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Abstract

Novikov algebras were introduced in connection with Poisson brackets of hydrodynamic type and
Hamiltonian operators in the formal variational calculus. The commutator of a Novikov algebra is
a Lie algebra. Thus it is useful to relate the study of Novikov algebras to the theory of Lie algebras.
In this paper, we will try to realize Novikov algebras through a Lie algebraic approach. Such a
realization could be important in physics and geometry. We find that all transitive Novikov algebras
in dimension<3 can be realized as the Novikov algebras obtained through Lie algebras and their
compatible linear (global) deformations.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hamiltonian operators have close relations with certain algebraic strudtinv8%
Gel'fand and Diki[1,2] introduced a formal variational calculus and found certain interest-
ing Poisson structures when they studied Hamiltonian systems related to certain nonlinear
partial differential equations, such as KdV equations. In [R&f. more connections be-
tween Hamiltonian operators and certain algebraic structures were found. Dubrovin et al.
[4—6] studied similar Poisson structures from another point of view. One of the algebraic
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structures appearing in Ref8,6], which is called a “Novikov algebra” by Osborn and Xu
[9-13], was introduced in connection with Poisson brackets of hydrodynamic type:

N ..
' (), ! (1)} = g1 @) (x — y) + Y kbl @(x)s(x — y). (1.1)
k=1

A Novikov algebraA is a vector space over a fieklwith a bilinear productx, y) — xy
satisfying

(x1, x2, x3) = (x2, X1, X3) (1.2)
and

(x1x2)x3 = (x1X3)X2 (1.3)
for x1, x2, x3 € A, where

(x1, X2, x3) = (x1x2)x3 — X1(x2X3). (1.4)

Novikov algebras are a special class of left-symmetric algebras which only $2djisfy.2)
Left-symmetric algebras are a class of non-associative algebras arising from the study of
affine manifolds, affine structures and convex homogeneous ¢bhet7]

The commutator of a Novikov algebra (or a left-symmetric algelra)

[x, y] =xy —yx (1.5)

defines a (sub-adjacent) Lie algelsra- G(A). LetL,, R, denote the left and right multipli-
cation, respectively, i.d.,(y) = xy, R,(y) = yXVx, y € A. Then for a Novikov algebra,
the left multiplication operators form a Lie algebra and the right multiplication operators
are commutative.

Zel'manov[18] gave a fundamental structure theory of finite-dimensional Novikov al-
gebras over an algebraically closed field with characteristic 0. A Novikov algebra is called
right-nilpotent or transitive if everg, is nilpotent. Then b¥eq. (1.3) a finite-dimensional
Novikov algebraA contains the (unique) largest transitive id&dlA) (is called the radical
of A) and the quotient algebr/ N (A) is a direct sum of fields. The transitivity corresponds
to the completeness of the affine manifolds in geomjdiy15]

Due to the non-associativity, there is not a suitable representation theory for Novikov
algebras. In particular, it is quite difficult to study the non-associative Novikov algebras
[19]. Therefore, to find certain realization of Novikov algebras can be regarded as the first
step. Here, the so-called realization means that we should use some well-known structures to
realize Novikov algebras. The firstimportant class of Novikov algebras are given through the
commutative associative algebras as follf2521] Let (A, -) be acommutative associative
algebra, and be its derivation. Then the new product

a*yb=a-Db+x-a-b (1.6)

makes(A, x,) to become a Novikov algebra far = 0 by Gel'fand[3], for x € F by
Filipov [22] and for a fixed element € A by Xu [13]. In Ref.[20], we show that the
algebra(A, x) = (A, %) given by Gel'fand is transitive. We also construct a deformation
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theory and the Novikov algebras given by Filipov and Xu are the special compatible linear
(global) deformations of ones given by Gel'fand. Moreover, we prove that all transitive
Novikov algebras in dimensiof3 can be realized as the algebras defined by Gel'fand and
their compatible linear (global) deformations. We conjecture that this conclusion can be
extended to higher dimensions. We also extend such a realization theory to the non-transitive
Novikov algebra$21]. Such a realization theory has been used to discuss the bilinear forms
on Novikov algebra§?3] and the derivations of Novikov algebrit].

However, it is a little insufficient for such a realization, in particular when we discuss
some properties of Novikov algebras related to their sub-adjacent Lie algebras. The relation
between Novikov algebras and Lie algebras is the key to study the geometry of Novikov
algebras which obviously plays an important role in the theory of Novikov algebras. And
certain application of Novikov algebras in physics is also given through Lie algfjras
But, it is quite a difference between commutative associative algebras and Lie algebras.
On the other hand, Lie algebras are a class of non-associative algebras which have been
studied for a long time. Any Lie algebraic approach to realize Novikov algebras will be
useful to understand the geometry and the physics related to Novikov algebras and may be
much closer to the non-associativity of Novikov algebras. We extend the idea of Gel'fand as
follows. Let(A, [, ]) be a Lie algebraf be a linear transformation on it. Then by choosing
f suitably, we can define a Novikov algebra as

xxy=[f(x),y] Vx,ye€A. (1.7)

In this paper, we commence to study such a realization. The paper is organized as follows.
In Section 2 we study the so-called Novikov interior derivation algebras, which are a
class of Novikov algebras realized By. (1.7)with an additional condition that the Lie
algebras are just their sub-adjacent Lie algebras. These Novikov algebras have an interesting
geometric background. Bection 3the article to be self-contained, we briefly introduce the
deformation theory of Novikov algebras given in RE0], and we give the realization of

all transitive Novikov algebras in dimensions 2 and 3 through the Lie algebraic approach.
In Section 4 we briefly discuss another Lie algebraic approach to Novikov algebras. In
Section 5we give some conclusions based on the discussion in the previous sections.

2. Novikov interior derivation algebras

Let A be a Lie algebra ang be a linear transformation on it. Thé&y. (1.7)defines a
Novikov algebra if and only iff satisfies

FAfC), Y1+ [x, fOD = [f ), f(0] € C(A), (2.1)

LA@F @), yD. 2l = [F [ f (). 2D y] (2.2)

foranyx, y,z € AandC(A) = {a € A|[a, b] = 0V b € A} is the center of the Lie algebra
A. In fact,Eq. (2.1)corresponds t&q. (1.2)andEq. (2.2)follows from Eq. (1.3)

Obviously, whenA is Abelian or f is zero, the resultant Novikov algebra is the trivial
Novikov algebra, i.e. all products are zero. Thus, we mainly discuss the casesAwben
not Abelian andf is not zero.
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In particular, there are a special class of Novikov algebras which are very interesting and
important. The sub-adjacent Lie algebra of the Novikov algebra defined as above is just the
former Lie algebra. That means, besidess. (2.1) and (2.2)f should satisfy an additional
condition:

[x.y] =[f ).yl +[x. f(N] Vx,yeA. (2.3)
Thus,Eq. (2.1)becomes

f@x,yD) = [f ), fF(0)] € C(A). (2.4)
Furthermore, frontgs. (2.3) and (2.4and the Jacobi identity, we can obtain

TS, xD. 2l =[f[f @, yD.x] VYx,y,z€A. (2.5)

Thus, combiningegs. (2.2), (2.3) and (2.59gether, we can obtain
A, xD 2l = [FAf ), yD, 2l =[f(x, yD, 2] =0 Vx,y,z€ A, (2.6)

i.e.:

f([x.yD € C(A). (2.7)
ThroughEg. (2.4) we have

[f (), f(] € C(A). (2.8)

Moreover, the above processis sufficientand necessary. Itis easy to fird¢hé2.1)—(2.3)
hold if and only ifEq. (2.3)andEgs. (2.7) and (2.8)old, i.e. f satisfies

[x, ] = [f ), y] + [x, FOD, f([x,y]) € C(A),
[f(x), f(W] € C(A) Vx,yeA. (2.9)

The left multiplication operatok., for above Novikov algebra is just the linear transforma-
tion adf (x) for its sub-adjacent Lie algebra, where ad is the adjoint operator which satisfies
adx(y) =[x, y]Vx,y € A. Therefore, any Novikov algebr& defined byEq. (1.7)with
f satisfyingEgs. (2.1)—(2.3fi.e. Eq. (2.9) has the property: the left multiplication opera-
tor L, or the right multiplication operatoR, = adx — L, is an interior derivation of its
sub-adjacent Lie algebra. On the contrary, for a Novikov algebra with such a property, it is
easy to show there exists a linear transformagisuch that.., = ad f (x) and f satisfies
Eqg. (2.9) Such a Novikov algebra is called a Novikov interior derivation algebra.

In fact, the above structure was first studied in R28] for a left-symmetric algebra.
There is a good geometry behind it. LEtbe a Lie group with Lie algebrg, and let
Int(G) denote the group of interior automorphisms of the Lie alg€hrBhe local interior
automorphism structure @ is the principal fiber bundle of frames 6f obtained by the
extension to IniG) of a left-invariant parallelism o&. Its fibers are unique up to a right
translation inG’s frame bundleR(G). Then the interior derivation algebras just correspond
to the left-invariant locally flat connections (defined by the algebras themselves) adapted
to the structures defined above. Hence the relationship between these interior derivation
algebras and their sub-adjacent Lie algebras can ensure any consequences for the group
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structure. For more details see R@b]. We also discuss the so-called Novikov derivation
algebras which are the Novikov algebra structures adapted to the general automorphism
structure of a Lie group in Ref26].

FromEq. (2.9)directly or through the discussion in REZ5], we can obtain the following
properties of Novikov interior derivation algebras:

(@) The sub-adjacent Lie algebra of a Novikov interior derivation algdbcan be de-
composed into a direct sum of three vector subspagesi,, Az, which satisfy the
following conditions:

[A1, A1] =[A2, Ag] = [A1, A3] = [A2, A3]
=0,[A1, A2] C A1+ C(A),[As, A3] C C(A). (2.10)

In particular,A must be 2-solvable, i.e. the derived Lie idéxlA) = [A, A]is Abelian.

(b) Any Novikov interior derivation algebra is transitive.

(c) Any Novikov interior derivation algebra is associative if and only if its sub-adjacent
Lie algebraA is 2-nilpotent, i.e. the derived Lie ide@l(A) is in the centeC(A).

(d) There exists a Novikov interior derivation product on any 2-solvable Lie algebra with
trivial center. In fact, from the discussion in R¢25], such a Lie algebrat has a
decomposition:

A=DA)&C, (2.11)

whereC is an Abelian Cartan subalgebra #f Thus the Novikov interior derivation
product onA can be defined by

Loy =0,  Lg = adac), (2.12)

whereap € D(A),ac € C.

(e) There are certain kind of 2-solvable Lie algebras with trivial center which have the
property that it is sub-adjacent to a unique Novikov interior derivation structure. Such
an example can be obtained from H&b6]. Let A be am-dimensional Lie algebra with
the product

[ei,ej]=0,i,j > 2, [e1, ei] = Ajei,
i > 2,1 #0, the; being pairwise distinct (2.13)
The (unigue) Novikov interior derivation structure is given by
e1e1 =0, eile; = Aje;, eje; =0, i,j>2 (2.14)
At the end of this section, based on the classification of Novikov algebras in dimension
<3 given in Ref[19], we give the classification of Novikov interior derivation algebras

in dimension<3 and their corresponding realization as follows. Recall that the (form)
characteristic matrix of a Novikov algebra is defined as

> k=1 C’ilek DY ] C]inek
A= , (2.15)

n k n k
D k=1Cn1€k Tt k=1 CmCk
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where{e;} is a basis o ande;e; = Y[ cfex.
e One-dimensional Novikov interior derivation algebra.
Lie algebra is Abeliar= trivial Novikov algebra
e Two-dimensional Novikov interior derivation algebras.

Lie algebra is Abeliar= trivial Novikov algebra

Lie algebr&es, ex|[e1, e2] = e1) and
flen) =0
fle2) =e2

e Three-dimensional Novikov interior derivation algebras.

. 0O O
= Novikov algebra .
—e1 O

Lie algebra is Abeliar= trivial Novikov algebra

[e3, e2] = e1
Lie algebrd e1, e2, e3| { [e1,e2] =0 and
[e1.e3] =0
fle1) =0 O 0 O
f(e2) = —e2 = Novikovalgebra] 0 0 e |,
f(e3) = —e3 0 —e1 O
[e3, e2] = e1
Lie algebrd e1, e2, e3| { [e1,e2] =0 and
[e1,e3] =0
fle1) =0 0 O 0
f(e2) =e3—e2 = Novikovalgebral 0 e1 e |,
f(e3) = —lex —e3 0 —e1 leg
[e3,e2] = e2
Lie algebrd e1, e2, e3| { [e1,e2] =0 and
[e1.e3] =0
flen) =0 0 00
f(e2) =0 = Novikovalgebra| 0 0 0],
fles) =e3 0 e2 O
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[e3, e2] = l&o
Lie algebrd eq, e, e3] { [e1,e2] =0 ,1l<1,1#40 and
[e1, e3] = —e1
fle1) =0 0O 0 O
f(e2) =0 = Novikovalgebra] 0 0 O], |/|<11+#0,
f(e3) =e3 ex lez O
[es, e2] = e1+e2
Lie algebrd e1, e2, e3| { [e1,e2] =0 and
[e1, €3] = —e1
flen) =0 0 0 0
f(e2) =0 = Novikovalgebra| 0 0 0
f(e3) =e3 e1 e1+e O

3. The deformation theory of Novikov algebras and the realization of transitive
Novikov algebrasin dimensions 2 and 3

At first, the article to be self-contained, we briefly introduce the deformation theory of
Novikov algebras given in Reff20]. Let (A, x) be a Novikov algebra, argl, : Ax A — A
be a bilinear product defined by

gq(a.b) =axb+Gu(a.b) + q°Ga(a, b) + ¢*Gaa,b) + -+ , (3.1)

whereG; are bilinear products witlo(a, b) = a * b. We call(A,, g,) a deformation of
(A, %) if (Aq, g4) is afamily of Novikov algebras. In particular, we call a linear (global)
deformation if the deformation is given by

gq(a,b) = axb+qGi(a, b), (3.2)
i.e.G2 = Gz =---=0.Gyisalinear (global) deformation if and only if

G1(G1(a, b), ©)—G1(a, G1(b, ¢))—~G1(G1(b, @), c)+G1(b, G1(a,c)) =0,  (3.3)

G1(Gi(a, b), c) = G1(G1(a, ¢), b), (3.4)

Gi(a,bxc) —Gi(a*xb,c)+ Gi(b*a,c) — G1(b,a*c)+ax*G1(b,c)
—G1(a,b) *c+ G1(b,a) xc — b x G1(a,c) =0, (3.5)
Gi(a,b) xc— Gi(a,c) *b+ G1(a*xb,c) — G1(a *c,b) = 0. (3.6)

Moreover,G1 is called a compatible linear (global) deformatiorGif is symmetric. Any
Novikov algebra and its compatible linear (global) deformations have the same sub-adjacent
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Lie algebra. A linear (global) deformation is called special if the elements in the family of
Novikov algebragA,, g,) defined byEq. (3.2)are mutually isomorphic fag # 0.

Next, by direct computation, we can show that any transitive Novikov algebra in dimen-
sions 2 or 3 can be realized as the Novikov algebra defindeopy1.7)with f satisfying
Egs. (2.1) and (2.2pr its (special) compatible linear (global) deformation. Except the
Novikov interior derivation algebras given Bection 2 there are the following transitive

Novikov algebras which can be obtained from some non-Abelian Lie algebras in dimensions

2 or 3 and some suitablg:

Lie algebrale1, ez|[e1, e2] = e1) and

{f(€1)=0

0 0
= Novikov algebral ,
flea) = 1 J (0 )

el

[e1,e3] =0

fle1) =0
f(e2) =0 = Novikov algebra

f(e3) = —e2

o O

[e3,e2] = e1
Lie algebrd e1, e2, e3]| { [e1,e2] =0 and
0
0
0

o O O
Q
i

[e3, e2] = e1
Lie algebrd e1, ez, e3| { [e1,e2] =0 and
[e1,e3] =0
fle1) =0 0O 0 O
f(e2) =e3 = Novikovalgebral 0 e; O
flez) = —e2 0 0 e

In fact, the above Novikov algebras also can be regarded as the compatible linear (global)

deformations of the trivial Novikov algebras. However, we usually skip these deformations

(they are regarded as the trivial cases) since every Novikov algebra can be regarded as a

linear (global) deformation of a certain trivial Novikov algelj?8].
According to the classification of transitive Novikov algebras in dimensi8fiL9], there
are the following algebras which cannot be realized thrdagh(1.7)directly:

(1) Novikov algebra
0 0 O

0 0 e
0 e1 e
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is a special compatible linear (global) deformation of Novikov algebra

0O 0 O
(O 0 el)
0 e2 O
0O 0 O
(isomorphicto(o e1 O))
0 0 e

0 0 O
Gi=|0 0 0].
0 0 e

(2) Novikov algebra

0O 0 O
0 0 e1),l#1
0 leg en

is a special compatible linear (global) deformation of Novikov algebra

0 0 0
0 0 e |, 1#1

with

0 leg O
0 O 0
isomorphic to a ‘L 2
0 —e (49 .
1 (l — 1)2 1

with

0 0 O
Gi=|0 0 0].
0 0 e

(3) Novikov algebra

0O 0 O
0O 0 O
0 e1 e

is a special compatible linear (global) deformation of Novikov algebra

0O 0 O
0O 0 O
0 e2 O
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0O O 0
isomorphicto| 0 ez e1
0 —e1 —eq

with

0 0 O
Gi=|0 0 0].
0 0 e

(4) Novikov algebra

0O 0 O
0 O
0 e eq

is a special compatible linear (global) deformation of Novikov algebra

0O 0 O
0O 0 O
0 eo O

with

0 0 O
Gi1=|0 0 0].
0 0 e

(5) Novikov algebra

0O 0O O
0 e O
e1 %ez 0

0O 0 O
0O 0 O
e1 %ez 0

with
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4. Another Liealgebraic approach

Obviously we also can define a Novikov algebra through a Lie algebra by

x*xy=[x,g(y)] Vx,y€A, (4.1)
where(A, [,]) is a Lie algebra ang is a linear transformation oA satisfying

[[x, O]+ [g(x), y]. (] + [y, g([x, 8(2)D] — [x, [y, g(2)D] =0, (4.2)

[g(x), g(»)] € C(A) (4.3)

foranyx, y,z € A.

WhenA is a Novikov interior derivation algebra, the realization giverBuy (1.7)coin-
cides with that given bizq. (4.1) In fact, because ad= L, — R, andL, = ad f (x), Ry, =
—adg(x), the relation betweeyi andg is given by

adg(x) = adx — f(x)). (4.4)

This fact also can be seen frdag. (2.9)which can be shown to be equivalentgs. (4.2),
(4.3) and (2.3)

Although in generalEgs. (4.2) and (4.3re not equivalent t&gs. (2.1) and (2.2we
can still find that all transitive Novikov algebras in dimensig8 can be realized as the
Novikov algebras defined throudty. (4.1)and their (special) compatible linear (global)
deformations. From the discussionSection 3we only need discuss the following cases:

Lie algebrales, ez|[e1, e2] = e1) and

=0 . 0 0
{ 8(e1) = Novikov algebra( ) ,
gle2) = —e1 0 e
[e3, e2] = e1
Lie algebrd e1, ez, e3| { [e1,e2] =0 and
[e1,e3] =0
gle1) =0 0 0 O
g(e2) =0 = Novikovalgebral] 0 0 0 |,
glez) = e 0 0 e1
[e3, e2] = e1
Lie algebrd e1, o, e3| { [e1,e2] =0 and
[e1,e3] =0
gler) =0 0O 0 O

g(e2) = —e3 = Novikovalgebral 0 e; O
glez) = e 0 0 e
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5. Conclusions and discussion

From the discussion in the previous sections, we have the following conclusions:

(a) All transitive Novikov algebras in dimensions 2 and 3 can be realized as the Novikov
algebras defined biyq. (1.7)with f satisfyingEqgs. (2.1) and (2.2pr by Eq. (4.1)with
g satisfyingEqgs. (4.2) and (4.3)and their compatible linear (global) deformations.

(b) Infact, we have seen that the Novikov interior derivation algebras play an important role
in the above realization theory. In particular, all non-commutative transitive Novikov
algebras in dimensions 2 and 3 can be realized as Novikov interior derivation algebras
and their compatible linear (global) deformations. However, such a conclusion cannot
extend to higher dimensions, even for 2-solvable Lie algebras in dimension 4. For
example, we can show that there does not exist any Novikov interior derivation algebra
structure on the 4-dimensional nilpotent Lie algel@? given by

(e1, e2, €2, eql|[e2, e3] = e1, [e3, ea] = ez, other products are zero

(c) We would like to point out that, unlike the realization theory given through commu-
tative associative algebrg20,21], the Lie algebraic approach is less useful for the
non-transitive Novikov algebras. Evenin dimensigh®|, there are some non-transitive
Novikov algebras which cannot be realized as the Novikov algebras obtained through
Eq. (1.7)(or Eqg. (4.1) or their compatible linear (global) deformations.

Although there are some limitations for such a Lie algebraic approach to Novikov alge-
bras, it will still be interesting to apply it to physics and geometry.
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