T = (R, EY) is an Q-ideal of an Q-ring R = (R, E*), then the congruence ©
related to the ideal T is unique. This follows from the proof of the previous theorem. Indeed, if 0
is an Q)-congruence, then the unique ()-ideal is obtained by the definition. On the other hand,
if T = (R,E) is an Q-ideal, then the congruences obtained on all cuts p € O, ©, on yp/Eg,
defined by

(Xl @plylgs ifand only if [x]pe + (~[yles) € vp/E}

are unique (due to the fact that ideals and congruences are in 1-1 correspondence in rings). Now the
Q-congruence 0 is uniquely obtained from the family of cuts on p,/ EZ, as in the proof of Theorem 4.

By the previous remark, the ()-ideals and ()-congruences are in 1-1 correspondence in
Q-rings.

Now, adapting the definition of (3-homomorphisms in algebras from [33], we for-
mulate the definition of ()-homomorphisms and introduce the relationship among the
()-ideals, ()-congruences and (2-homomorphisms in ()-rings.
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LetR = (R, +,-,—,0)and S = (S, +,-,—,0) be two algebras, and R = (R, E*) and
S = (S, EY) two Q-rings.

A function ¢ : R — S is an ()-homomorphism from RtoSifforalla b € R, and
the following conditions hold:

¢(a) +¢(b) € 9(R); ¢(a) ¢(b) € ¢(R) and — ¢(a) € ¢(R).

By the general result about ()-algebras (Theorem 8 in [33]), we have the following
cutworthy property of (3-homomorphisms.

Proposition 6. If the function ¢ : R — S from an Q-ring (R, E¥) to an Q-ring (S, EY) is an
QO-homomorphism, then the mapping ¢ yﬁ/Ep — yg/Gp, such that 9([x]g,) = [¢(x)]g, isa
classical homomorphism.

Let ¢ be an O-homomorphism from (R, E¥) to (S, EV). Then, an )-valued relation
kera@ : R? — Q) defined by

kera@(a,b) = E"(¢(a), ¢(b)) Au(a) Au(b), foralla,be R, (12)

is called an )-valued kernel of ¢.
The following proposition are here formulated for rings and follow directly from the
analogous result in general algebras that are proved in [33].

Proposition 7. Let ¢ be an Q-homomorphism from Q-ring (R, E*) to Q-ring (S, E"). Then, the
Q-valued kernel kerq @ : R — Q) of ¢ is an Q-valued congruence on the Q-ring (R, EV).

3.2. Structure of O)-Ideals

Now we look at the family of all ()-ideals on an )-ring and we prove that it is a
complete lattice.

We define a natural ordering < on the family of all )-ideals:

Given two ()-ideals v1 and 15,

v1 < 15 if and only if for every x € R, v1(x) < vp(x).

Proposition 8. The family of all ideals F on an Q-ring R = (R, E*) is a complete lattice under <.

Proof. Let R = (R,E*) be an Q-ring. We can note that that the relation ® : R? — Q,
defined by ©(x,y) = 1 for all x,y € R, is an Q-congruence. Hence, the mapping v(x) =
©(x,0) = 1for all x € R is an (-ideal, and the family of all ideals on any Q-ring is
nonempty. Moreover, it is obvious that v(x) = 1 is the greatest of all ideals under the
ordering <.
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Now we have to prove that the infimum of every family of ()-ideals on the Q)-ring is
again an ideal.

Let {v; | i € I} be a family of Q)-ideals on the Q-ring. Now, we prove that the
intersection of fuzzy sets N;¢jv; is an O-ideal and it is the infimum of the family {v; | i € I}.
Indeed, it is easy to check that Njcv;(x) = N;c1O;(x,0) for every x € R where for every
i € I, ©; is the corresponding congruence to v;. Since N;c0; is also an 2-congruence on
(R, E*), we have that N;cjv; is an Q-ideal.

Hence, the family of all Q-ideals on (R, E#) is a complete lattice. O

It is easy to check that for two congruences ®; and ©,, such that ®; > E¥ and ®, > E¥,
and ©; < O, and for two corresponding functions v; and v, and relations determining
(-ideals E"1 < E'2, respectively,

0; < Oy if and only if 11 < vy if and only if EY1 < EY2,

Keeping this in mind, and the fact that E*(o,x) A E#(0,y) < E¥(x,y), we have the
following corollary.

Corollary 1. The smallest element of the family of all ideals F on an Q-ring R = (R, E") is the
ideal EV : R? — Q) defined by

E%(x,y) = E*(0,x) A E*(0,y) (13)

In the following, we prove that an Q)-valued congruence © on an Q-ring (R, E*), such
that © > E¥, can be regarded as an ()-valued equality, and can generate another ()-ring.

Theorem 5. Let ® : R? — Q be an Q-valued congruence on an Q-ring (R, E*), such that
© > EF. Then, (R,®) is an Q-ring as well. Moreover, for every p € (), the mapping f :
pp/ Ely = 11,/ Oy, defined by f([x] Eif) = [xle,, is a surjective ring homomorphism.

Proof. We prove that the ring identities in the sense of the ()-ring are fulfilled. For instance,
to prove the distributivity on R, using y(x) = ©(x, x) and E¥ < ©, we have

p) Auy) Ap(z) < EF(x-(y +2), (x-y) + (x-2)) <O(x- (y +2), (x-y) + (x-2)).

Analogously, we check all other ()-ring identities.
To prove that for p € Q, f : up/E}j, — pp/©,, defined by f([x}Eg) = [x]g, isa
homomorphism, let x,y € pp. Then,

£+ 9lep) =[x+ ylo, = [¥lo, + Mo, = F(Ixlg) + F(es)-

Analogously, we check that f is compatible with all other operations. The homomorphism
is surjective, since every class [x]g, is the image of [x] £ under f. O

Example 4. Let (R, EV) be a commutative Q-ring from [1], with lattice Q) given in Figure 2,

where R = (R, +,-,—,0) is an algebra with R = {o,a,b,c}, operations + and - presented in
Table 3 and a unary operation — defined by —x := x. The Q-valued equality E¥ is given in Table 4.
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Table 3. (a) Binary operation + on R. (b) Binary operation - on R.

(@ \
+ \ 0 a b c
0 0 a c c
a a 0 b c
b c b 0 a
c c c a 0

(b) \
‘ 0 a b c
0 0 0 a 0
a 0 0 0 a
b a a c b
c 0 0 b c

Figure 2. Lattice ().

Table 4. ()-valued equality on R.

IS
o

EH \

a S o
©nw O =X = [ Q
ocoOoOoT =~
=T ToooOo|C
D T ow

The function p : R — Q is determined by EF: u(x) = EF(x, x).

X ‘Oﬂ
ux) |1 p

b ¢
u q

We give a construction of an Q-ideal starting from an Q-valued congruence ® on R in Table 5.
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Table 5. ()-valued congruence on R.

(O] ‘ 0 a b c
o 1 p 0 s
a p p 0 0
b 0 0 u u
c s 0 u q

One could easily check that 0 is an Q-valued congruence on R satisfying ©(x,y) > EF(x,y)
forallx,y € R.

Now, we define an Q-ideal on R, by EV(x,y) := E¥(x,y) A®(0,x) AO(0, ).

In the following, we give the table for EV (Table 6).

Table 6. The equality relation determining ()-valued ideal.

EY ‘ 0 a b c
0 1 r 0 S
a r 1% 0 0
b 0 0 0 0
c S 0 0 S

Now, (R, EV) is an Q-valued ideal.
The cuts of v and EY are as follows:

vo = {o,a,b,c};Ey = {(0,0),(0,a),(0,b), (0,¢),(a,0),(a,a),(a,b),(a,c),(bo),(ba),(bb),(bc),(co0), (ca) cb) (cc)}

Ve = vt = v, = {0,a};

E, = E/ = E/ ={(0,0),(0,a),(a,0),(a,a)}.

vs = {o,c}; E{ = {(0,0), (0,¢), (c,0), (c,c) }.
vp = {0,a};E = {(0,0), (1,a)}.

1 =vy={o};E{ = E; = {(0,0)}.
Now we can check the results of Theorem 4, and we obtain that for every p € Q, v,/ E}, is an
ideal of the ring ,up/E;;,

4. Systems of Linear Equations over (2-Fields

Systems of linear equations with several unknowns are usually considered and solved
over fields. Here, we show that ()-fields can be used to deal with solutions of such systems
over algebraic structures which are not necessarily fields. The technique we present in
this section has the potential to expand the application of systems of linear equations to
situations where specific data are organized in structures sharing the same type as a field.
For this purpose, we use the following proposition, as a straightforward and obvious
consequence of Proposition 2.

179



Axioms 2023, 12,757

Proposition 9. An Q-algebra with identity R; = ((R,+,-,—,0,t),E) is an Q-field if and only
if for every p € Q) the factor ji,/ E, is a field.

Let R, = (R, E)be an Q-field, where R, = (R, +, -, —,0,1) is the basic algebra as
defined in Section 2.3. Also let

mx1+axxo+...+apx, =b, aq,...,a,,b € R (14)

be a linear equation with n unknﬂvns over R,. We say that an n-tuple (cl,. ..,Cn) ER"is
a solution of Equation (14) over R, if

n n

A\ wai) Apu(b) < N ulei) NE(arer + ... 4 ancn, b). (15)
i=1 i=1

Theorem 6. Let R, be an Q-field. Then, (c1,...,cn) is a solution of a linear equation ayx1 +
a2x2 + ...+ anXy = bover R, with p = NI_y p(a;) A u(b), if and only if ([c1]g,, - - -, [culE, ) s
a classical solution of the linear equation [a1]p,x1 + [az]g, %2 + ... + [an]g,xn = [b]E, over the
cut-quotient field py, / E,, where c;, i = 1,...,n is an arbitrary representative of the class replacing
the unknown x;.

Proof. Suppose that (cy,...,cy,) is a solution of a linear equation a;x1 + axxy + ...+ a,x, =
b over the Q-field R,. Then the formula (15) holds, i.e., for Al ; u(a;) A ]A( ) = p,
Aizq i(c1) AN E(ajer + ...+ ancy,b) > p. Hence, ay,...,a5,b,c1,...,¢4 € pp. The cut
Hp is a subalgebra of R, and E, is a congruence on ji,. By Proposition 9, u,/Ep is an
QO-field. Since E(ajci + ...+ aycy,b) > p, we have (ajcy + ... +ancy,b) € E,. Hence,
[arc1+ ... +anculg, = [b]E,, ie., [m]g,[c1]E, + ...+ [an]E,[cn]E, = [b]E,, which proves that
([e1]E,, - -/ [cnlE,) is a solution of the corresponding linear equation [a1]g,x1 + [a2]g, %2 +
.-+ [an]g,xn = [b]E, over the cut-quotient field yp/ E).
Conversely, assume that for a linear equation a;x1 + axxy + ... + a,x, = b, the n-tuple
([e1]E, - - -/ [en]E, ) of classes is a solution of the corresponding equation [a1]E,x1 + [a2]E, X2 +
.-+ [an]E,xn = [b]E, over the cut-quotient field y,/Ep, where p = ALy p(a;) A p(b); ci,
i = 1,...,n is an arbitrary representative of the class replacing the unknown x;. This
means that [a1]g,[c1]g, + ... + [au]g, [cn]E, = [b]E,, i€, [a101+ ...+ ancy]E, = [b]E,. Then,
(arc1 + ... +ancy,b) € Ep,ie., E(ajcy + ...+ aucy,b) > p. Since ¢; € [Ci]Ep/ we have that
#(c;) = p, and hence the formula (15) holds. This proves that every n-tuple (c1,...,cn)
of elements from the corresponding classes forming a solution over the field p,/E, is a
solution in the sense of (15). [

Analogously, as for the single equation, we can deal with solutions of the system of
linear equations over an O-field R,. The system is given by

ai1x1 + appxo + ...+ a1xy = by
a1 x1 + anxy +...+ ay,x, = by (16)

A1 X1 + Ay X2 + oo A A Xy = by
where a;;, by, € R. We say that an n-tuple (c1,...,cn) € R" is a solution of the system (16) if
foreveryi=1,...,m,

n n

N\ w(aij) A p(b /\ p(cj) NE(ajcr + ...+ apcn, by). (17)
=1 =1

Dealing with systems of linear equations over an ()-field, we formulate the result
analogously to the one presented in Theorem 6 (for one linear equation). We omit the proof,
since it is very similar to the one of the mentioned theorem.
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Theorem 7. Let ﬁ@ an Q-field. The n-tuple (c1,...,cn) is a solution of a system of linear
equations (16) over R, where for i = 1,...,m, p; = Nji_y u(ai;) A p(b;) if and only if for
i€{1,...,m}, ([ea]E,., - - [cn]E,, ) is a classical solution of the linear equation

[ai1]E, x1 + [ai]g, X2 + -+ - + [ain]E, X0 = [bi]E,,
over the cut-quotient field p, / Ep,.

Remark 4. Observe that the procedure presented in this section is a particular way of obtaining
approximate solutions for systems of linear equations. Indeed, in real situations, data (numbers)
often do not belong to the field of real or complex numbers, nor to some finite field. Such a structure
may be a ring, or more generally, another algebraic structure of the same type. In these situations,
a lattice Q) and the corresponding Q-equality obtained from the properties of these data allow the
construction of an O-field, as presented here. Then, we can obtain solutions of (systems of) linear
equations. These solutions are approximate since the classical equality is replaced with an Q-valued
one. And this equality respects similarities in a collection of data.

Example 5. Let (Z,+,-,—,0,1) be the ring of integers considered as an algebra with two binary,
one unary and two nullary operations, and let () be a lattice in Figure 3. Let E : Z X Z — () be
defined as follows:

1 if x=y=0
p if 10|x & 10ly & x = y(mod3)

E(x,y) =< q if 2|x & 2ly & 5 fx & 5 Jy & x = y(mod3)
r if 5lx & 5|y &2 fx & 2 Jy & x = y(mod3)
0 otherwise

Ome can easily check that E is an Q-valued equality on Z.
The related O)-set y is defined as follows

1 if x=0
p if 10|x
) =4 q i 20 &5 fx

rif 5lx &2 fx
0 otherwise

1

®

p
q r
0

Figure 3. A lattice Q).
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Now, we look at the cuts:

1/ Eq is a trivial, one-element algebra. j1,/Ey, g/ Eq, pir/ Ey consists of three classes and it
is isomorphic with a three-element field. ug/ Eg is also a trivial one-element algebra.

Now, lets look at a system of equations on (Z,+,-,—,0,1):

4x 410y =22
10x +12y =26

It does not have solutions in (Z,+, -, —,0,1). However, we can find approximate solutions
by solving it in the cut structure.

We see that the value of a function y of all coefficients is either p or q, so we can look at the
solution in p A g-cut (the q-cut), which is a three-element field.

In this field, considering the congruence relation module 3, the system is transformed to

So, in this way, we obtain an approximate solution and we can take any element from these
classes, so the solution can be, e.g., approximately x =2 and y = 2.

5. Conclusions

Continuing our research of ()-rings, here we have presented ()-ideals and their con-
nection to homomorphisms. We have also shown that systems of linear equations could be
solved with data (numbers) which do not necessarily form a field, constructing an ()-field
over a basic structure which may be a ring, or some other structure of the same type.

()-structures turn out to be suitable for applications of known algebraic structures
(groups, rings, fields. . .) in real problems, when not all properties of these structures are
fulfilled. As shown in our research, particular quotient structures of ()-algebras remain
classical structures. Therefore, these quotients can be used as a tool for solving problems
with corrupted or missing data. We shall continue our investigations in this direction,
dealing particularly with real problems which could be solved in the framework of special
()-rings and polynomials over finite ()-fields.
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