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Abstract The aim of this paper is to introduce n-ary BiHom-algebras, generalizing
BiHom-algebras. We introduce an alternative concept of BiHom-Lie algebra called
BiHom-Lie-Leibniz algebra and study various type of n-ary BiHom-Lie algebras and
BiHom-associative algebras. We show that n-ary BiHom-Lie-Leibniz algebra can be
represented by BiHom-Lie-Leibniz algebra through fundamental objects. Moreover,
we provide some key constructions and study n-ary BiHom-Lie algebras induced by
(n — 1)-ary BiHom-Lie algebra.
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5.1 Introduction

The investigations of various g-deformations (quantum deformations) of Lie alge-
bras began a period of rapid expansion in 1980’s stimulated by introduction of quan-
tum groups motivated by applications to the quantum Yang-Baxter equation, quan-
tum inverse scattering methods and constructions of the quantum deformations of
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universal enveloping algebras of semi-simple Lie algebras. In [2, 10-16, 21, 22,
31-33] various versions of g-deformed Lie algebras appeared in physical contexts
such as string theory, vertex models in conformal field theory, quantum mechanics
and quantum field theory in the context of g-deformations of infinite-dimensional
algebras, primarily the g-deformed Heisenberg algebras, g-deformed oscillator alge-
bras and g-deformed Witt and g-deformed Virasoro algebras, and some interesting
q-deformations of the Jacobi identity for Lie algebras in these g-deformed algebras
were observed.

Hom-Lie algebras and more general Quasi-Hom-Lie algebras where introduced
firstby Larsson, Hartwig and Silvestrov in [20], 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 have been developed, ini-
tially motivated by the g-deformed Jacobi identities observed for the g-deformed
algebras in physics, along with g-deformed versions of homological algebra and
discrete modifications of differential calculi. 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 [20, 27-29, 39]. Sub-
sequently, various classes of Hom-Lie admissible algebras have been considered in
[34]. In particular, in [34], the Hom-associative algebras have been introduced and
shown to be Hom-Lie admissible, that is leading to Hom-Lie algebras using com-
mutator map as new product, and in this sense constituting a natural generalization
of associative algebras, as Lie admissible algebras leading to Lie algebras via com-
mutator map as new product. In [34], moreover several other interesting classes of
Hom-Lie admissible algebras generalising some classes of non-associative algebras,
as well as examples of finite-dimensional Hom-Lie algebras have been described.
Since these pioneering works [20, 27-30, 34], Hom-algebra structures have devel-
oped in a popular broad area with increasing number of publications in various
directions.

Ternary algebras and more generally n-ary Lie algebras first appeared in Nambu’s
generalization of Hamiltonian mechanics, using a ternary generalization of Poisson
algebras. The mathematical algebraic foundations of Nambu mechanics have been
developed by Takhtajan and Daletskii in [17, 40, 41]. Filippov, in [18] introduced
n-Lie algebras, and then Kasymov [23] investigated their properties. This approach
uses the interpretation of Jacobi identity expressing the fact that the adjoint map is
a derivation. There is also another type of n-ary Lie algebras, in which the n-ary
Jacobi identity is the sum over S,,_; instead of S3 in the binary case. One reason for
studying such algebras was that n-Lie algebras introduced by Filippov were mostly
rigid, and these algebras offered more possibilities to this regard.

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 [7], by
twisting the identities defining them using a set of linear maps, together with the
particular case where all these maps are equal and are algebra morphisms. A way
to generate examples of such algebras from non Hom-algebras of the same type is



5 On n-ary Generalization of BiHom-Lie Algebras and BiHom-Associative Algebras 101

introduced. Further properties, construction methods and examples of n-ary Hom-
algebras have been considered in [4-6, 24, 25, 42, 45].

In [9], authors looked at Hom-algebras from a category theoretical point of view,
constructing a category on which algebras would be Hom-algebras. A generalization
of this approach led to the discovery of BiHom-algebras in [19], called BiHom-
algebras because the defining identities are twisted by two morphisms instead of
only one for Hom-algebras.

The aim of this work is to introduce n-ary generalizations of BiHom-algebras
and study their basic properties. Namely, we introduce two types of n-BiHom-Lie
algebras, each one of them conserving a part of the properties of n-Lie algebras.
We also define totally BiHom-associative and partially BiHom-associative algebras.
In Sect.5.2, we present BiHom-Lie algebras as in [19] and add an alternative def-
inition which is not equivalent but reduces to the same definition in the case of
Hom-Lie algebras. We also define two types of n-BiHom-Lie algebras and present
their properties. In Sect. 5.3, we introduce n-ary totally BiHom-associative and par-
tially BiHom-associative algebras and generalize to these cases the Yau twisting.
In Sect.5.4, we extend the construction of (n 4 1)-Lie algebras induced by n-Lie
algebras (see [1, 4-6, 24, 25]) to the case of n-ary BiHom-Lie algebras. Then we
look at the conditions under which this construction is possible, in terms of image
and kernel of the generalized trace map and the twisting maps.

5.2 BiHom-Lie Algebras and n-BiHom-Lie Algebras

BiHom-algebras are a generalization of Hom-algebras regarding their construction
using categories, which was introduced by Caenepeel and Goyvaerts in [9]. All the
considered vector spaces are over a field of characteristic 0. Everywhere hereafter,
the notation X; in the arguments of an n-linear map means that x; is excluded, for
example, we write f (X1, ..., X, ..., X,) O f (X1, .00y Xic1y X1y vy Xn).

Definition 5.1 ([19]) A BiHom-Lie algebra is a vector space A together with a bilin-
earmap [-, -] : A> — A and two linear maps o, B : A — A satisfying the following
conditions:

1. xoB=Boc.

2. Vx,y e A,a([x, y]) = [a(x), a(y)] and B ([x, y]) = [B(x), B(Y)].
3. BiHom-skewsymmetry:

Vx,y € A, [B(x), a(y)] = = [B(), a(x)].

4. BiHom-Jacobi identity:

Vx.y.zeA O [B*(0), [B(»). a(2)]] = 0.
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One can also define a BiHom-Lie algebra using a generalization of the Jacobi identity
under the form stating that the adjoint maps are derivations, we consider the following
definition:

Definition 5.2 An BiHom-Lie-Leibniz algebra is a vector space A together with
a bilinear map [-, -] : A> — A and two linear maps «, 8 : A — A satisfying the
following conditions:

l. xof=Boa.

2. Vx,y e A, a([x, y]) = [a(x), a(y)] and B ([x, y]) = [B(x), B(Y)].
3. BiHom-skewsymmetry

Vx,y € A, [B(X), a(y)] = = [B(Y), a(x)].

4. BiHom-Leibniz identity:
va,y.z € AL [0, B0, a@]] = [[B). a0)]. B2 + [ 8200, 1B, 4@

We also define a generalization of Leibniz algebras, which are a non-skewsymmetric
version of Lie algebras, or in other words, algebras in which left multiplication
satisfies the Leibniz rule.

Definition 5.3 A BiHom-Leibniz algebra is a vector space A together with a bilinear
map [-,-]: A> — A and two linear maps «, 8 : A — A satisfying the following
conditions:

l. xof=Boa.

2. Vx,y € A, a([x, y]) = [a(x), a(y)] and B ([x, y]) = [B(x), B(M)].
3. BiHom-Leibniz identity:

va, v,z € A, [0, B0, a@]] = [1B), a0)], 2] + 8200, 1B, a(@]]

Example 5.1 We present here some examples of BiHom-Lie-Leibniz algebras.
These examples were generated using a computer algebra software. Let A be a
3-dimensional vector space with basis (ey, e», e3), the following brackets and matri-
ces, defining linear maps in the considered basis, define on A a BiHom-Lie-Leibniz
algebra structure:

000 b0O
I [a]={010];[Bl=[000];l[ex, 2]l =cies;le3, e1]l = crer;[e;,e;1=0
00a 001
if (i, j) # (2,2), 3, 1), where a, b, ¢, ¢; € K.
000 b0O
2. [a]=10a 0 |;[Bl=1000];[e2, e2] = ces;le;, e;]1 =0if (i, j) # (2,2),
00 a? 000

where a, b, ¢ € K.
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000 000
3. [al=10a0];[Bl=10b0] ;[er,el]l =cier; ler, ea]l = crer ; [er, e3] =
001 001

czeq; [er, e1] = caeq; [e3, e1] = csey ; [e;, ej] = O for the remaining pairs (i, j),
where a, b, c; € K; (1 <k <5).

Remark 5.1 The preceding definitions are not equivalent, and give two different
classes of algebras. Unlike Lie algebras, such algebras are not skewsymmetric, and
thus BiHom-Jacobi and BiHom-Leibniz identities are not equivalent. However, both
of them reduce to Lie algebras when the considered morphisms « and § are equal
to the identity map. Also, if « and § are equal and surjective, algebras given by both
definitions are multiplicative Hom-Lie algebras.

Remark 5.2 BiHom-Jacobi and BiHom-Leibniz identities are equivalent if one
assumes that the bracket is in addition skewsymmetric in the usual sense. Notice that
BiHom-skewsymmetry is equivalent in this case to [B(x), @ (y)] = [« (x), B(V)].

Generalizing n-Lie algebras following the same process gives a class of algebra
which does not reduce to BiHom-Lie algebras for n = 2. We use instead a different
form for the fundamental identity to construct our generalization, namely:

Definition 5.4 An n-BiHom-Lie algebra is a vector space A, equipped with an n-
linear operation [, ..., -] and two linear maps « and B satisfying the following
conditions:

1. xof=Boa.
2. Vxy,...,x, €A,

o (fxr, ..., xp]) = [a(xr), ..., o(x,)] and B ([x1, ..., xaD) =[B(x1), ..., B(xn)].

3. BiHom-skewsymmetry: Vxi, ..., x, € A,Vo € S,,

[BGxD), ..., BGxu—1), a(xn)] = Sgn(0) [BGom), - BGom-1)), ¢ (Xom)] -

4. n-BiHom-Jacobi identity: Vxy, ..., X,—1, Y1, ..., Yn € A,
[B2(x1). - B2 aet), [BOD. - BOw=1)s ()]
= YO[B B 0D B0 [BG). - B ()]
k=1

The straightforward generalization of n-Lie algebras leads to a class of n-ary
algebras which reduces to BiHom-Lie-Leibniz algebras for n = 2, we will call them
n-BiHom-Lie-Leibniz algebras, and define them by:

Definition 5.5 An n-BiHom-Lie-Leibniz algebra is a vector space A, equipped with
an n-linear operation [-, . .., -] and two linear maps « and B satisfying the following
conditions:
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. xoB=Boa.
2. Vxi,...,x, €A,

a([x1,.. ., xnl) = la(xr), ..., a(x,)] and B ([x1, ..., xXn]) = [B(x1), ..., Bxn)].

3. BiHom-skewsymmetry: Vx;,...,x, € A,Vo € §,,
[B&D, ... BGn—1), a(n)] = Sgn(@) [Ba1)): -+ » Bam—1))s ¢(am)] -

4. BiHom-Nambu identity: Vxi, ..., Xy—1, Y1, ..., ¥n € A,
[B2x1). .o B @) [BOD: o BOm—1), ()]
=Y [BO0. - [BG), - BGa), @] B2 OW)]-
k=1

Now, we introduce the notions of morphisms, subalgebras and ideals of such
algebras. After that we will extend some properties of n-Lie algebras and n-Hom-
Lie algebras to this case, some of these properties hold only for one of the classes of
algebras defined above.

Let(A, [ ..., ],a, B)and (A, [ ..., ],a, B’) ben-BiHom-Lie algebras (resp.
Leibniz)

Definition 5.6 A linearmap f : A — B is said to be an n-BiHom-Lie algebra mor-
phism if it satisfies the following properties:

edof=foaandB' of=fof,
e Vxi,...,x, €A, f([x1,....x:) =[f(x1), ..., fFx)]

Definition 5.7 A subset S C A is a subalgebra if
a(S) €S, 8(S) € Sand Vxy,...,x, € S, [x1,...,x,] €S.
It is said to be an ideal if

a(S) S S, B(S) S SandVxy, ..., x,o1 €A, s €S, [x1, ..., x,-1,5] € S.

5.2.1 Fundamental Objects and Basic Algebra

In n-Lie algebras, the adjoint maps, and more generally actions and representations
of an n-Lie algebra are defined by giving n — 1 elements of the algebra. This leads
to the notion of fundamental objects and basic Leibniz algebra [17]. We generalize
these constructions to an n-BiHom-Lie-Leibniz algebra, under some conditions on
the linear maps « and § of this algebra.
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Let (A, [-, ..., ], «, B) be an n-BiHom-Lie-Leibniz algebra such that « is bijec-
tive and B is surjective. Notice that under these conditions, the algebra’s bracket
becomes skewsymmetric in its (n — 1) first arguments.

Definition 5.8 Fundamental object of the BiHom-algebra (A, [-, ..., ], «, B) are
elements of the (n — 1)-th exterior power of A, that is A"~ A.

We also define, for all X = x; A ... AXp_1, Y = V1 A .. A ypy in A" 1A and
z € A the following operations:

e The action of fundamental objects on A:

X z=uadx(2) =[x1,.... %01, 2].

e The multiplication of fundamental objects:

n—1
X -Y=[X,Y]= 2,32 oofl(yl) A A [xl,...,xn,l, y;] A ... /\,132 oofl(yn,l).

i=1

e The linear maps @, 8 : A" 1A — A" A:

a(X) =a(x)) A... Na(x,_1) and B(X) = Bx) A o A B(Xn—1).

We extend the preceding definitions to the whole set of fundamental objects by
linearity.

The definition above of the multiplication of fundamental objects may seem unnat-
ural, the motivation behind it is that using this definition, one can write the BiHom-
Nambu identity in the following form:

B*(X) - (B(Y) - a(2)) = (B(X)-a(Y)) - B*(2) + B*(¥) - (BX) - 2(2)),

forall X,Y € A""'A, and for all z € A. The multiplication of fundamental objects
satisfies the following property, generalizing a similar property in n-Lie algebras
case:

Theorem 5.1 Let (A, [-,...,],«, B) be an-BiHom-Lie-Leibniz algebra such that
«a is bijective and B is surjective. The set of fundamental objects, which we denote by
L(A), equipped with the multiplication of fundamental objects and the maps & and
B defined above, is a BiHom-Leibniz algebra.

Proof Let X =x; A...Ax,—1and Y = y; A ... A y,_1, then we have:

a@oBX)=a (B A ... AB(xy-1))
=aofBx)A.. NaoB(x,—1)
=Boa(x) A...NBoalx,—1)
=B @) A ... Aa(xy_1)) = Boa(X),
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n—1
a(X,Y)]) = Z& (Boa ' GDAAX - yi A AB oa (yum1))

i=1
n—1

= Z (Ot o ,62 o oz_](yl) AN Aod(X-y)AN..Aao ,32 o a_](yn,l))
i=1
n—1

= Z(ﬁ2 oa (@) A A,y aCosn), ()] A A
i=1

AB? o e (a(yam1))) = [@(X), &(V)],

thatis @ is an algebra morphism. One can show, in the same way, that f is a morphism.
Forall X =xi A . AXp—1, Y =i A Ayy—1and Z = z1 A ... A Z,—1, We have

[B200. [Bn). a(2)]]

n—1i-1

=Y Y (BPoa o BPa) A APHX - 2j)A

i=1 j=1
A ABF o ([BOD. . BOn=1). 2@)]) Ao A P oo™ 0 B2(zam1))

n—1 n—1

+Y > (Broat o B A AP0 ([BOD, s BOn-1)s 2(z)])

=1 j=itl
AN ABX - 2) A ABPoa 0 B (zam))

n

+Y (BPoa o) A AT [BOD, - Bln-1), @) A

i

2 -1 2
A..AB“oa  of (z,,_l))
n—1i-1

= ZZ (BPoatofP@) A ABHX - Zj) An

ABToa™ ([BOD. .o BOw-1). a@)]) A AP oa™ 0 B2 (zu))
n—1

+y <,32 oa Lo B A ABEX) - (BOY) - a@)) A ABPoalo ,Bz(zn_l))

i=1

n—1
=Y <ﬂ2 oa o)A ABTX) (BOY) - a@)) A ABP o o ﬂz(zn,l))
i=1
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= (52 oa o R A A(BX) &) B A ABPoa o ﬁz(zn,l))

+ 3 (B oa 0 B2 A AF () (BOO - aG)) AP oa 0 B2 )

=[[B0.am)]. @) | + [, [feo.a@)]]. -

Although the multiplication of fundamental objects needs not to be skewsymmetric,
it yields a BiHom-Leibniz-Lie algebra structure on the set of ady. Namely:

Proposition 5.1 Suppose that both a and B are bijective. The image ofad : L(A) —
End(A), thatis F(A) = {adx, X € L(A)}, together with the bracket

lady, ady] = (Badxa 'adyef™" — p*a ' ady B *aadx)ef 2,
and the structure maps:
a(ady) = aadxa™", Plady) = Badxp™",

is a BiHom-Leibniz-Lie algebra.

Proof Since ad is linear, F(A) is a vector subspace of End(A), moreover, it is
sufficient to prove our statement for X = x; A ... AX,—1, ¥ = y; A.... A y,—1 and
extend by linearity. for all z € A, we have:

adsx)(2) = [a(x1), ..., a(x,-1), 7]
= [a(x1), ..., a(-1), el (2)]
=« ([xl, ey xn_],ofl(z)])
= a(adx(a™'(2)))

= otadxofl(z).
The same goes for adj ). We also have:

adxy(z) =(X-Y) -z
= BB X)) -a@ ' M) BB @)
= BB (X)) - (B@ ' (¥) a(B2(2)))
- B@' ) - (BB(X) - a(B(2)
=BX) (B@ ') - a(B(@)) — B @' (1) (X a(B ()
= adx,(adgg 1) (@(B72(2)) — adp -1y (adx (@(B2(2))))
= (adg(x) oadgz-1(yy 0 & 0 B2 — adp,5-1(y) 0 ady o o ,3_2) (2).
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Using the formulas for ada(x) and adjx,, we get:

adx.y = adﬁ-(X) oadgoafl(y) oao /3_2 — adﬁ%&*l(y) oadyx owo ,3_2
=Boadyopf 'oBoaladycaoplaocp?
—ﬂzoofl oadyoﬂfzoaoadx 0010/3*2
- (ﬂoadxoa”adyoaoﬁ*‘ —Boa! oadyoﬂfzoaoadﬁoaoﬂfz
= [ady, ady] .

That is, ad is an algebra morphism from L(A) on F(A). We only have BiHom-
skewsymmetry left to show:

[B(adx),&(ady)] =BoBoadyof loaocaoadyoa ' ocaop oo B2
—B*oa'oaoadyoa ' o 2oaoBadyof oo B2
= (ﬂzoadx oB ' oady o B~ — B* oady o B ady 0,371) oao B

On the other hand, we have:

[E(ady),&(adx)] —BoBoadyop ' oaloaoadyoa oo oaop?
—Boaloaocadyoa ' oo 20Boadyof oo p?
- (ﬂzoadyoﬁ” cady o B~ — B2 oady o B! oadyofr‘>o
oaoﬂ72
:—(ﬁzoadxoﬂ_l cady o B! —ﬁzoadyoﬁ_ladxoﬂ_l>o
oaoﬂ72

= —[Atadx), dtaan),

which completes the proof. ([

5.2.2 Algebra Twisting

The following result gives a method to construct BiHom-Lie algebras, and more gen-
erally n-BiHom-Lie algebras, starting from a Lie or n-Lie algebra and two commuting
algebra endomorphisms. It generalizes results from [7, 44] for Hom-algebras.

Theorem 5.2 Let (A, [, ..., ]) beann-Lie algebra, andleta, B : A — A be alge-
bra morphisms such that o o B = B o a. The algebra (A, [-, ..., 1lug . a, B), where
[ ..., lop is defined by

(X1, Xnlag = [ (1), o @ (xmn), B()]
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is an n-BiHom-Lie algebra.

Proof The maps « and 8 commute, by hypothesis, we show that they are algebra
morphisms, for all x1, ..., x, € A, we have:

o ([x1, s Xalag) = a ([a(xr), s @(xa-1), B(xa)])
= [ (x1), ..., &?(xao1), & 0 B(xy)]
= [ (x1), ..., &*(xa_1), Boa(xy)]
=[a(xr), ..o o ()lp -

One can prove, in a very similar way, that 8 is also a morphism. We have also:

[BGo): s Bom-1)), a(xa(n))]aﬁ
= [@ o By, s @0 Bou-1), B o (Xom)]
=aof ([x(,(l), cees xa(,,)])
= Sgn(o)x o B ([x1,...,x4])
= Sgn(o) [ o B(x1), ..., @0 f(x, 1), foal(x,)]
= Sgn(o) [B(x1), ..., B(xn1), Ol(xn)]aﬁ .

For all xy, ..., x,—1, Y1, ..., Yn € A, we have:

(8200, B2 [BOD. ﬂ(yn_o,a(yn)]aﬂ]w
=[ao B a0 B2, B ([0 BV - a0 B Boalon)])]
:atoﬂ2 ([xl,..l,xn,h [yl,..l,y,,]])

=Y w0 O, @ o P00 a0 B,

k=1

B ([0, ....ao B, Boatn)]) ]

=Y B0 P00 B0 [BO0) Bl @O0
k=1

which completes the proof. ([
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Example 5.2 We consider the 4-dimensional 3-Lie algebra defined with respect to
a basis (ey, ez, e3, e4), by:

[e1, e2, e3] = ey4; [e1, €2, e4] = e3; [e1, €3, es] = e3; [e2, €3, e4] = ey.

We have two morphisms «, 8 of this algebra defined, with respect to the same
basis, by:

~100 0 00 0 —1
0100 00 —10
lel=1409010 ['=]o-10 o
000—1 10 0 0

One can easily check that « and f commute, then one may to construct a n-BiHom-
Lie algebra using Theorem 5.2, we get the following bracket:

le1, €2, e1] = —e3; [er, €2, 2] = eq; [e1, €3, e1] = —e2; [e1, €3, €3] = —ey;
le1, e4, e2] = e2; [e1, €4, e3] = e3; [e2, €1, €1] = e3; [e2, €1, €2] = —ey;
[e2, e3, e1] = e1; [e2, €3, e4] = —ey; [e2, es, e2] = —ey; [e2, e4, €4] = e3;
[es, e1, e1] = ex; [e3, €1, e3] = eq; [e3, €2, €1] = —ey; [e3, €2, e4] = ey;
[e3, e4, e3] = eq; [e3, €4, e4] = e3; [es, €1, e2] = —e3; [e4, €1, 3] = —e3;
les, e, e2] = eq; [es4, €2, e4] = —e3; [es, €3, e3] = —ey; [e4, €3, e4] = —es;

5.3 Associative Type n-ary BiHom-Algebras

In this section, we present generalizations of n-ary algebras of associative type,
namely totally BiHom-associative and partially BiHom-associative algebras, we also
give a generalization of the Yau twist corresponding to these structures. These alge-
bras also generalize the n-ary Hom-algebra of associative type introduced in [7].

Definition 5.9 An n-ary totally BiHom-associative algebra is a vector space A
together with an n-linear map m : A” — A and two linear maps «, B satisfying
the following conditions:

eaoff=Boux.

ea(m(xy,...,xp) =m(@(xy),...,a(x,)),Yx(,...,x, € A.

e f(mxy,...,xp))=m (B (x1),...,B8(xn),VYx,...,x, € A.

e Total BiHom-associativity: Vxi, ..., xp,—1 € A, Vi, j: 1 <i,j<n
m(a(-xl)7-'-7a(-xifl)9m(xi9'-~1xn+571)9 ,B(anri),---s,B(xanl))

=m(a(x1), ..., a(_1), mxj, ... Xngjm1)s BGut))s - oo B(xan—1)).
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Definition 5.10 An n-ary partially BiHom-associative algebra is a vector space A
together with an n-linear map m : A" — A and two linear maps «, § satisfying the
following conditions:

eaoff=Boux.

e a(m(xy,...,xp) =m(a(x1),...,a(x,)),Yxg,...,x, € A.
e f(mxy,...,xp))=m(B(x1),...,B8(xn),VYxy,...,x, € A.
e Partial BiHom-associativity: Vxy, ..., x3,—1 € A,

Zm (a(x)), ..oz, m(xi, ..o Xpgic1), Bogi), -+ o B(x2a—1)) = 0.
i=1

Remark 5.3 In the definitions above, the particular case where « = § leads us to
the definitions of n-ary totally Hom-associative (resp. partially Hom-associative)
algebras. Choosing « = B = Id, gives the definitions of n-ary totally associative
(resp. partially associative) algebras.

Now, we introduce as for n-Lie algebras, a generalization of the Yau twist, allowing
us to construct n-ary BiHom-algebra of associative type given an n-ary algebra of
associative type and two linear maps satisfying some conditions.

Proposition 5.2 Let (A, m) be an n-ary totally associative (resp. partially asso-
ciative) algebra, and let o, B be two algebra endomorphisms of A satisfying
aof =poa Wedefinemyp: A" — A by:

Map (X1, X)) =m (" (), 0" 20 B(x2), ... a0 B2 (xa1), B () -

Then (A, mqp, a1, B, which we will denote by Aq. g, is an n-ary totally (resp.
partially) BiHom-associative algebra.

Proof The first three conditions come down from « and § being commuting algebra
morphisms, we only have to show the total (resp. partial) BiHom-associativity. Let

X{,...,Xm—1 € A,wehave,fori: 1 <i <n:
-1 -1 —1 -1
i (07 G0, T i) i) B ) B 20 )
—m (an—l oa™ 1(xy), ... a" it o ﬂi—Z od" (). a" o ﬂi—lo

-1 -1 —i—1 _ pi -1
om (@100, o B i) ) @ 0 B0 BT (), X

—1 -1
x B o B (xau-1))
=m@2(x1), ..., o B2 (xiz1), m@¥ T o BT (xp), L., X

—i i—2 —i—1 i—1 2n—2
x "o BT (i), @ T o B T (), L BT R ().

For j # i, we get, following the same process:
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Mg (ot"_l(xl), oD, d T (g, M g(Xiy - .oy Xign—1), X
XB" i)y s ﬁ"*‘(xzn_l))
=m@” 2(xy),...,a®" 1o ,Bj_l(xj), oo ﬂj_z(xj_l), X
xm@ 1o ﬁj_l(xj), Lo o ﬁ”+j—2(x,,+j,1)), X

—j—1 j—1 2n—-2
x o'/ O.Bn+] (xn+j)s~--a/3 " (x2nfl))-

Using total associativity of m, we get:

m (az"’z(xl), It ﬂf*l(xj), O ﬂjfz(xj_l), X
- (az,,,j,l B oﬂn+j72(xn+j71)),anfj71 o B () %
Xy, ,32’172()527171)) =
m@* 2 (x1), ..., @ oﬂiiz(xifl) m(@® o By, L
x oo B2 (g 1) o o BT (). L BT 2(x2" 1) =
Ma,p (Ol"_l(m), cos @ ), ma g (X X, ﬂn_l(x””)’ e 'Bn_l(xz"_l)) ’

Let us show the partial associativity condition for the relevant case. For xy, ...,
X2,—1 € A, we have:

> e (0T 0, T i) M (i) B ) BT 20 )

n
— Zm(anfl OOlnil(xl), o al’l*l“"l ° ﬂi72 oa"*l(x,‘_l), anfi ° ’81'710
—1 —1 —i—1
om@" T (xi), oy BT i) @ 0 B0 BT (i), L X

x B" o B (x2n-1))

n
2n-2 2n—i i—2 2n—i—1 i—1
=Y m@ @), .0 o B ), m@ T o (), X

i=1
x o' o B2 o)) @ o BT ), BT (2m)) = 0,
which completes the proof (]

The definitions and result above can be extended to some variants of n-ary alge-
bras of associative type. Namely n-ary weak totally associative algebras, where the
total associativity holds only fori = 1, j = n in the definition above, and n-ary alter-
nate partially associative algebras, where the the terms in the sum defining partial
associativity are multiplied by (—1)'.
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5.4 (n + 1)-BiHom-Lie Algebras Induced by n-BiHom-Lie
Algebras

The aim of this section is to extend, to n-BiHom-Lie algebras, the construction
of (n + 1)-Hom-Lie algebras from n-Hom-Lie algebras introduced in [6], and to
see under which conditions such a generalization is possible. First, we give some
definitions and lemmas allowing to reach our goal.

Definition 5.11 ([5, 6]) Let A be a vector space, ¢ : A" — A be an n-linear map
and t be a linear form. We define the (n + 1)-linear map ¢, by:

n+1
VXL Xt € AL e (K1 Xas) = ) (=D 00O (v Xag)

i=1

As in the case of n-Lie or n-Hom-Lie algebras, we focus on linear forms t satisfying
a generalization of the properties of the trace of matrices, namely, we consider the
following definition:

Definition 5.12 Let A be a vector space, ¢ : A" — A be an n-linear map, let 7 be
a linear form and «, 8 : A — A be linear maps. The map t is said to be an («, B)-
twisted ¢-trace if if satisfies the following condition:

Vxi, ..., % € A, T (P (B(x1), ..., B(xp—1), a(x,))) = 0.

If the maps ¢, o and B above are clear from the context, we will simply refer to such
linear forms by twisted traces.

Lemma 5.1 Let A be a vector space, ¢ : A" — A be an n-linear map, T be a linear
formand «, B : A — A be linear maps. If T is an («, B)-twisted ¢-trace satisfying
the condition t(a(x))B(y) = t(B(x))x(y), Vx,y € A, then T is an («, B)-twisted
¢, -trace.

Proof For xy,...,x,41 € A, we have:
T (¢ (B(x1), .-, B(xn), @ (xX411)))

=D @B B, - T BO). € (s1))
i=1

+ (="t (T (@ (1)@ (B(x1), - .., B(xn)))
= (=D"t (@ (Bx1), ..., T(@(x1))B(xn)))
= (="t @(BGnr))P (B(x1), ..., a(xn))) =0,

which completes the proof. O
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Lemma 5.2 Let A (resp. B) be a vector space, ¢ (resp. ) be an n-linear map on
A (resp. B) and t (resp. o) be a linear form on A (resp. B). Let f : A — B be a
linear map satisfying:

VX, o Xn €A, f(@ (s xn) = Y (D) - f(3n)

and T = o o f, then f satisfies:

Vi, X € AL f (@ (1, Xng1) = Ve (F (1) f () -

Proof For all xy, ..., x,.1 € A, we have

n+1
[ @ @iy x)) = Y (DT @) (@ Gns e Xt Xt Xag))
i=1
n+1 ,
=Y DTV (FOs s FEim), f i)y f(Xagn)
i=1
n+1 4
= Z(—l)l_ld(f(xi))l/f (fx1)s ooy iz, i), o ovs f(Xng1))
i=1

= wa (f(xl)s ey f(-anrl)) )

which completes the proof. O

Now, using the definitions and lemmas above, one can, under some conditions,
constructan (n + 1)-BiHom-Lie algebra using an n-BiHom-Lie algebra and a twisted
trace, this construction is given by the following theorem:

Theorem 5.3 Let (A,[-,...,],«, B) be an n-BiHom-Lie algebra (resp. and n-
BiHom-Lie-Leibniz algebra), and let T be an («, B)-twisted [-, ..., -]-trace. If the
conditions:

Vx,y € A, t(a(x)B(y) = t(B(x)a(y),

toa=tandtofB =T,

are satisfied then (A, [, ..., 1., a, B), where [-, ..., -], is given by Definition 5.11,
is an (n + 1)-BiHom-Lie algebra (resp. and n-BiHom-Lie-Leibniz algebra). We say
that this algebra is induced by (A, [-, ..., ], «, B).

Proof The fact that @ and 8 commute comes from the given algebra. Lemma 5.2
provides that o and B are morphisms for the bracket [, ..., -],. We show that this
bracket satisfies the BiHom-skewsymmetry and the (n + 1)-BiHom-Jacobi (resp.
BiHom Nambu) identity.
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[B&D), ..., Bt B, ..., Bxn). a(xnt1)],
J-l ) —
= X DB [ B B0, B Bl @ons)]
+(—1)jflf(,3(xj+1))[ﬂ(x1) ,,,,, B(xj-1), B(xj), B(xjt2)s .-, B(xn), e (xnt1)]
+H=DIT(BE) [BCD), .., Blxj-1), B(xj+1), B(Xjt2)s -, Bxn), aCens1)]
£ 3 EDFREE [BO0 o B0 B (50) - BGD  Bl). @Cin) ]
i=j+
D @) [BOD. L B BC), - Bn)]
J-l . ——
= = DB [BO0). o B B By Bln). )]
—(=D e (BG)) [BO), -, BGj-1), BOrjirn), B(j42)s - -, BOn), & (Xny1)]
—(=DT T B0 [BOD). o B BO) B 2). - B, )]
= X DB [BO0. o B B Bln), )]
i=j+
D T B [BD. L B B ()]
= = XL DT T B) [ B, ) )]
—(=D"t(Bnt1) [BxD). ... ;ﬂ\(xnfl)a(xn)]
= = XL DT B [ B, ), )]
—(= 1" @) [BGD). BB )]
== [Br. . Bl )],
[BGD. .o B, a(x)],
n—1
= 2D TBED [BD. o B Bl )]
i=1

+ (D" (B ) [BGD), -y Blram1), a(x)]
+ (=Dt (@) [BGD), -y Bra1), B(ny1)]

—

n—1
= = DD B [BG). o BOD, - B, ) |
i=l

— (="t (Bus)) [BGx1), .. Bln—1), a(xy)]
— D" @) [BGD, - BGram1), Bas))]

n—1
== D DT BE) [, B Bl i) |
i=1
— (D"t @Crn) [BG). s B, Bx)]

— (D" (B [BGD), - Bas1), (X))
=—[B@D), ..., B), @(xny)], -

We denote by L; and R, respectively the left and the right hand sides of the
(n 4+ 1)-BiHom-Jacobi identity. Then, for all xy, ..., x,, yi, ..., Ynt1 € A,
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L= [0 B2 [BOD. . BOW. @], |

= DD T @) [ B2, B [BOD L O @G
i=1

+ D" (B, BO, @D, [0, B |

= > DB TBOHH) X
i=1 j=1

X [B200). o B B, [BOD. o BOD o B )|

+ D (=D (B ) T (@) X
i=1

X [0, B0 B ). (B  BOW]
=Y > DB )T (B
i=1 j=1
X [B200). o B B, [BOV. - BOD - B )|

+ ) (=D (B ) T(B (1)) X

i=l
X [0, B0 B, 1B, Bm = 1, ()]

j—1

=Y D DB E))TBG)) Y (=)
i=1 j=1 k=1
X [B00s - B00. B B ),
x [, BGD. - Bl a0 ]
n n n+1
+) D DB ETBG)) Y (=D
i=1 j=1 k=j+1
X [B00, 0 B00, B B,
x [Ba. o B B )] |

+ ) (=D (B ) T(B (1)) X

i=1

X 3 DB, s B0, B O, X

k=1
x [Been), o G, Bl a )] ]
n n+lj-1 o
= 3 Y D ED (BT (B
i=1 j=1k=1

< [B00, - B00 B B,
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x [BCD. o B0,  BOw) @) ]

n n+l n+l
+D 0 Y DD T e (B )T (B () %

i=1 j=1k=j+1

X [B00, 0 BP00. B B ),
x [, BGD. o Bl a0 ]

For the right hand side, we have:

n+l -
Ri= Y =™ B0, OO B B, Bl )] |
k=1
n+1 k—1 )
=Y )Y = T e (B ) %
k=1 j=1
X [BO0 PO PO B, B,
n+l1 n+l i
+ ) (=D () T (B ()
k=1 j=k+1
X [BO0 P00 PO B, B,
n+l1
+ ) DD T (B, - B, @ (Y1) X
k=1
X [BO0 o B0 B O
n+1 k—1 n ) )
=Y =YY )T =D T (B () T (Bl)
k=1 j=1i=1
< [B00. - BN B0 B )

—

x [BGn). o BGD. - Bl a0 |

n+1 n+l n

+Y DN D) T =D (B2 ) T (B)) x
k=1 j=k+1i=1
X [0 BP0 O B ).

—

x [BGD, o B, Bl a0 ] ]

n+1 k—1
+ Y DY DT =D T ()T (B2 (7)) %
k=1 j=1
X [ﬁz(yl), cees /37(_\}11')’ EREE] /37(_\)%)7 cees ﬁz(yrH»l)v [B(x1),
n+1 n+1

F Y D D (D @) T (B (7)) %

k=1 j=k+1

ey Bxn), Ol(J’k)]r]

e Bxn), a(yk)]r]

s

117
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X [B 00, B0, PO B2, 1B, B
n n+lk—1 ) )
=Y ) D =R T =D T (B ) T (B ()
i=1 k=1 j=1
X [B 00, B2, B0 B2 ), X
x [Ba. o B, Bl )] |
n n+l n+l

Y)Y TR DT =D (B () T (B x

i=1 k=1 j=k+1

X [0 BP0 O B ).
x [Ba. o B, Bl )] |
n+1k—1 )
+) ) =D T =D @) T (B2 () %
k=1 j=1
X [0, B0, o BOD, o B ), [BG), o BGi) |
n+1j—1 '
+ ) DD D @t (B ()
j=1k=1
X [0 BP0 B O B ). (B B
n n+l n+l ) )
=Y 3 > R T =D T e (B )T (B))
i=1 j=1k=j+1
< [B00. - BN 00 B ) X

x [BGeD. o B, Bl a0 ] ]

n n+lj—1

Y Y EDTR DT =D (B () T (BGa) x

i=1 j=1k=1
X[ﬂz()’l) ’’’’ ﬂ/z(y\/<)7'~'7ﬂ/2(\mv"~’ﬁz(yn+l)vx

x [BGc0, o B, Bl a0 ] ] = L.
For the BiHom-Nambu identity, we have for all x;, ..., x, € A, y1,..., yp41 € A:
Lo = [B200). o B0 [BOD. - B )], |
= S T D [0, B 250, [BOV. . B 0,
i=l
+ D" (B, BO, @D [0, B |

=Y D DB E))T(B(y))x

i=1 j=1
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X [B0r o B2 B, [BOD. o BT B @)
+ ) DB ) T (@ (1)) X
i=1
x [B200). o B, B [BOD. B
=Y > DB )T (B
i=1 j=1
X [0 B0 B ). [BOD - BOD. - B ) ]

+ ) =D (B ) T(Bn1) X

i=1

X [0, B0 B, 1B, BOm = 1]
n+1
—ZZ( DHTBENTBG) Y X
i=1j=1 k=1;k+#j
X [B00. o PO [B o B Bl a0 B2
+ ) DB TBGa)) Y X
i=1 k=1
X [B00. o[BG, B G0 ] B2 |
n n+l o n+1
=Y > DB aNTBG)) Y. x
i=1 j=1 k=1:k#j
X [B00. o B [Ba B B 0] B2 |
n+1
=Y [BO0. - [BGD. - BGn). ()], - B O],
k=1
n+1 n+1
=2 2 DT (Bop)x
k=1 j=1;j#k

X [B 00 POD B, B ) B O]

n+1 n+1

=Y > VT (B0)) Z( 17 (Bx)) %

k=1 j=1;j#k

x [Bo0. BN [ﬂ(xl),...,ﬁ(xo,...,ﬂ<xn),a(yk)] o B O |

n+1 n+1

+Y Y DT (B2 ) Tla(i)) x

k=1 j=1:j#k
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X [B 00, B0, Bk, B, - B BRG]

n n+l  n+l

=33 3 )FH @) T (B2)) x

i=1 j=1 k=l;k#j

X (B0 BN [ BOD B (0] B )
n+l  n+l

+Y 0 DT (B2 () T(BOW)) X

k=1 j=1;j#k
X [B2 00, o BPOD, o B0k (B, BE)] @0 B | =
n+1 k—1
Ly+ Y Y (=D (B2(y)) T(B(y)) X
k=1 j=1

X (B0 PO Bk B, BC o0 B |
n+l n+l

+Y Y =D (B2 () T(B) X

k=1 j=k+1
X [B00. - B0 1B, BT BP0 B =
n+1 k—1
Ly+ ) Y (=1 (B2()) T(B(y)) x
k=1 j=1

) [B00. B Bk B, B o0 B ]
n+1 n+l

+Y Y =D (B2 () T(BOW) %

k=1 j=k+1

X [B 00 PO B, B B0 B |

which completes the proof. (]

Remark 5.4 If one considers a weaker version of n-BiHom-Lie algebras, namely
considering the maps « and § to be any linear maps instead of being algebra mor-
phisms, then one can replace the conditions T o @ = 7 and t o 8 = 7 by the condition

T(BENTB () = T (BN T(BO)).

We study now the conditions on « and g in the Theorem 5.3, to see how restrictive
they are for the choice of an n-BiHom-Lie algebra to use for the construction.

We consider an n-BiHom-Lie algebra (A,[-,...,],o,f) and 7: A > K a
twisted trace such that none of [-, ..., -], 7, @ and B is identically zero. Suppose
that they satisfy the conditions of Theorem 5.3, then we get the following:

a(ker(t)) C ker(t) and B(ker(t)) C ker(t).
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The two conditions of Theorem 5.3 put together also lead to the following:
Let x € A such that 7(x) # 0, forall y € A, we have:

T(@(x)B(y) = (B(x)a(y) = t(x)B(y) = t(x)a(y)
= B() =a(y). (since t(x) #0)

If one drops some conditions as explained in Remark 5.4, it is possible to get a less
restrictive situation.

Example 5.3 Let A be a vector space, dim A = n = 3 with basis (e;)<i<, and the
linear maps [-,-] : AQ A - Aand o, 8 : A — A given by:

n
k .. .o
[ei.e;] = E cie, Vi, jr 1 <i,j <n,
k=1

and [a] = (a;,j)1<i,j<n; [B]l = (bi,j)1<i, j<n- We suppose [a] and [B] to be diagonal,
which implies « o 8 = f o «. The remaining conditions for (A, [+, ], @, f) tobe a
BiHom-Lie-Leibniz algebra are given, under the assumptions above, by:

e o, f-skewsymmetry:

n n

ZZ(akiblj + agbi)cy, =0,Yi, j,p:1<i,j,p<n.
=1 i=1

e Multiplicativity

n

n n
k q _ P . PR
E Cijlkg — E E akiaicy; =0,Vi, j,q: 1 <1i,j,q <n.
k=1 k=1 I=1

e BiHom-Leibniz identity:

n n n n n

S ! S t S !
DD D D0 D bpibiibgjarkcy,cly — bpibikbgiariclycy, = bpibijbgiarkcy,ch) =0,
=1 p=1g=1r=1s=1

Vi, okt 1 <i jk.t<n.

We solve these equations, starting with «, 8-skewsymmetry, then BiHom-Leibniz
identity and multiplicativity, while choosing at each step solutions where none of
[,-], @ and B are zero. This way, we can find examples of BiHom-Lie-Leibniz
algebras.

We consider now a linear map t : A — K, given by:

t(e;))=1t,Vi:1<i <n.
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The conditions of Theorem 5.3 become:

n n

ZZibkiaﬁcgﬂo =O,Vl,] 1< i,j =< 3.

k=1 I=1 o=1

n
ti_Zakitkz(),Vi 1 <i <n.
k=1

n
Z(akibzﬂk —buan) =0,Vi, j,1:1 <14, j,l <n.
k=1

Solving these equations gives conditions on 7, ¢, 8 (and sometimes on [-, -]) such
that one can construct the induced Leibniz 3-BiHom-Lie algebra. We give now some
examples obtained using this procedure:

1. The bracket and the structure maps are given by:

[e1, e3] = cie3; [ea, e3] = cae3; [e3, e1] = c3es; [e3, e2] = cues; [e3, €3] = cses.

ap 00 by 00
[@]=10a0]; [BI=]05H0
000 000

One solution to have the conditions of Theorem 5.3 is given by:
th=t3=0;a, =by =1;a, =b,.
We get a Leibniz 3-BiHom-Lie algebra defined by:

le1, €2, e3] = ticaes; [er, €3, e1] = (tic1 + tica)es; [en, e3, ex] = ticqes;
[e1, e3, €3] = f1c5e3;

le2, 1, 3] = —ticre3; [ea, €3, 1] = fhicaes; [e3, €1, e2] = —ticaes;

les, e, e3] = —ticse3;

[e3, e2, e1] = ticqes; [e3, €3, €3] = ficses.

100 100
[al=10a0}; [B]=]0a20
000 000

2. The bracket and the structure maps are given by:

[e1, e2] = crex + cre3; [e1, €3] = c3e3; [e2, 2] = caer + cse3; [e3, e2] = coes.
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a1 00 100
al=|000|; B1=]010
000 001

In this case, there is no (nonzero) t satisfying the conditions of Theorem 5.3.

3. The bracket and the structure maps are given by:

[e1, e3] = c1e3; [e3, e1] = —cqes.
100 100
[@]=10a; 0 ); [Bl=|0b;0
00 a 00 a

In this case, when solving equations for 7, o and B to satisfy the conditions of
Theorem 5.3, we get either 7 = 0 or « = B. In the second case, the chosen algebra
becomes a Hom-Lie algebra (see [19]) if a;, a, are non-zero. Namely, all possible
solutions (where 7 # 0) are:

ar=1;b1=1,=0.
by=a;;thb=0;3=0.

The second solution leads to the induced algebra’s bracket being zero. Let us look at
the first one. The structure maps, under these conditions become:

100 100
[a]={0a; 0 ]; [Bl=(0b; 0],
OOaz 00612

and the bracket of the induced algebra is skewsymmetric and is given by:
le1, €2, e3] = trcye3.
Example 5.4 Now let us look at a case where we drop the condition that o and

B need to be morphisms of the induced algebra, as in Remark 5.4. The equations
Toa =t and t o B = 7 will be replaced by the following:

Vx,y € A, T(B*())T(BO)) = T(BE))T(B*()).

In terms of structure constants, it takes the following form:

Z Z Z ((bklblibuj - bkibolblj) tkto) = 0.

k=1 o=1 I=1
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We consider the BiHom-Lie-Leibniz algebra, generated in the same way as above:

[ea, e1] = crez; [e2, €2] = cre2; [e2, €3] = c3e0.

b 0
; B1=100
00

2

00 0
[@]=1000 0
OOaz b2

One solution to have the conditions of Theorem 5.3 and Remark 5.4 is given by:
Hh=t3=0.

And we get the following induced 3-BiHom-Lie-Leibniz algebra (without the mul-
tiplicativity property for « and B) defined by the bracket is given by:

[e2, e1, e2] = facre; [ea, €2, €2] = hycren; [e2, €3, €2] = ac3en,
together with the same linear maps « and 8.
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