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0. Introduction

The algebraic classification (up to isomorphism) of algebras of dimension n from a certain variety defined by a certain
family of polynomial identities is a classic problem in the theory of non-associative algebras. There are many results related
to the algebraic classification of small-dimensional algebras in the varieties of Jordan, Lie, Leibniz, Zinbiel and many other
algebras [1,9,11,14-17,25,26,31,34,41,42]. Another interesting direction in the classification of algebras is the geometric
classification. There are many results related to the geometric classification of Jordan, Lie, Leibniz, Zinbiel and many other
algebras [3,6,8,11,13,26-29,35,36,39-41,44]. In the present paper, we give the algebraic and geometric classification of
4-dimensional nilpotent Novikov algebras introduced by Novikov and Balinsky in [5].

The variety of Novikov algebras is defined by the following identities:

(xy)z = (xz)y,
xy)z —x(yz) = (x)z —y(xz).
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It contains commutative associative algebras as a subvariety. On the other hand, the variety of Novikov algebras is the
intersection of the variety of right commutative algebras (defined by the first Novikov identity) and the variety of left
symmetric (Pre-Lie) algebras (defined by the second Novikov identity). Also, a Novikov algebra with the commutator
multiplication gives a Lie algebra, and Novikov algebras are related to Tortken and Novikov-Poisson algebras [19,47]. The
systematic study of Novikov algebras started after the paper of Zelmanov where all finite-dimensional simple Novikov
algebras over the complex field were classified [49]. The first nontrivial examples of infinite-dimensional simple Novikov
algebras were constructed in [24]. Also, simple Novikov algebras were described in infinite-dimensional case and over
fields of positive characteristic [43,46,48]. The algebraic classification of 3-dimensional Novikov algebras was given in [4],
and for some classes of 4-dimensional algebras, it was given in [7]; the geometric classification of 3-dimensional Novikov
algebras was given in [6]. Many other purely algebraic properties of Novikov algebras were studied in a series by papers
of Dzhumadildaev [20-23].

Our method for classifying nilpotent Novikov algebras is based on the calculation of central extensions of nilpotent
algebras of smaller dimensions from the same variety. Central extensions play an important role in quantum mechanics:
one of the earlier encounters is through Wigner’s theorem, which states that a symmetry of a quantum mechanical system
determines an (anti-)unitary transformation of a Hilbert space. Another area of physics where one encounters central
extensions is the quantum theory of conserved currents of a Lagrangian. These currents span an algebra which is closely
related to the so-called affine Kac-Moody algebras, the universal central extensions of loop algebras. Central extensions
are useful in physics because the symmetry group of a quantized system is usually a central extension of the classical
symmetry group, and in the same way the corresponding symmetry Lie algebra of the quantum system is, in general,
a central extension of the classical symmetry algebra. Kac-Moody algebras have been conjectured to be the symmetry
groups of a unified superstring theory. The centrally extended Lie algebras play a dominant role in quantum field theory,
particularly in conformal field theory, string theory and in M-theory. In the theory of Lie groups, Lie algebras and their
representations, a Lie algebra extension is an enlargement of a given Lie algebra g by another Lie algebra h. Extensions
arise in several ways. For example, the trivial extension is obtained as a direct sum of two Lie algebras. Other types are
split and central extensions. Extensions arise naturally, for instance, when one constructs a Lie algebra from projective
group representations. The algebraic study of central extensions of Lie and non-Lie algebras has been an important topic
for years [2,32,33,37,45,50]. First, Skjelbred and Sund used central extensions of Lie algebras to obtain a classification of
nilpotent Lie algebras [45]. After that, using the method described by Skjelbred and Sund, all non-Lie central extensions of
all 4-dimensional Malcev algebras were described [33], and also all non-associative central extensions of 3-dimensional
Jordan algebras [32], all anticommutative central extensions of the 3-dimensional anticommutative algebras [12], and
all central extensions of the 2-dimensional algebras [10]. Note that the Skjelbred-Sund method of central extensions
is an important tool in the classification of nilpotent algebras (see, for example, [30]), which was used to describe
all 4-dimensional nilpotent associative algebras [17], all 4-dimensional nilpotent bicommutative algebras [38], all 5-
dimensional nilpotent Jordan algebras [31], all 5-dimensional nilpotent restricted Lie algebras [15], all 6-dimensional
nilpotent Lie algebras [14,16], all 6-dimensional nilpotent Malcev algebras [34] and some others.

PRemart. Note that, the algebraic classification of all 4-dimension nilpotent Novikov algebras can be obtained as a
corollary from [7], but in our opinion the method used in this paper is not clear to understand and many calculations
were omitted. Our algebraic classification is obtained by another method and it confirms the result from [7].

1. The algebraic classification of nilpotent Novikov algebras
1.1. Method of classification of nilpotent algebras

Throughout this paper, we use the notations and methods well written in [10,32,33], which we have adapted for the
Novikov case with some modifications. Further in this section we give some important definitions.

Let (A, -) be a Novikov algebra over C and V a vector space over C. The C-linear space Z? (A, V) is defined as the set
of all bilinear maps 6: A x A —> V such that

0(xy, z) = 0(xz,y),
O(xy,z) — 0(x,yz) = 0(yx, z) — O(y, Xz).

These elements will be called cocycles. For a linear map f from A to V, if we define §f: A x A —> V by §f(x,y) = f(xy),
then 8f € 72 (A, V). We define B? (A, V) = {6 = 6f :f € Hom (A, V)}. We define the second cohomology space H? (A, V)
as the quotient space Z* (A, V) /B (A, V).

Let Aut(A) be the automorphism group of A and let ¢ € Aut(A). For 8 € Z? (A, V) define the action of the group Aut(A)
on H? (A, V) by ¢6(x,y) = 6 (¢ (x), ¢ (¥)). It is easy to verify that BZ (A, V) is invariant under the action of Aut(A). So, we
have an induced action of Aut(A) on H? (A, V).

Let A be a Novikov algebra of dimension m over C and V be a C-vector space of dimension k. For 6 € Z? (A, V), define
on the linear space Ay = A®YV the bilinear product “ [—, —]a," by [x +x,y+ y’]A =xy+0(x,y)forallx,y e A, x',y € V.
The algebra Ay is called a k-dimensional central extension of A by V. One can easily check that Ay is a Novikov algebra if
and only if 8 € Z*(A, V).
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Call the set Ann(@) = {x € A: 6 (x, A) + 6 (A, x) = 0} the annihilator of 6. We recall that the annihilator of an algebra
A is defined as the ideal Ann(A) = {x € A : XA + Ax = 0}. Observe that Ann (Ag) = (Ann(6) N Ann(A)) ® V.

The following result shows that every algebra with a non-zero annihilator is a central extension of a smaller-
dimensional algebra.

Lemma 1. Let A be an n-dimensional Novikov algebra such that dim(Ann(A)) = m # 0. Then there exists, up to isomorphism,
a unique (n — m)-dimensional Novikov algebra A’ and a bilinear map 6 € Z*(A, V) with Ann(A) N Ann(#) = 0, where V is a
vector space of dimension m, such that A = A’y and A/Ann(A) = A

Proof. Let A’ be a linear complement of Ann(A) in A. Define a linear map P:A — A’ by P(x + v) = x for x € A’ and
v € Ann(A), and define a multiplication on A’ by [x, y]la = P(xy) for x,y € A’. For x, y € A, we have
P(xy) = P((x — P(x) + P(x))(y — P(y) + P(y))) = P(P(x)P(y)) = [P(x), P(¥)]w'-

Since P is a homomorphism P(A) = A’ is a Novikov algebra and A/Ann(A) = A/, which gives us the uniqueness.
Now, define the map 6:A’ x A — Ann(A) by 6(x,y) = xy — [x, y]a. Thus, A, is A and therefore 6 € Z%(A, V) and
Ann(A)NAnn(#)=0. O

Definition 2. Let A be an algebra and I be a subspace of Ann(A). If A = Ao @I then I is called an annihilator component
of A.

Definition 3. A central extension of an algebra A without annihilator component is called a non-split central extension.

Our task is to find all central extensions of an algebra A by a space V. In order to solve the isomorphism problem we
need to study the action of Aut(A) on H? (A, V). To do that, let us fix a basis e;, ..., e; of V, and 8 € Z2 (A, V). Then  can
N

be uniquely written as 6 (x,y) = Z 6; (x, y) e;, where 6; € Z2 (A, C). Moreover, Ann(6) = Ann(6;)NAnn(f,)N- - -NAnn(f;).
i=1
Furthermore, 6 € B? (A, V) if and only if all 6 € B? (A, C). It is not difficult to prove (see [33, Lemma 13]) that given a
S

Novikov algebra Ay, if we write as above 6 (x,y) = Z 0; (x,y)e; € Z2 (A, V) and Ann(6) N Ann (A) = 0, then A, has an

i=1
annihilator component if and only if [61], [62], ..., [6;] are linearly dependent in H? (A, C).

Let V be a finite-dimensional vector space over C. The Grassmannian G (V) is the set of all k-dimensional linear
subspaces of V. Let G; (H2 (A, C)) be the Grassmannian of subspaces of dimension s in H? (A, C). There is a natural

action of Aut(A) on G, (H? (A, C)). Let ¢ € Aut(A). For W = ([61],[6:],....[6s]) € G, (H? (A C)) define W =
([$61], (4621, . ... [¢6s]). We denote the orbit of W € G, (H? (A, C)) under the action of Aut(A) by Orb(W ). Given
W] = ([91] B [92] P [GSD ) WZ = ([01] ) [02] 3oy [ﬂS]) € GS (HZ (As C)) )

we easily have that if W; = W5, then ﬂle Ann(6;) N Ann (A) = ﬂle Ann(?%;) N Ann(A), and therefore we can introduce
the set

S
T,(A) = {W = ({611,162, .. [6:]) € G, (H? (A, ©)) : [ Ann(6;) N Ann(A) = 0] ,
i=1
which is stable under the action of Aut(A).
Now, let V be an s-dimensional linear space and let us denote by E (A, V) the set of all non-split s-dimensional central
extensions of A by V. By above, we can write

E(Aa V) = =A9 ie(st) = Zel (Xsy) i and ([91]’[92]»7[051) ETS(A)} .

i=1

We also have the following result, which can be proved as in [33, Lemma 17].

N N
Lemma 4. Let Ay, Ay € E(A, V). Suppose that 6 (x,y) = 29,- x,y)e; and ¥ (x,y) = Z ¥ (x, y) e;. Then the Novikov
i=1 i=1
algebras Ay and Ay are isomorphic if and only if 1 1
Orb ([64], [62]. ..., [6s]) = Orb ([91], [92], ..., [%]) .

This shows that there exists a one-to-one correspondence between the set of Aut(A)-orbits on T, (A) and the set of
isomorphism classes of E (A, V). Consequently we have a procedure that allows us, given a Novikov algebra A’ of dimension
n — s, to construct all non-split central extensions of A’. This procedure is:
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Procedure

(1) For a given Novikov algebra A’ of dimension n — s, determine H?(A’, C), Ann(A’) and Aut(A).
(2) Determine the set of Aut(A’)-orbits on Ts(A").
(3) For each orbit, construct the Novikov algebra associated with a representative of it.

1.2. Notations

Let A be a Novikov algebra with a basis ey, e, ..., e;. Then by A; we denote the bilinear form A;:A x A — C
with Aj (e}, em) = 8idjm. Then the set {Aij 1<i,j< n} is a basis for the space of the bilinear forms on A. Then every

6 € Z? (A, C) can be uniquely written as 6 = Z cijAjj, where ¢; € C. Let us fix the following notations:

1<ij<n
/\/}i* — jth i-dimensional nilpotent Novikov algebra with identity xyz = 0
/\/f — jth i-dimensional nilpotent "pure" Novikov algebra (without identity xyz = 0)
N — i-dimensional algebra with zero product
(A)ij — Jjthi-dimensional central extension of A.

1.3. The algebraic classification of 3-dimensional nilpotent Novikov algebras
There are no nontrivial 1-dimensional nilpotent Novikov algebras. There is only one nontrivial 2-dimensional nilpotent
Novikov algebra (it is the non-split central extension of 1-dimensional algebra with zero product):
Ngl* : (‘ﬂ1)2,1 . e1ep =es.

Thanks to [10] we have the description of all central extensions of NOZ;“ and 91,. Choosing the Novikov algebras from the
central extensions of these algebras, we have the classification of all non-split 3-dimensional nilpotent Novikov algebras:

N(?; (m2)3.1 . eje =es, e)ey; = e3;

/\/'33"‘ (M2)3,2 I e1ey =es3, ee1 = —es;

Ng:()\) . (m2)3,3 . eie1 = )\6’3, ee; = es, ee; = es, A 7+— O;
Nap(0) : (Db)ss @ erer =es,

Ngl : (N()zrbl o e1ep =ey, e,eq; = es;

Ngz()‘) (/\/021*)3,2 L e =6y, e1e; = es, ese; = res, A e€C.

1.4. The algebraic classification of 4-dimensional nilpotent Novikov algebras

Recall that the class defined by the identities (xy)z = 0 and x(yz) = O lies in the intersection of the varieties of
algebras defined by polynomial identities of degree 3, such as Leibniz algebras, Zinbiel algebras or associative algebras.
On the other side, every algebra defined by the identities (xy)z = 0 and x(yz) = 0 is a central extension of some suitable
algebra with zero product. The list of all non-anticommutative 4-dimensional algebras defined by the identities (xy)z = 0
and x(yz) = 0 can be found in [18]. Note that there is only one 4-dimensional nilpotent anticommutative algebra with
identity (xy)z = 0. Obviously every algebra from this list is a 4-dimensional nilpotent “non-pure” Novikov algebra. The
aim of the present part of the work is to find all 4-dimensional nilpotent “pure” Novikov algebras which do not belong
to the class of algebras defined by the identities (xy)z = 0 and x(yz) = 0.

Now we are ready to state the main result of this part of the paper. The proof of the present theorem is based on the
classification of 3-dimensional nilpotent Novikov algebras and the results of Section 1.5.

Theorem 5. Let N be a nonzero 4-dimensional nilpotent “pure” Novikov algebra over C. Then, N is isomorphic to one of the
algebras listed in Table A (see Appendix).

1.5. 1-Dimensional central extensions of 3-dimensional nilpotent Novikov algebras

1.5.1. The description of second cohomology spaces of 3-dimensional nilpotent Novikov algebras
In the following table we give the description of the second cohomology space of 3-dimensional nilpotent Novikov
algebras



I. Karimjanov, I. Kaygorodov and A. Khudoyberdiyev / Journal of Geometry and Physics 143 (2019) 11-21 15

A 72 (A) B%(A) H2(A)

Nt (A11, Az, Az, Apr, Az, Ass) (A1) ([A12], [A13], [A21], [A31], [A33])

N (A1, Az, A21, Ap) (A1 + An) ([A12], [An], [A2])

Ny (A11, A2, 421, A2) (A2 — Az1) ([A11], [A21], [A22])

Nat(Wazo (A1, Az, A1, A) (A1 + Ax + A) ([A12], [An], [A2])

N2(0) < A, A, Ars, > (Arp) < [An], [A13], [A21], >
Az1, Apa, Az — A3 [A22], [A23] — [A32]

Ngy (A11, Az, Ag1, Arz — Aszg) (A1, Az1) ([A12], [A13] — [A3])
Aqq, A1z, Aoy, Aqq, Aaq],

N1 < 11, A1z, Az > ( 11 > < [A21] >
(2—21)A13+MAn + As) A+ AAy (2 = M[A]+ AM([A2] + [A31])

where NGy = N @ Ces.
Remark 6. Since Z> = (Aiq, Ara, Ay, Axy) of the algebras Ng;,NS;,NgI(A)#o and center of these algebras is

{es}, then 1-dimensional central extensions of these algebras give us four dimensional algebras with two dimensional
center. Note that four dimensional algebras with two dimensional center are isomorphic to the algebras 2-dimensional
central extensions of 2-dimensional nilpotent Novikov algebras. Thanks to [10] we have the description of all non-split
2-dimensional central extensions of 2-dimensional nilpotent Novikov algebras:

Ngy 0 (MEan : erer=e, ejea=es, ee;=e3.
1.5.2. Central extensions of Ngi
Let us use the following notations:
Vi =[A412], V2 = [A13], V3 = [A21], V4 = [A31], V5 = [As3].

The automorphism group of /\/31* consists of invertible matrices of the form

x 0 O
o=1u x* w
z 0 vy
Since
0 o a o* x3aq  wxay + y(xon + zos)
" |las 0 0 )= Yo 0 0 ,
oy 0 o5 X(w053 +yOl4) + yzos 0 y2a5

the action of Aut(\g;) on subspace <Zi5:1 aiVi> is given by <Z?:1 af V,~>, where

of = X
ay = u;xozl + yxay + yzas;
a = Xas;
* .
o, = wzxa3 + yXoq + yzos;
*
a; = Yyos.

It is easy to see that the elements o1 V1 +a3V3 and a, V, + a4 V4 + a5 Vs give algebras with 2-dimensional annihilator,
which were described before. Since we are interested only in new algebras, we have the following cases:

(1) o1 7+— 0,0l3 7+— 0,0l5 75 0, then:

(a) if a; # a3, then choosing x = 5/]77’5’ = \/%—5 w = ygz__;']“),z = X(Z;?;;_“Ofl"‘f), we have the representative
(Vi 4+ aV3 + Vs)qz0.1. , ,

(b) if oy = a3, iy # a4, then choosing x = (“i:;‘:) Yy = (D‘i::‘;” LW = —y’“’“)‘(;ri’z"‘S, we have the representative

5

(Vi+ Vy + V3 4 Vs).

(€) if &7 = a3, 0n = oy, then choosing x = =,y = —=, w = —¥45 e have the representative

1 = O3, 0y = 0Oy, g = %,y = J& = o s p
(Vi + V3 + Vs).
(2) 03] 7+— 0, o3 7+— 0, 05 = 0, then:
2

(a) if aja4 # a3, then choosing x = 3%/‘? w = —%“,y = aza’;f“;m we have the representative
(V] + Vz + (IV3>0(750.

(b) if «y0y = apx3, then choosing x = 3/1071 w = —3%4, we have the representative (Vq + oV3)q0.
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(3) (Z% ;i%a)g =0, a5 # 0, then choosing x = 5/1—(7], w = % z= ’f:,y = T we have the representative
(4) cr = 0, a5 # 0, a5 # 0, then choosing X = 1o,z = —22 y — —Peess | 1 \we have ¢ i

1 =0,a3 # 0, a5 # 0, then choosing x = V5l = T W= a0V = 7 we ave the representative

(V3 + Vs).
(5) 0[120 Olg;ﬁo 0[520 then:
(a) if @y # 0, then choosing y = ,X = 5/%73 w= y"“‘ , we have the representative (V, + V3).
(b) if o, = 0, then choosing x = 1 w=—2 we have the representative (Vs).
a3’ a3

(6) o1 75 0,a3 =0,a5 =0, then:

—L y = Xi i
,y= , we have the representative (Vi + Vy).

(a) if ag # 0, then choosing x = 3/#071 w

(b) if ag = 0, then choosing x = 5/%7 w y°‘2 , we have the representative (Vy).
Now we have all new 4-dimensional nilpotent Novikov algebras constructed from /\/’031* :
Noa@), Nos, Nog(@azo, Nozs Nogs Noo-

The multiplication tables of these algebras can be found in Appendix.

1.5.3. Central extensions of Ng;(0)
Let us use the following notations:

Vi=[An], Vo =[A3], V3 = [A31], V4 = [A2], V5 = [Az3] — [A3].

The automorphism group of ./\/’03;‘(0) consists of invertible matrices of the form

x 0 O
z t xy

Since

o 0 o) X(xa1 + zay) o* x*ya;
P s s a5 Jo=| yxes+zas) Yies  xpPas |,
0 —as O 0 —xy?as 0

the action of Aut(\;;(0)) on the subspace (Z, 1« V;) is given by (Zle o} V;), where

af = X(Xay +zon);
* — 2 .
o, = X7yo;
a; = Y(xa3+zas);
a = y2a4;
* 2
o5 = Xy os.

It is easy to see that the elements o1V + a3V3 + a4V, give algebras which are central extensions of 2-dimensional
algebras. We have the following new cases:

(1) a4 = a5 = 0, ay # 0, then:

(a) if w3 = 0, then choosing z = —’2’—;, we have the representative (V).

(b) if a3 # 0, then choosing z = —"O‘Z‘—; and x = Z—; we have the representative (V, + V3).
(2) g = =0, a5 # 0, then:

(a) if «; = 0, then choosing z = —=2, we have the representative (Vs).

(b) if @y # 0, then choosing z = —’2‘—53 and x = y‘% we have the representative (V; + Vs).

(3) 4 =0, 5 # 0, ay # 0, then:

(a) if @jas — a3 = 0, then choosing z = —Xﬂ and x = "LZS we have the representative (V, 4+ Vs).
(b) if a5 — azee3 # 0, then choosing z = _X“3,y = % and x = “%-2% we have the representative

2

(Vi+ Vo 4+ Vs).
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(4) 0y 75 O, 5 = 0, (%) ;é 0, then:

2
(a) if a3 = 0, then choosing z = —XD% and y = % we have the representative (V, + Vy).

Xaq

2
(b) if a3 # 0, then choosing z = - Y= aj§4 and x = z—i we have the representative (V, + V3 + Vy).

(5) aq #0,a5 # 0,2 =0, then:

a) if a3 = 0, then choosing z = —==2 and x = =%, we have the representative (V4 5).
f @y = 0, then ch %5 and x = %, we have th tative (V4 + V
(b) if y # 0, then choosing z = —’21—53, y= "‘;# and x = Z—;‘ we have the representative (V; + V4 + Vs).
5
(6) sy # 0,5 # 0,y # 0, then choosing z = —%,y = “;‘2’4. X = Z—;‘ and o = “5(“1:257;0‘2“3) we have the
5 2%4

representative («Vq + Vy + V4 + Vs).
Now we have all new 4-dimensional nilpotent Novikov algebras constructed from /\/03‘1k :
Nips « > Noplew).

The multiplication tables of these algebras can be found in Appendix.

1.5.4. Central extensions of Ng;
Let us use the following notations:

Vi =[A12], Vo = [Az] — [A31].

The automorphism group of ./\f03l consists of invertible matrices of the form

x 0 O
o=y x 0
z xy X
Since
0 o7 Ay o* 3oy + X2yay xtoy
o7 0 0 0 |¢= ot 0 0 ,
-y 0 O —xtay 0 0

the action of Aut(\g,) on the subspace (Zle aiV,-> is given by (Zf=1 af V,—>, where

af = x}aq + Xyas
a;, = o,
Since 2-dimensional central extensions of two dimensional algebras were already considered, we have oy # 0.
. _ oy _ 1 .
Choosing y = v X = Ta we have the representative (V,).
Now we have only one new 4-dimensional nilpotent Novikov algebra constructed from /\f03l :
4
Ny

The multiplication table of this algebra can be found in Appendix.

1.5.5. Central extensions of Ngz(k)
Let us use the following notations:

Vi =[421], V2 = (2 = AM)[A13] + A[Az] + [Az1]).

The automorphism group of Ngz(k) consists of invertible matrices of the form

X 0 0
o=11y x? 0
z xy(1+r) ¥
Since
0 0 2—MNw a* (2421 — A%y (2 — Axtay
o7 o Ay 0 ¢ = xPaq+ A2+ X%y Axtay 0 ,
ry 0 0 Ao 0 0
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the action of Aut(Ngz(k)) on the subspace (Ziz:1 «;V;) is given by (Zf:] a;'V;), where

af = 3o + 220 — 1x%yay,
a; = o,

Since 2-dimensional central extensions of two dimensional algebras were already considered, we have «; # 0. We
have the following cases:

(1) if A # 0, 1, then choosing x = é/% y= —Az(;‘%)az, we have the representative (V,).

(2) if A=0o0r A =1, and «; = 0, then choosing x = 41—, we have the representative (V,).

e
(3) if A =0o0r A =1, and «; # 0, then choosing x = g—; we have the representative (V; + V,).

Now we have all new 4-dimensional algebras constructed from Ngz(k) :
Nap(A), Ny, Nag.

The multiplication tables of these algebras can be found in Appendix.
2. The geometric classification of nilpotent Novikov algebras
2.1. Definitions and notation

Given an n-dimensional vector space V, the set Hom(V® V, V) = V* @ V* ® V is a vector space of dimension n>. This
space has the structure of the affine variety cr. Indeed, let us fix a basis ey, ..., e, of V. Then any © € Hom(V®V, V) is
determined by n® structure constants cl-’]f € C such that u(e; ®@e;) = ZZ=1 c,-’]‘.ek. A subset of Hom(V ® V, V) is Zariski-closed
if it can be defined by a set of polynomial equations in the variables ci’; (1<i,j,k<n).

Let T be a set of polynomial identities. The set of algebra structures on V satisfying polynomial identities from T forms
a Zariski-closed subset of the variety Hom(V ® V, V). We denote this subset by I(T). The general linear group GL(V) acts
on LL(T) by conjugations:

E*xnx@y)=gug 'x®g'y)
forx,y € V, u € I(T) C Hom(V ® V, V) and g € GL(V). Thus, I(T) is decomposed into GL(V)-orbits that correspond to

the isomorphism classes of algebras. Let O(x+) denote the orbit of ;1 € L(T) under the action of GL(V) and O(u) denote
the Zariski closure of O(u).

Let A and B be two n-dimensional algebras satisfying the identities from T, and let u«, A € LL(T) represent .4 and B,
respectively. We say that A degenerates to 8 and write 4 — B if A € O(u). Note that in this case we have O(1) C O(u).
Hence, the definition of a degeneration does not depend on the choice of x and A. If A Z B, then the assertion A — B
is called a proper degeneration. We write A 4~ B if A & O(u).

Let A be represented by p € L(T). Then A is rigid in I(T) if O(x) is an open subset of IL(T). Recall that a subset of a
variety is called irreducible if it cannot be represented as a union of two non-trivial closed subsets. A maximal irreducible
closed subset of a variety is called an irreducible component. It is well known that any affine variety can be represented
as a finite union of its irreducible components in a unique way. The algebra A is rigid in I(T) if and only if O(u) is an
irreducible component of I(T).

Given the spaces U and W, we write simply U > W instead of dim U > dim W.
2.2. Method of the description of degenerations of algebras

In the present work we use the methods applied to Lie algebras in [8,28,29,44]. First of all, if A — B and A % B,
then Der(A) < Der(B), where Der(A) is the Lie algebra of derivations of .A. We compute the dimensions of algebras of
derivations and check the assertion A — B only for such A and B that Der(A) < Dex(B).

To prove degenerations, we construct families of matrices parametrized by t. Namely, let .A and B be two algebras
represented by the structures u and A from IL(T) respectively. Let e, .. ., e, be a basis of V and cl.’; (1 <1i,j,k <n)be the
structure constants of 4 in this basis. If there exist aj(t) € C (1 <i,j <n,t € C*) such that Ef = Y\, aj(t)e; (1 <i<n)
form a basis of V for any t € C*, and the structure constants of yx in the basis E!, ..., Efl are such rational functions
ci(t) € C[t] that cf(0) = cf, then A — B. In this case E{, ..., E} is called a parametrized basis for A — B.

Since the variety of 4-dimensional nilpotent Novikov algebras contains infinitely many non-isomorphic algebras, we
have to do some additional work. Let A(x) := {A()}4er be a series of algebras, and let B be another algebra. Suppose
that for « € I, A(«) is represented by the structure u(«) € I(T) and B € I(T) is represented by the structure A. Then we
say that A(x) — Bif A € {O(u(a))}wer, and A(x) A Bif A & {O(u(a))}eer-

Let A(x), B, u(a) (a € I) and X\ be as above. To prove A(x) — B it is enough to construct a family of pairs (f(t), g(t))
parametrized by t € C*, where f(t) € I and g(t) € GL(V). Namely, let ey, ..., e, be a basis of V and c}]‘- (1<ij,k<n)
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be the structure constants of A in this basis. If we construct aﬂ :C* - C(1 <i,j <n)and f : C* — [ such that
Ef = ZF:] a{:(t)ej (1 <i<n)form a basis of V for any t € C*, and the structure constants of s in the basis E{, ..., E}
are such rational functions ci’j?(t) € CJ[t] that c,.’]?(O) = C,If then A(x) — B. In this case E{, ..., EL and f(t) are called a
parametrized basis and a parametrized index for A(x) — B, respectively.

We now explain how to prove A(x) 4 B. Note that if Der A(«) > Der B for all ¢ € I then A(x) /4 B. One can use
also the following generalization of Lemma from [29], whose proof is the same as the proof of Lemma.

Lemma 7. Let B be a Borel subgroup of GL(V) and R C IL(T) be a B-stable closed subset. If A(x) — B and for any o € I
the algebra A(«) can be represented by a structure u(a) € R, then there is A € R representing B.

2.3. The geometric classification of 4-dimensional nilpotent Novikov algebras
The main result of the present section is the following theorem.

Theorem 8. The variety of 4-dimensional nilpotent Novikov algebras has two irreducible components defined by infinite
families of algebras Nyy(cr) and Ny, (L).

Proof. Recall that the full description of the degeneration system of 4-dimensional non-pure Novikov algebras was given
in [39]. Using the cited result, we can see that the variety of 4-dimensional non-pure Novikov algebras has two irreducible
components given by the following families of algebras:

M) erer =e3, eey =es, €01 = —0ae3 €6 =—ey
N3(a) ere; =ey, €16y =0wey, €8] = —aey, €63 =éey, €363 = €4.
Now we can prove that the variety of 4-dimensional nilpotent Novikov algebras has two irreducible components. One
can easily compute that
Der Nyp(a) = 3, Dev Nyy(A)iz01 = 3.

Since the dimensions of derivations of these algebras are the smallest possible in this variety, the families of algebras
Nz“o(a) and /\/’z“z(k) give two irreducible components. The list of all necessary degenerations is given in Table B (see
Appendix). O

Table A
The list of 4-dimensional nilpotent “pure” Novikov algebras.
N T ejep=e; ee;=e3
NH(x) : elep=e ee;=e3 ere1 = Aes
Ny T ele;=e; eep=ey ere = e3
Niy(@) T eje;=ey, eje;=ey, €] =aey, ese; = ey,
N(;‘S : eje; = ey, e1ey; = éy4, e1e3 = éy4, eye1 = é4, e3e3 = €4
Nog(@ago © €161 =€, eje2=¢e4, e1e3=ey, ere1 = ey
N T oejep =6y, e =e;, e363=¢
N : eje;=e;, eez=e;, €0 =¢e
Ny T ele;=e;, ee;=e,, €3 =¢
Ny T ey =e3  ejez=ey
N T ele;=e3 ejez=ey ereq = ey,
N T ey =e3  exe3=ey ese; = —ey,
N T ey =e3  eeg=ey ere3 = €4 esey = —ey,
Ny : eje;=e3 eez=ey ere3 = ey esey = —ey,
N]45 . eje; =es3 eje;r = ey eije3 = ey eye3 = €4 e3ey = —eéy,
N : ele;=e3 eez=ey ere) = ey,
N T ee;=e3  eje3=ey ere; = ey €26y = ey,
N Poe1ep=e3 e =¢4 €203 = €4 e3e; = —ey,
N{lg : eje; =e3 e1e1 = éy €26y = ey eye3 = €4 e3e; = —eéy,
Nz“o(a) : e =e3 eie; = ey eie3 =ey €63 =€y e)e3 = ey €36y = —ey,
N241 oe1ep =¢e, ee;=e;3, e1e3 = ey, e3e] = —ey
N;Z(A) :oeep=e eje; =e3 eje3 =(2—Aeg eje; = res e,6) = Aey es3e] = Aey
Ny T elep=e; eep=e3 ere; = 2ey e,01 = ey

4 .
N24 : eier =e eje; =e3 e1e3 = ey ee;1 =e3+ ey €26y = €y e3eq = é4,
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Table B
Degenerations of 4-dimensional nilpotent Novikov algebras.
Ny - Ny E{ =t""(e; —e3), ES = —t7%e3, B, = —t3eq, B} = —ey
Nyp(A) - Ngy(A) El=e,ES =€), EL =e3, Ef =t"Tey
Ny - N E! = tei, E} = t%e;, E} = t3e4, B} = t3e3
B 4 2 B oo B i
20( (B+172 ) - N04(ﬂ) Eﬁ =t (_ﬁel + ﬂ+1 Bl €3+ B+1 84) .
t _ 14 t E t_ B
E} =t*(— 5+1€3+(ﬁ+1)284)E =t ﬁHeZ,E ﬁﬂ)ze‘;
Ny(= 1~ %\3/?) N N Ef = —JatZe; + ,3/%:2 - ,3/§e3,55 = —V2the; + (V214 — ) £ )es, B = tey, Ef, = t2eq
Nyla #1) N Ni(a) El =t(e; — = 1)2 e+ e+ 4)
E) = t*(e; — = 1)2 es), E = t2(e3 e+ ﬁe‘;),E‘i =tle,
Nib(0) — N, El =t3(—e;+ e, —e3 +eq), ES = t4(—e3 +2e4), E} = —t3e;, E} = t%e4
Ny - Nog Ef = ter, Ef = t%e;, Ef = 1t2e3, E} = t3e4
N5 (2) — Ny E{ = t(e; —e;), E5 = t?(e; — 3es + 2e4), E§ = t%(e3 — 4ey), E} = 2t3e,4
N - N El =t7ley, E} =t 2ey, Ef = t %3, Eb = t 7%y
N240(t_ 1) - N;ll Eg =t(e; +e3 —ey), E; =f€2,E§ = t(e3 — ey), Eﬁ = tey
N - N E! = tey, ES = ey, E} = tes, E, = tey
N - Ny E{ =t%e1, ES = tey, EY = t3e3, E} = tey
N - Ny El =t"lel,E, =t ey, Ef =t %3, B =t ¢4
N;‘O(%) — N El =t""ei,E, =t ey, Ef = t~2e3, B} = t3eq
N - N E{ =t""eq, EL =t7%ey, B =t e, B =t~ ey
Nyo(t® —t) - Ny E{ =tey + t?e3 — ey, ES = t?ey, B} = 33 — they, E} = tey
N - N El =e,El = t7'ey, EL = t7les, E} = t2eq
N;O(tlz) — N{lg E{ =€1,E£ =f71€2,E§=[71€3,E£=t72€4
NH(3) - Ny El =e1,E} = ey, E} = les, E} = —tize4
4 4 _ 1 242t—t2 _
Noy(t) — Ny El=e + mez, El =e; + FH= : e+ 3 12e4,E =e3+ tz(r—l) es, By = ey
4 -4 t
N22(t +1) - Noa Ei=e+ t(t+1)2 e, b =e+ t(t+1)2 e+ 3 t+1 e B=et t[+1 syl E =64
./\/'147 — mz(a)u#_g‘l E{ = 7%[’91 + 1;0[ tey, Eé =1 —atey + ﬁé@, Eé = "a;ztze3, Efl = 71’264
2
Noylae # —1) — N3(i4}) El =t Ze E} =it (flazﬁel -J% ez+e4>,E§=te3,Efl=tze4
Appendix

See Tables A and B.
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