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RESUME

In this paper, we introduce skew-symmetric n-ary brackets on an associative commutative algebra,
constructed by extending the Jacobian and Wronskian determinants with two additional columns.
We determine the necessary and sufficient conditions under which the resulting n-ary algebras are
n-Lie algebras. Moreover, we present several new examples of n-Lie algebras.
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Introduction.

Lie algebras play a significant role in various areas of physics, including general relativity, quantum field
theory, quantum mechanics, and string theory. As a central topic in mathematics, Lie theory has been the
subject of extensive research for many years. The study of Lie algebras has led to numerous notable results and
plentiful generalizations, highlighting their fundamental importance and wide-ranging applicability.

Building on the general concept of Q-algebras introduced by Kurosh in [9], V.T. Fillipov proposed a broad
extension of Lie algebras known as n-Lie algebras [5]. As an infinite-dimensional example, he introduced the
n-Lie algebras defined by Jacobians [6]. Later, L. Takhtajan in [14] observed that this construction had already
appeared in Nambu’s generalization of Hamiltonian mechanics. Specifically, it involves the space C*(M) of
C>-functions on a finite-dimensional manifold M, equipped with an n-ary bracket defined via the Jacobian
determinant.

Another notable example of an infinite-dimensional n-Lie algebra was provided by Dzhumadildaev in [4].
Specifically, any commutative associative algebra equipped with n — 1 mutually commuting derivations, and
endowed with an n-ary bracket defined via the Wronskian, forms an n-Lie algebra. These two constructions—the
Jacobian and the Wronskian—constitute the primary known methods for constructing of infinite-dimensional
n-Lie algebras. For a comprehensive overview of the structural theory of finite-dimensional n-Lie algebras, we
refer the reader to [1-3,11-13,15] and the references therein.

Subsequently, the concepts of n-Lie algebras defined by Poisson and contact brackets were introduced.
Both constructions endow an associative commutative algebra with an n-Lie algebra structure, subject to certain
additional conditions. A comprehensive survey of these types of brackets can be found in [7].

It is worth noting that the n-Lie algebra defined by Wronskians serves as an n-ary analogue of the contact
bracket. Motivated by this observation, in the present paper we introduce a new n-ary bracket and establish
necessary and sufficient conditions under which it defines an n-contact bracket. Using these criteria, we construct
several examples; for one of them, we prove simplicity and describe its ideals. Additionally, we propose an n-ary
bracket formed by appending an extra column to the Jacobian, and we determine the conditions under which it
defines an n-Lie Poisson algebra. We also note that simple subalgebras of the n-Lie algebra of Jacobians were
previously investigated in [13].

Preliminaries.

Definition 1. A vector space L equipped with skew-symmetric ternary bracket [—, —, ..., —] is called
an n-Lie algebra if the following identity holds for any x1,xa,...,Zn,Y1,Y2, .., Yn—1 € L :

n

[['rthv'"7xn]7y1""ayn—1] = Z[xh"')[xivyh'"ayn—l})"' axn]-
=1
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Definition 2. A derivation of an n-Lie algebra is a linear transformation D of L into itself satisfying

n

D([z1, 2, xn)) =D [0, D(i), ..., 2,

i=1
for any x1,...,2, € L. All the derivations of L generate a subalgebra of Lie algebra gl(L) which is called the
derivation algebra of L and denoted by Der(L).

Here is a result from [5].

Theorem 1. The algebra of Jacobians A*(dy,...,d,) for any associative and communtative F-algebra
A with its commuting derivations dy, ..., d, is an n-Lie algebra.

It is easy to see that the following equality holds true
[ab,xa, ..., xn]; = albyxa, ..., xn]; + bla, za, ... 2] ;.

This gives an example of n-Lie-Poisson algebras (see [4]).

Similarly, if one considers an associative commutative F-algebra A and its commuting derivations
dy,...,dn_1, then due to the result of [4] the vector space A with the following n-ary bracket [z1,...,z,]w =
Wr(xy,...,2z,), where

X T2 . In
dl((El) dl(xg) . dl(itn)
Wr(zy,...,z,) = . ) . .
dn—l(zl) dn—1($2) dn—l(iﬂn)
forms an n-Lie algebra, which is called the n-Lie algebra of Wronskians.
Note that the n-ary bracket [—,—]w satisfies the following equality
[ab, za, ..., xp]lw = alb, xa, ..., zp]w + bla, xa, ..., Tp]lw — ab[L, 29, ..., xp]w.

Let A be a commutative associative algebra over F and g be a Lie algebra of derivations of A, such that
A contains no non-trivial g-invariant ideals.

Example 1. S(A,g) = A, where g is an n-dimensional Lie algebra with a basis Dy,...,D,, being
[f1,---, fn]s the n-ary Lie bracket.

Example 2. W(A,g) = A, where g is an (n — 1)-dimensional Lie algebra with a basis Dy,...,D,_1,
being [f1, ..., fa]w the n-ary Lie bracket.

Example 3. SW(A, D) = A<!> @ ... @& A<"~!> is the sum of n — 1 copies of A and g = FD, the n-ary
Lie bracket is defined as follows: let h € A with h<F> € A<F>_ Define

[ 1<j1>7~--7fn<jn>] = 0) unless {]177.77’1} o {1,...,71- 1}’

[ <1l> <k—1> p<k> r<k> f<k+1> f<n—1>] _
1 sy Jp—1 s Jk s Jk+1 2 J ka2 seeostn =

(0F" N fr e (D) it = D (i) frr - fa) <57
In [10] it was claimed that Examples (1) - (3) above are only known infinite-dimensional simple n-Lie
algebras over an algebraically closed field F of characteristic 0 for n > 3.
Generalization of Jacobian.

Let A be an associative commutative F-algebra and dy,ds,...,d,+2 be pairwise commuting derivations
of A. Then, define the following n-ary bracket on A:
d1 (181) e dl (mn) (65} ﬂl
dg (ml) e dg (l‘n) (%) ﬁg
21, %2, Tlap = | : : : 1)
dn+1($1) . dn+1($n) Qn41 ﬂnJrl
dn+2 (xl) R dn+2 (an) Qp 42 ﬁn+2
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where a;, 8; € A, i € {1,...,n+2}.

Our aim is to define necessary and sufficient conditions, under which (A, [—, —, ..., —]43) forms an n-Lie
algebra. Assume that 8; € F, i € {1,2,...,n+ 2}. Then at least one parameter 3; is supposed to be nonzero.
Without loss of generality, assume that 5,12 # 0. Then we make some elementary operations on (1) and obtain
the following:

Brnt2di(z1)—Prdni2(z1) Brnta2di(z2)—Prdnia(z2) Bnt2a1—P1ant2 0
Brntadz(z1)—PB2dni2(z1) Brny2dz(x2)—P2dnt2(x2) Bn4202—L20an42 0
Ilax27"'7x’n]()¢ﬁ:0 . . ..
Brt2dn+1(x1)—PBnt1dnt2(®1) Brt2dnti(x2)—PBnt1dni2(®2) ... Brnt20nt+1—LBrt1antz 0
dnt2(r1) dny2(r2) Qn42 Bn+2

Set Dy, = Bnt2di — Brdnt2 and af = axBnt+2 — Brant2, (K =1,n + 1), then we obtain the following generalized
Jacobian:

Dl(l‘l) Dl(l‘g) . Dl(l‘n) OéT
DQ(Il) DQ(I’Q) e DQ(I’n) 043
[X1,%2, ..., Zplar = ¢ : : . : E
D7L+1 (xl) Dn-l—l(xQ) B Dn-‘rl(xn) O‘:;J,-l

where ¢ = (—1)"*1 6”1“' In [8], it is presented the criterion for n-ary brackets defined as above to be an n-Lie
n+2

algebra. Applying that, we obtain the following equality:

(07

3 o oy,
Dk(a’?‘) Dk (a;)

j
Di(a}) Di(ag)

"

+ ‘ o
Dj(at)  Dj(ag)

Expanding the equality above, we get the following relation:

(iBny2 — antafi) di(ay) + (o Bi — ifBy) di(any2) + (ng2B5 — i fBnre) di()
+ (o Bi — iffk) dnyalay) + () Bnre — any2By) di(ar) + (arBj — ajBr) di(any2)
+ (nt2Be — arBniz) di(y) + (o Br — auwfy) dnya(as) + (rBryo — Angafr) dj(a)
+ (i — e Bs) dj(ang2) + (ang2fi — aifny2) dj(on) + (i — o fi) dpyo (o) =0

With language of determinants, the relation above can be written in the following form:

(673 Qn 42 [e73]
Bi Bn+t2 B
dj(ai) dj(ant2) dj(oak)

[e73 Qn 42 [e%]
Bi Bn+2 B;
di (o) di(an+t2) di(oy)

o Qn42 (&7
Bj Brt2 B
di(aj) di(ant2) di(ar)

a; o ag
Bi B Bk
dnt2(ai) dnt2(aj) dnta(ag)

This proves the following theorem for generalized Jacobians:

Theorem 2. Let 8; € F for i € {1,2,...,n + 2}. Then the n-algebra (L,[—, —,...,—]a,8) is an n-Lie
algebra if and only if
g [e7] Qg

Bi Bj B
dnt2(ai) dni2(aj) dnya(on)

a; Qg2 g
Bi Bn+2 Bk
dj(a;) dj(ant2) dny2(ak)

(e 73 Qn 42 Qg
Bi Brn+2 Bj
di () di(om2) di (o)

o Qn 42 ag
ﬁj Bn+2 B
di(cj) di(any2) di(ak)

=0

forall a; € A, 1 € {1,2,...,n+ 2}
Here, we provide some examples for generalized n-Lie algebra.

Example 4. Consider a unitary associative commutative algebra A. Let d;, 1 < i < n + 2 be pairwise
commuting derivations of A and «; € F for all 1 <i <mn+2. Then, (A,[—,...,—]a,3) is an n-Lie algebra.
Example 5. Consider a unitary associative commutative algebra A with mutually permuting derivations
di, 1 <i<n+2 Let a; =d;(a), a € A, 1 <i<n+2, then, (A, [—,...,—]qp) is an n-Lie algebra.
Generalization of Wronskian.

In this section we construct another n-ary bracket on associative commutative algebra with given mutually
commuting derivations of the algebra. Furthermore, we provide conditions for an n-algebra with the n-ary
bracket constructed to be an n-Lie algebra.
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Let A be an associative commutative F-algebra and dy,...,d, 1 be pairwise commuting derivations of
A Fix z1, ..., T, @0, Q14+ -+, A1, P05 B1s - - - Brr1 € A define the following n-ary bracket on A as follows:
T1 . Tn (675 Bo
di(z1) ... di(zn) a; B1
{T1,. 2ntas = Wr(z)as =
dp(z1) ... dp(zn) ay, Bn
dnt1(®1) oo dpgy1(Tn) ngr Batr

We present a condition under which the n-ary algebra defined as above forms an n-Lie algebra. For
this, let us first define a relation between generalized Jacobian and Wronskian. Consider the tensor algebra

A = A® F[t*]. Define the following maps on A:

dofa® f(1) = a® 10 difa® (1) = dila) ® f(1),1 < i <n+1.

Clearly dg,d; are commuting derivations of Der(fl). Let us define generalized Jacobian on A as follows:

do(z1 ® fi(t)) do(zn ® fn(t)) ag @t Bo@t™"
di(z1 ® f1(t)) di(zn ® fr(t)) a1 ®t L@t~

Jac(z1 @ fi1(t),...,zn ® fn(ﬁ))&ﬁ~ =

(@ @ F1(D) . e ®falt)  an®t @i
dpt+1(z1 ® f1(t) ... dpt1(@n ® fu(t) any1®t LBpy1 @t "

where & = (g ®@t,..., 11 ®t),8=(Bo@t™",...,0n41 @t ™).
Then, for x1 ®t,..., 2, Qt,y1 @t,...,Yn_1 ®t € A one has

Jac(z1 @1t,..., 251 @t, Jac(zs @t,y1 @t ..., Yn—1 ®t)&3,m5+1 Rt, ..., Tn ®t)&3
=Jac(r1 @t, ..., Ts_1 QL Wr(Ts, Y1+ Yn—1)aB Dt Tsr1 Qb .., Ty @ t)&,é

= W’f"(iﬂl, e 7$571,W7"($say17 e 7yn71)aﬁ7xs+1> .. -;xn)aﬁ & ta

where 1 < s < n. This gives the direct relation between the generalized Jacobian and Wronskian.
n

ZJac(xl Rty o1 @b, Jac(zs t,y1 @ty ..., Yn-1 @ t)a, Lst1 @F..., Ty R1)g
s=1

—Jac(Jac(x1 @ty ..., 2y @t)a, Y1 @ty ..., Yn—1 @ t)g =

n
<Z{xla ey Tg—1, {xsayl, e 7yn71}a7xs+17 e »xn}a - {{xla DR 7xn}omy17 e 7yn1}a> & t
s=1

Therefore, we can state the following theorem:

Theorem 3. Let 3; € F for i € {0,1,...,n + 1}. Then the n-algebra (A, {—,...,—}a,3) is an n-Lie
algebra if and only if
o ap g
Bo Bp Bq
dnt1(@o) dnti(ap) dnyi(ag)

(e7)) Q41 qu
Bo Br+1 Ba
dp (o) dp(ant1) dplag)

(e7)) Qp41 Cvp
Bo Br41 Bp
dq(ao) dg(an+t1) dglap)

=0

(o7 An+41 Qg
Bi Brn+1 B
dj(ai) dj(ant1) dni(ak)

[} Qp41 &7
Bi Bn+1 ﬁj
di(ai) di(an+1) di(aj)

] QAn+1 (o797
Bj Bn+1 Bk
di(a;) di(on+1) di(ak)

Qg Qg (057
Bi Bi B
dpnt1(ai) dnti(ey) dna(og)

+ + =0

foralla; e A, 1<p<qg<n+2 1<i<j<k<n+2
Proof. By the equality above the statement of the theorem we can conclude that (A4,{—,...,—}a ) is

an n-Lie algebra if and only if (4,[—,...,—] a, B> is an n-Lie algebra. Therefore, by Theorem 2 the algebra A is
n-Lie algebra if and only if
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a; @t a; @t ap®t a; @t Qap 1@t ap®t
Bi®t Bt Br®t —+ Bi®t Brni1®t Br®t
dp41(0;®t) dpy1(o;®t) dppr(ar®t) dj(ai®t) dj(onsy1®t) dpy1(op®t)

a,i®t an,+1®t (Xj@t (Xj ®t an+1®t ak®t
Bi®t Brny1®t B;®t Bi®t Brny1®t Br®t =0
dk(al®f) dk(()ln+1®t) dk(a]®t) dq;(oz]®t) di((xn+1®t) dl((lk@t)
But, this is equivalent to the following relations:
(e 7)) ap Qg (e 7)) Qn41 Qg (e 7)) Qn 41 ap
Bo Bp Bq Bo Brt1 Bq Bo Brt1 Bp =

dn+1(@0) dnti1(ap) dnyi(ag) dp(ao) dp(ant1) dp(ag) dg(ao) dg(an+1) dg(ap)
(a7} (e %] [0 5%

Bi Bj B
dnti1(ai) dnti(ag) dnya(on)

Qg Qp41 Qg
Bi Br+1 B
d; (O‘i) dj (O‘n+l) dn+1(04k)

+

(677 Qnp41 Qj
Bi Bn+1 Bj
di(cv) di(ont1) di(oy)
forall; € A, B; €F, 1<p<qg<n+2 1<i<j<k<n+2

Below, we provide some examples of generalized Wronskian.

Qg Qp41 Qg
B Brnt1 B
di(aj) di(on+1) di(ak)

+

Example 6. Consider an associative commutative algebra A with mutually permuting derivations d;,
1<i<n+1. Let a; =di(a) for 1 <i <n+1. Then, (A,[—,...,—]qp) is an n-Lie algebra.

Remark A. It should be noted that if a;,8; € F, then, (A,[—,...,—]a3) and (A, {—,...,—}a ) are
n-Lie algebras.

Remark B. We should note that if the vectors (ajq,as,...,n2, and (B1,B2,. .., Bni2) € F*2 are
collinear, then, the n-Lie algebra (A,[—,..., —]a ) is abelian. Similarly, we can claim the same statement for
the n-Lie algebra (A, {—,...,—}a.5)-

Acknowledgement: We would like to thank to Professor Bakhrom Omirov as we have been motivated
and taken beautiful ideas from his article titled “New examples infinite-dimensional n-Lie algebras”.
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REZYUME

Ushbu maqolada biz assotsiativ kommutativ algebra orqali Yakobian va Vronskian determinantlariga
ikkita qo‘shimcha ustun qo‘shish orqali tuzilgan koso-simmetrik n-ar qavslar bilan tanishamiz. Hosil
bo‘lgan n-ar algebralari n-Li algebralari bo‘lishi uchun zarur va etarli shartlarni anigqlaymiz. Bundan
tashqari, biz n-Li algebralariga bir nechta yangi misollarini keltiramiz.

Kalit so‘zlar: n-Li algebralari, Yakobian, Vronskian, differensiallash.

PE3IOME

B pmanHOit paboTe MBI BBOJMM KOCOCHMMETPUYHBIE T-apHbIE CKOOKM HA aCCOIMATHBHON KOMMYTa-
TUBHO ajirebpe, MOCTPOEHHBIE IIyTeM PaCIIUpeHus onpeienTeseit Adkobuana u Bporckoro mBymsi
JOMOJIHUTEIbHBIMU cTOJIONaMu. Mbl ompesiesisieM HeoOXOIUMBbIE U IOCTATOYHBIE YCJIOBUS, IPU KOTO-
PBIX IIOJIy9€HHbIE N-apHbIe aJaredpsl ABisioTcs n-Jlu asredpamu. Kpome Toro, mpuBonM HECKOJIBKO
HOBBIX TIpUMePOB n-JIu aaredp.

Karouesnte caosa: n-Jluesnl anrebpol, Adkobuan, Bporckuan, quddepennupoBanume.
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