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Abstract.

In this article the 3-parameter family of real homogeneous hypersurfaces of 3-dimen-
sional complex space is constructed. This family generalizes the series of examples that were
published earlier. It contains both Levi nondegenerate surfaces (strictly pseudo convex and
indefinite ones) and surfaces with degenerate Levi form.

Unlike the existing cumbersome descriptions of matrix algebras corresponding to sur-
faces under consideration, we suggest uppertriangular representation of these algebras with
simple special bases. It is shown that all the affinely homogeneous surfaces of constructed
family are algebraic ones of 1, 2, 3, 4 or 6 order.

In the article we consider also some properties of the obtained surfaces from the holo-
morphic homogeneity point of view.

Introduction

80 years ago E.Cartan published in [1] the classification of real hypersurfaces of 2-
dimensional complex spaces, which are homogeneous according to holomorphic (pseudo-
conformal) transformations. At the end of XX century the problems of the homogeneous
manifolds description attracts the investigator’s attention. But till nowadays the complete
description of a class of homogeneous real hypersurfaces doesn’t exist even in the case of
3-dimensional complex spaces.

Moreover there is a number of more simple problems, connected with homogeneity of
embedded submanifolds, which don’t have a complete decision yet.

Among such unsettled questions firstly we can mention the problem of the description
of real hypersurfaces of complex space C* which are homogeneous in a sence of affine trans-
formations of this space. It should be noted that analogous problem in real space R® has
completely solved only in 1995-1996 (see [2]). The description of affinely homogeneous real
hypersurfaces in space C? was obtained in [3]-[4] in 2010-2011.

Because of the difference between affine and holomorphic geometries the solution of
the last problem doesn’t deduce from

Cartan’s description and requires separate study of many cases. But any manifold which
is homogeneous in a sence of affine transformations of some complex space is holomorphically
homogeneous too. That’s why the construction and study of different examples of affinelly
homogeneous submanifolds give us useful information for the solving of common problem of
holomorphic homogeneity.

As the results of [5] -[8] show the considerable part of holomorphically homogeneous

1



objects can be reduced to affinely homogeneous ones by holomorphic transformation. It
gives rise for more detailed study of the connection between different types of homogeneity.
It should be mentioned in this connection that all the affinely homogeneous curves in real
plane R? (except exponential curve) turn out to be linearly homogeneous after appropriate
affine coodinate change (complete list of such curves one can find in [9]-[10].

Returning to complex space C? let us define more exactly the main purpose of our
article. The aim is to describe one big family of homogeneous manifolds from different points
of view.

In theorem 1 we present the matrix Lie algebras related with the homogeneous surfaces
under consideration in upper triangular form with simply constructed basis matrixes (note
that previous descriptions of such algebras were tedious enough).

In theorems 2 and 3 the explicit equations are constructed for discussed surfaces and
conclusion is made about their algebraic character.

Some results are also obtained in this article concerning the place of surfaces under con-
sideration in holomorphic classification of homogeneous manifolds of 3-dimensional complex
spaces.

§1. Extension of matrix Lie algebras

In our study of homogeneity of real surfaces in C* we use two basic instruments:
technique of matrix Lie algebras and canonical equations of surfaces under consideration.

We remind that manifold called to be homogeneous if some transformation group acts
transitively on it. It’s natural to discuss some Lie subgroups of the group Aff(3,C) as a
group acting on submanifold (real surface) of affine space C3. Lie algebra corresponding to
any such subgroup can be considered as an algebra of affine vector fields in C?, having a

form p
Z = (A1z1 + Ayzo + Asw + p)—+
82’1

0
—I—(BlZl —I— BQZQ + ng —f- S)g—l— (]_]_)
2

0
+(azy + bz + cw + q)%,

where 21, 2o, w — complex coordinates in C®, Ay, By, a,b, ¢, p, s, ¢ — complex constants.

Matrix representation of Lie algebra consisting of fields (1.1), allows to consider the
algebra’s elements as a 4 x 4 - matrixes of the form

Ay Ay Az p
Bl BQ Bg S
L (1.2)
0 0 0 0

Meanwhile, fields bracket transforms to matrix commutator (bracket)

(21, 25) = Z1Zy — Zo 2.



We denote the Lie group of transitive affine transformations acting on a surface M € C3
by G(M), and Lie algebra corresponding to this group by g(M). Vector fields from g(M)
are tangent to discussed affinely homogeneous real surface M. Analytically this fact can be
written in such form

Re{Z(®)}a1 = 0, (13)

where ® is a defining function of surface M. The real part symbol appears in (1.3) because
we discuss a real surface M in complex space C3.

The study of affinely homogeneous surfaces in C* can be connected with description
of algebras g(M) corresponding to these surfaces. In that case we should remember that
affine equivalence of two affinely homogeneous surfaces M; and Ms; means the similarity of
corresponding algebras g(M;) and g(Ms) (with some special similarity matrix).

One can take into account the possibility of such equivalence from the very beginning
and consider the problem of homogeneity only for the surfaces with equations having already
reduced to some simple form by affine transformation. In this case the matrixes constituting
Lie algebras g(M) will have some peculiarities in their structure.

Note that first of all we will discuss real analytic hypersurfaces in space C* with non-
degenerate Levi form (see [11]). Let us suppose, for example, that Levi form of such surface
M is positively defined in some point £ (i.e. M is strictly pseudo-convex (SPC) surface).
Then according to [12]| the equation of M can be reduced near £ by affine transformation to
the form

Imw = (|21]” + |22*) + e1(2] + 77) + €2(25 + 23) + Y _ Filz1, 22, 1, 2, Rew). (1.4)
k>3

Here k > 3 is a weight of every polynomial term (weights of variables z1, 29, Z1, Zo are
equal to 1, weight of u = Rew equals 2).

In this case a pair of non-negative coefficients (£1,£2) is an affine invariant of the
surface and the form (1.4) is called an affine canonical form for equation of M.

The equation of indefinite surface (having nondegenerate indefinite Levi form) can be
reduced to the analogous canonical kind (having more complicated structure of quadratic
part).

Below we discuss only rigid surfaces whose equations (1.4) are free of variable u =
Rew. Coefficients of affine vector field (1.1) which is tangent to rigid surface (1.4) obey the
following restrictions

q€R,
a=2i(p+2e1p),
{ b=2i(5+ 2e3s) . (1.5)

Another restriction on the elements of discussed algebras considerably simplifies the
necessary calculations but it has an "artificial" character. All the algebras g(M) from the
articles [12] - [14| have the matrix representation (1.2) satisfying the following condition



Remark 1. If the coefficients 1, ey of the surface equation (1.4) have "common posi-
tion"

1
0<eq, e 7é 5, (17)
then the equalities
R€A3 == R@Bg = 0, (18)
can be deduced from (1.3). This remark justifies particularly the artificial conditions (1.6).

Remark 2. In the case of affinely homogeneous surfaces in C? the unique coefficient
of analogous canonical equation corresponds to the pair (As, Bs). This coefficient can have
nonzero values (see [3]).

Taking into account introduced restrictions we can write the matrix form (1.2) of
vector fields in more simple manner

A Ay 0 p
Bl B2 0 s
0 b oc g (1.9)
0 0 00

There is a following geometric interpretation of such matrixes: their left-upper (2 x 2)-
blocks correspond to infinitesimal actions of group G(M) in complex tangent plane T M to
discussed surface M, given near the origin by equation (1.4).

It should be noted that one can multiply left-upper (2 x 2)-blocks of matrixes (1.9)
independently on any other elements of two multiplied matrixes (1.9). Because of this, the
following simply checked statement for matrix algebras consisting of matrixes (1.9) is valid.

Proposition 1. If g is a Lie subalgebra of algebra GL(4,C), consisting of type (1.9)
matrizes, then left-upper (2 x 2)-blocks of these matrizes costitute an algebra too.

Denoting left-upper (2 x 2)-blocks of matrixes Z by e (with corresponding index) we
can add the following formula to the proposition 1:

[Zl, Zg]e = [61, 62] = €1 €2 — €1 " Eq. (110)

Proposition 1 is a base for introducing the following definition.

Definition 1. Let g be a Lie subalgebra of algebra GL(4,C), whose elements have a
form (1.9), h be a Lie subalgebra of algebra GL(2,C). If algebra

ge ={ZelZ € g}

coincides with A, then g is called an extension of algebra h.

In connection with the problem of some classes description of affinely homogeneous
surfaces in C? the question of the extension property study in the sense of definition 1 arises
for the Lie subalgebras of algebra GL(2,C) to subalgebras of GL(4,C).

In that case one can put a number of supplementary natural restrictions on extended
algebras. For example, we can assume that extended algebras have a real dimension 5. Spec-
ifying this restrictions we will also require that the real linear hull of last columns of matrixes
(1.9) constituting the discussed algebra g, has real dimension 5. The last requirement means
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that the group G(M) action allows to displace from the origin in any tangent direction to
5-dimensional surface M.

Only few Lie subalgebras of algebra GL(2,C) are shown in articles [14]-[15] to allow
such extension. For example, there is only one (up to matrix similarity) extended real 3-
dimensional subalgebra GL(2,C). This is the algebra ¢ with basis

61:((1)192)’62:(8(1)>’63:<88)' (1.11)

Proposition 2 ([16], Theorem 5). There exists a 3-pararmeter family of affinely
different affinely homogeneous strictly pseudo convez (SPC) real hypersurfaces in space C?
whose algebras of linear vector fields are the extensions of algebra g. Bases of these algebras
are

1 0 0 —i(l —4dej)w
7 0 1/2 . 0 2i(Cw + 2e9(@)
T 41 - 4o 2(1 — 4ed) (260w + (W) 3/2 0 ’
0 0 0 0
0 1 0 4i(Cw + 2e9(@)
| o 0 0 4i((1 = Cw + 2e5(1 — [C)@)
Ez = as 8(1—4ed)o 0 0 ’ (1.12)
0 0 0 0
where ay = 16(gy — &1)Cw — 8(4de1ey — 1)(w — 8(4e2 — 1)(w,
0 i 0 —4(Cw + 2e9(W)
| 0 0 0 4((1+¢*w — 2e2(1 — [¢[*)w))
P as 8i(1—4)w 0 0 ’
0 0 0 0

where az = —8i(2(e; + €2)Cw + (4e2(e1( + €20) + ({ — ))®),

0 0 0 w 0000
0 0 00 0000

Ey= 0 2i(2e¢w+Cw) 0 0 | Es=1900 1|
0 0 00 0000

and parameters entering these matrizes are connected by the relations:

\w\ = 1, 2(81 + 82(2)(4) + (1 + |C|2)L¢_J =0.

Simplified 2-parameter version of this family that corresponds to the case w = 1 is
given in [14].

Algebra ¢ as it is shown in [17], [13] can be extended to algebras that relate to indefinite
affinely homogeneous hypersurfaces. The formulas describing such extensions in indefinite
case turn out still more complicated than in SPC situation.

Integration of all the algebras mentioned above (and construction of concrete homoge-
neous surfaces) is extremely difficult in realization. The cases in which such integration was
realized in [13]-[14] reduce to algebraic surfaces of 3, 4 and 6 orders.
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The main purpose of this article is to simplify a visual representation of algebras and
surfaces obtained in [13|-[14]. Such simplification allows to put the discussed examples in
expected full classifications of affinely homogeneous and holomorphically homogeneous real
surfaces of space C3.

§2. Simplified representation of extended matrix algebras

Let us consider 5-dimensional Lie subalgebra ¢ of matrix algebra GL(2,C). We will
require further that all the matrixes g have a form (1.2), and the algebra ¢ itself is an
extension of the 3-dimensional algebra (1.11). Moreover let us suppose that g satisfies to
some conditions that are necessary in order to this algebra be a representation of matrix
algebra g(M) for some rigid affinely homogeneous surface M € C? (given by canonical
equation (1.4)).

We enumerate these conditions:
1) elements gx(k =1, ...,5) of all the basis matrixes E; — E5 of algebra ¢ are real;

2) basis matrix Ej5 has a form

o O O O
o O O O
o O O O
O = OO

(that corresponds to rigidity of integral surface M of an algebra g(M));

Pk
3) real dimension of linear hull V =< s |,k =1,...,5 > of the last columns of

4k
the basis matrixes is equal to 5.
Let’s come to an agreement without loss of discussing generality that basis matrixes
E,, Ey, E5 of algebra g have matrixes ej, €5, €3 from (1.11) as a e-blocks exactly; e-blocks of
matrixes F,, F)5 are considered to be equal to zero.

Finally, besides necessary conditions already formulated, we require (only for simpli-
fying of calculations) that following relations for the elements of ordered basis matrixes of
discussed algebra are satisfied:

4) P2 = 2817 P3 = 2i81, bQ = —2(11, b3 = —2ia1. (21)

Remark. In articles [13]-[14] an "artificial" conditions (2.1) are used also. In that case
as it is already noticed above, it is possible to construct the 3-dimensional family of different
affinely homogeneous hypersurfaces in space C3. This remark emphasizes once more the
difficulty of complete solution of description problem for such surfaces.

THEOREM 1. If Lie algebra g, consisting of matrizes (1.2) and satisfying the con-
ditions 1)-4) enumerated above, is an extension of algebra (1.11), then it is conjugate to

6



upper triangular algebra. Basis of such triangular algebra has one of two following types:

3000 0AO00 0 (iA—s) 0 0
0200 00 1 0 0 0 i 0
DE=loo010] 2 loooal B0 0 0 (iA+s) |’
0000 0000 0 0 0 0

(2.2)
0010 0001
0001 0000 .
E, = 0000 | Es = 000 0 , A=m+in, m,n,s € R,
0000 0000
or
3000 0000 000 0
0200 0010 00 i 0
DE=l o102 o000 a]| 5= 00 0 (iA+s) » (23)
0000 000 0 000 0
0000 0001
0001 0000 .
E, = 0000 | Es = 000 0 , A=m+1in, m,n,s € R.
0000 0000

Remark. The conjugation of algebra g from theorem 1 and upper triangular algebra
g* (of the first or second types) is realized by formula g* = C'gC~! with some nondegenerate
Ci1 Ci2 €13 Ci4
Co1 C22 Co3 C24
C31 C32 C33 C3q
0O 0 0 1

For the proof of Theorem 1 we need a sequence of subsidiary statements (Propositions
3-7 below) about properties of discussed algebras and their basis matrixes. Let’s write these
matrixes taking into account noticed requirements to them. Then

matrix C =

1 0 0 p 0 1 0 po 0 ¢+ 0 p3
o 12 0 s o0 0 s 10 0 0 s
El_ aq b1 C1 0 7E2_ a9 bg Co 0 ’E3_ as bg C3 0 ’ (24)

0O 0 0 O 0 0 0 O 0 0 0 O

0 0 0 py 0 00O

10 0 0 sy 10000

Ba=lw pes 0|0 Bl o0001

0 0 0 O 0 00O

Here (3,4)-elements of basis matrixes Ey, Eo, E3, Ey are supposed to be equal to zero
because we can consider corrected matrixes
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instead of the initial ones.

Proposition 3. Elements c¢x(k = 1,...4) of basis matrixes E, Eo, E3, E4 of algebra
(2.4) are real.

Proof. The closedness of an algebra (2.4) in relation to matrix bracket means that the
bracket of any two its basis matrixes expands by this basis with some real coefficients. In
that case [E, E5](3,4) = ¢ for all k =1, ...,4 and these values must be a real Es-coefficients
of the expansion of bracket under consideration via the basis E, Fy, F3, Ey, E5. ®

Closedness property in relation to bracket allows us to get a lot of other important
information about basis matrixes. For example, the following stronger version of proposition
3 is valid for an algebra § extensions (see the proof in [14]).

Proposition 4. Following conditions are satisfied for elements of basis matrixes E,
E,, Es, Ey of algebra (2.4):
C1 :3/2702203264:0. (25)

Here we won’t repeat the proof of this fact. It will be considered to be realized for
discussed algebras together with equalities (2.1). Exactly such values of coefficients ¢, are
considered in all the examples of algebras from articles [12]-[14].

Taking into account proposition 4 one can simplify the basis of discussed algebra (2.4)
to the form

1 0 0 m 0 1 0 p 0 2 0 p3
_ 0 1/2 0 s _ 0 0 0 s _ 0 0 0 s3
El_ aq b1 3/2 0 ’EQ_ (45} bg 0 O 7E3_ as b3 0 O ’ (26)

0 0 0 0 0O 0 0 O 0 0 0 O

0 0 0 py 0 00O

B 0 0 0 s4 10000

Ea= ag by 0 0 |’ Es=19 001

0 0 0 O 0 00O

Another simple fact is also a consequence of algebra (2.6) closedness property.

Proposition 5. The following equalities are valid for the matrix Lie algebra with basis

(2.6):
ay — O, S4 — 0. (27)
Proof. Brackets

0 0 0 S4
0 0 0 0

Ey, By =

[ L 4] 0 —Qy 0 — QP2 — b482 -+ 9Py + b284
0 0 0 0
0 0 0 1S4
0 0 0 0

[E?” E4] N 0 —ia4 0 asPa4 + b3$4 — QyP3 — b483
0 0 0 0



have to expand as linear combinations with real coefficients via the basis Ey, Fs, E3, Ey, Es.
Since e-blocks of these brackets are equal to zero, then only E, and Es5 take part in expansion
of each bracket. In that case (1,4)- and (3,2)- elements of these brackets, distinguishing by
factor ¢, have to be equal to zero. m

Corollary. If an algebra (2.6) satisfies the conditions 1) - 4) written above, then in-
equality for element py of basis matrix Fj is valid

pa # 0. (2.8)

Matrix E; from constructed basis (2.6) has a simple spectrum (u; = 1, pe = 1/2,
w3 = 3/2, ug = 0), therefore this matrix can be reduced to diagonal form. Let us go to
new algebra by means of the conjugation £, — S™'E.S with matrix S, consisting of the
eigenvectors of Ej.

Note firstly that diagonalization of one matrix from the algebra "improves" in some
sense other basis matrixes due to algebraic structure of the linear hull

g =< E17E27E37E47E5 >

Second remark concerns the proposed ordering of eigenvalues of matrix E;. Their
monotonous decreasing is most convenient as it guarantees the upper triangular form of
new matrix. And though upper triangular form is rather ordinary for matrix algebras it
wasn’t easy to get it in our case from initial geometric discussions of the problem under
consideration.

So, let’s consider the matrix

0o 1 0 —p
o o 1 ~2s,
5= 1 —2&1 —bl (2&1])1 -+ 4b151)/3 ’ (29)
0 O 0 1

consisting of ordered eigenvectors of Fj.

Proposition 6. If algebra (2.6) satisfies the conditions (2.1) and (2.7), then it trans-
forms under conjugation with similarity matrix .S to the algebra with basis

3000 0 az 0 0 0 az 0 0
., o200 ., oo 10 . oo o
EE=loor1o0]' "2 loo0o0s "% 00o0s]| &0
0000 00 0 0 00 0 0
00 by 0 0001
, oo o p ., loooo
Ei=loo00 0| H=|o0o00o0
000 0 0000

Proof. Proof of proposition 6 is purely technical. However, it should be noted that

direct application of S-similarity to basis matrix gives the required matrixes only for £, and
Es.



For example, matrix £ transforms by this conjugation not to £} but to

0 0 b4 (—2b451+2a1p4)

00 0 D4
00 0 0
00 0 0

Last matrix can be reduced to form E} due to reality condition of the expression

(—2b481 + 2&1]74).

This fact is a consequence of closedness property for initial algebra. The condition that
bracket of initial basis matrixes

0 0 0 Pa
0O 0 0 0

Fi, E,] =

B, Bl 0 by O (—bssy+ aips)
0O 0 O 0

belongs to the algebra (2.6) provides the required reality.

Analogously but by using the conditions (2.1) the upper triangular matrixes S™!E,S
and S™!'E3S can be transformed to more simple "one-diagonal" matrixes Ej and Ej .

Proposition 6 is considered to be proved. m

Triangular 5-dimensional algebras with bases (2.10) allow the further simplification
owing to conjugations. The similarity

7z —C'zC
with diagonal matrix
A0 0 O
B 0 X 0 O
C = 0 0 X 0 (2.11)
0 0 0 1
transforms each element z;; of matrix Z in A;lzkl)\l.
For example, it means that in order to save Ef it is sufficient to put
A =1 (2.12)

in matrix (2.11). Matrix £} transforms by discussed similarity to

0 0 byhs O
00 0 pit
00 O 0
00 O 0

Further discussion decomposes on subcases. For example, when both the elements py, b4
in matrix Ej are not equal to zero we can put in addition to (2.12)

)\2 = 1/]?4, )\3 = b4. (213)

10



Then both elements py4, by are transformed into unities, and (2,3)-elements 1 and ¢ of
matrixes Fj and F; are multiplied on the same non-zero number ;' \s.

Instead of the exact transformed matrixes £5 and Ej; we consider their real linear
combinations, so we can restore the normed (2,3)-elements 1 and 4.

Therefore, there are two versions of matrix Ej from basis of algebra (2.10) after using
of diagonal conjugation (with saving of the form of the rest four basis matrixes):

0010 0000
0001 000 1

Ex=lo o000 | " (0000 (2.14)
0000 0000

Proposition 7. In first case from (2.14) the initial algebra (2.6) transforms by con-
juagation into algebra (2.2); in second case - into algebra (2.3).

Proof. For the proof we use the closedness of algebra and bracket’s restrictions follow-
ing from this property. These restrictions are rather bulky in initial form of algebra (2.6).
Now after diagonal correction they become rather elegant and constructive. For example,
for matrix elements of the form (2.10), written in generalized notations as

3000 0 A, 0 0 0 A; 0 0
0200 0 0 1 0 0 0 i 0
El_0010’E2_00032’E3_00033’
0000 0 0 0 0 0 0 0 0
00 A, 0 0001
oo 0o B o000
Es=1090 0 0o | Es=10100 0 (2.15)
00 0 0 0000
the following conditions hold:
1) AQB4 - A4B2 S ]R, AgB4 — A4B3 S R (216)
and
2) ’LAQ — Ag = TA4, Bg - ZBQ == TB4 (217)

for some real r.
Substituting equalities Ay = By = 1 in (2.16) and (2.17), we obtain:
Ag :iAQ—T, Bg :iBQ+T, BQ :AQ.
In that case investigated algebra depends on 3 real parameteres (A € C,r € R) and

coincides with (2.2). Analogously for the case Ay = 0 the reduction of the algebra under
consideration to form (2.3) follows from (2.16) and (2.17). m

Now using the Propositions 3 - 7 easily allows us to get the proof of Theorem 1.

Proof of Theorem 1. Initial form (2.4) of basis matrixes of extended algebra is sim-
plified firstly to the condition (2.6) with corrected values of parameters ¢; — ¢4 (Propositions
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3 and 4). Then, after using the Propositions 5 and 6, we reduce a basis (2.6) to the form
(2.10) that containes only one-diagonal basis matrixes. Finally the transformations connect-
ed with the Proposition 7 turn the algebra under consideration into one of two kinds: either
(2.2) or (2.3). m

Remark 1. Second formal case in (2.14) is impossible in the above-mentioned SPC-
hypersurfaces situation of common position owing to formulas (1.5). We emphasize that
investigations of our article have more wide and summarized essence in comparison with
already discussed articles.

Remark 2. Below when we will get the affinely homogeneous hypersurfaces from
constructed algebras we will use not triangular but slightly changed form of the matrixes.
In the first place it is connected with a desire to have a "standard" field /0w in algebra.
The presence of such field means the rigidity (independence of variable u) of homogeneous
surface defining function. The property of rigidity is traditionally considered (see. [18]-[20])
to be interesting in discussed questions.

In our case the field Fs5 takes the required form owing to simple change of variables
21 <> w. In that case the bases of algebras (2.2) and (2.3) transform to

1000 00 0 A 0 0 0 (iA+s)
0200 1 00 0 i 0 0 0
E=looso "B loaoo | B~ 0 (iA—s) 0 0 :
0000 00 0 0 0 0 0 0

(2.19)
0000 0000
000 1 0000 .
E,= Looo | Es = 000 1 , A=m-+in, m,n,s € R,
0000 0000
and
100 0 0000 00 0 (iA+s)
0200 1000 i 0 0 0
Er = 0030 , B2 = 000 A » Bs = 00 0 0 , (2:20)
0000 0000 00 0 0
0000 0000
000 1 0000 .
E,= 0000 | Es = 000 1 , A=m-+in, m,n,s € R.
0000 0000

Below we will operate only with such bases.

§3. Integration of matrix Lie algebras

The main purpose of this paragraph is the construction of affinely homogeneous real
hypersurfaces relating to algebras of families (2.2) and (2.3). We use the Frobenius theorem
as a basic idea of such construction.
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3.1 Frobenius theorem and rank of the algebra

Let 5-dimensional algebra of vector fields in space C? has a rank 5 in a fixed point of this
space. Then according to Frobenius theorem there is a unique integral manifold of discussed
algebra of the same dimension 5 passing trough the discussed point. We will integrate our
algebras in such "right" points of space C® (with respect to each concrete algebra) and get
the required homogeneous surfaces as their integral manifolds.

We don’t deal with the points of space C3 in which the rank of discussed algebra is
not maximal one. Thereby it is necessary to consider the system of five transition vectors
relating to the basis matrixes of algebra and analyze the rank of this system for any discussed
algebra (2.2) or (2.3) at each point of C3.

For example, we should examine the real rank of the system of shift components of
complex vector fields for algebra of family (2.20) at any point Q(21, z2,w) € C3

z1 (m+in) (s—n)+im 0 0
222 21 ’iZl 10 . (31)
3w 0 0 01

Going from complex notations to real ones, we can discuss 6 X 5-matrix

ry m (s—n) 0 0
Y1 n m 00
2%2 T —U1 10
2y Ty 0 0 (3:2)
3u 0 0 0 1
3v 0 0 0 0

In order to have a maximal rank in the case of matrix (3.2) (according to standard
definition of rank) it suffices that at least one of its six minors of 5-th order be different from
zero. These minors can be easily calculated:

Dy = 3v(—nx1 +myy), Dy =3v(—mz;+ (s —n)y1),
D3 =0, Dy=3v(m*+n’—ns), (3.3)
2

Ds =0, Dg=(n—s)y;—nai+ 2maiy; — 2(m* +n® — ns)ys.

For the family (2.19) it is necessary to calculate six defining minors of analogous matrix

) m (s —n) 0 0
Y1 n m 0 0
2[[‘2 I —U 1 0
2yo (7 T 0 0 (3-4)
3u  (mxe —nyy) —(s+n)re—my, x 1
v (nxe+mys) mza—(s+n)ys y1 0O
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Minor
Dg = (n — 8)yi — na] + 2mayy; — 2(m* +n® — sn)ys. (3.5)

having the same form for both matrixes (3.2) and (3.4), is most important for us because
of the following reason. Many operations with discussed fields mean the representation of
required homogeneous surfaces by equation

v=F(z,z,u),

that is solved according the v-coordinate (with unknown analytic function F).

Proposition 8. If minor D¢ of matriz (3.2) (or (3.4)) is not equal to zero at some
point Q(z1, 20, w) of space C* then required hypersurface allows the representation in a form
v=F(z,z,u) at this point.

Proof. Really, the inequality Dg # 0 means that tangent vectors to surface under
study (at discussed point) cover all the directions in 5-dimensional space, which is formed by
coordinates 1, y1, T2, Y2, u. And v-variable is expressed in terms of other 5 vector coordinates
in this tangent space. Thereby we can express variable v in terms of other variables not only
in tangent plane to surface, but on the surface itself too. m

Proposition 8 suggests a consideration of the sets
T = {(n — s)y? — na? + 2mary; — 2(m* +n® — sn)ys = 0}, (3.6)

that are defined by vanishing of minor Dg under fixed values of parameters (m,n, s).

For the non-trivial triples of parameters (m,n, s) all such sets can be divided into two
types depending on the value of expression

N = (m? +n? — ns). (3.7)

Proposition 9. Let (m,n,s) # (0,0,0) be a nontrivial triple of parameters. If combi-

5)

nation (3.7) of these parameters is equal to zero, then the set Fém’n’ 15 a real hyperplane

of C3.
If N = (m? +n* —ns) # 0, then the set

Fém,n,s) _ (Cw x ,yf(im,ms) (38)

m,n,s

s a direct product of the plane C,, onto paraboloid 7é ") with the same equation (3.6).

Proof. The validity of the first part of Proposition 9 follows from the fact that expres-
sion of N = (m? + n* — ns) is (up to nonzero factor) the coefficient in front of the variable
Yo in equation (3.6) and simultaneously it is the determinant of a quadratic form in the
variables x1,y; from the same equation. Thus, the second-order equation (3.6) describes a
twice-covered real hyperplane in this case.

The second part of proposition 9 is obvious. ®

First of all we are interested in ranks of algebras (2.19) and (2.20) at the points of
surfaces T{™™*) corresponding to these algebras. The main interest is related here to the

points where the rank is 5.
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According to the Frobenius theorem, homogeneous hypersurfaces pass through these
points, which are the integral manifolds of the discussed algebras. The purpose of this section,
we recall, is a description of all such hypersurfaces.

Note that the ranks of algebras under consideration can differ from 5 at the points
(m,n,s) . s o
of surfaces I'; . For example, in the case of non-zero parameters m,n, s, satisfying the
equality
N = (m® +n* —ns) =0,

all six minors (3.3) vanish at all points of the hypersurface Fém’n’s).

At the same time the following statement is true.

Proposition 10. Let (m,n, s) # (0,0,0) be a non-trivial set of parameters, g = g™
be the Lie algebra from the family (2.19) or (2.20) and I'¢ = Fém’"’s) be the surface (3.6). Let,
moreover, algebra g has a full rank at some point Q) inl's. Then the affinely homogeneous
integral hypersurface of an algebra g passing through the point (), is the surface Iy itself.

Proof. The proof of this assertion follows from two observations.

Note at first, that affine homogeneity is a well-known property of real hyperplanes as
well as of paraboloids of the form

n—1

Imz, = Z (ak(Rezk)Q + ﬁk(Imzk)z) , o, O €R

k=1

in the space C" of any dimension. Then any surface T{™™" of the space C? is affinely

homogeneous.

Secondly, we note that all the vector fields of each algebra (2.19) or (2.20) are tangent
to the corresponding surface ™"
discussed algebras.

). This fact is easily verified for all basic vector fields of

Then at the points of full rank the surface T{™"* is an integral manifold of any algebra
g™™)_ Proposition 10 is proved. m

Therefore, besides the main case, connected with conditions
(m,n,s) # (0,0,0), Dg#0, (3.9)
it is necessary to consider only algebras relating to trivial set of parameters

m=0, n=0, s=0. (3.10)

Proposition 11. If the condition (3.10) is satisfied then rank of algebra (2.20) is
incomplete at all the points of space C3;

rank of algebra (2.19) is mazimal one at all the points satisfying the inequality y, # 0.

Proof. The proof of proposition 11 is purely calculating. All six minors of 5-th order
for algebra (2.20) are equal to zero in this case. In case of algebra (2.19) we have formulas

Dy = =i (x7 + 47), Dy = —ay(af +4;), D3 =Dy = D5 = Ds=0,

proving second part of the statement. m
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At the end of this chapter we discuss the integration of algebra (2.19) at points of
half-spaces y; < 0 and y; > 0 under the condition (3.10).

Proposition 12. Let point Q(u,v,n) € C? satisfies the condition Im p # 0 and let
M be an integral surface of algebra (2.19) with trivial set of parameters (m,n,s), passing
through Q. Then M s affinely equivalent to the real hypersurface v = 0.

Proof. For the proof we consider the basis fields

0 0 0
E1 = Zla_l + 2228—Z2 + ?)U)a—w (314)

0 0

0 0
Ey=21—, E3=1ly, FEi=——+2z-—, F5=_——
ow

82’2 0z Z9 aw
of discussed algebra.

Tangent plane to integral hypersurface at a given point, generated by vectors (3.11),
can be defined by the equation
Im(fiz;) = 0.

Generally speaking, such position of the surface does not allow us to solve the equation
of the required integral surface according to the variable v. That’s why we change the
coordinates in space C? by the formulas

2 =w, 2y =29, W' = —iz].

In this case
0 ) 0 B 0

2 =W, w=z, — =—I

021 ow w9

and the differentiation with respect to coordinate 2z, remains unchangeable.

Then basis fields of our algebra have the form

0 0 0
Ey =3 2 —
1 Zla 7 + 228 + waw
0 0 0 0 0
E C B=-wl, Bimiwt+ 2, By=
2T = 822 i w@zg 1 w8z1 (922 > 821
in new coordinates (we omit asterisks for the simplicity).
Now the minor Dg = —u?(u® + v?). of matrix (3.4) won’t be equal to zero.
It allows us to give the required surface by equation ® = —v+ F(z,z,u) = 0 in desired

form. The condition (1.3) for the fields Fy and Ej tangent to the surface means that F
doesn’t depend on variable z».

The existence of field F5 = 0/0z; in algebra under consideration leads to independence
the function F' on another variable ;1 = Re z;. Then analogous tangency condition (1.3) for
the field E4 can be written in the form

— w0 (3.12)



This equation means the independence of F' on the variable y; therefore condition (1.3)
for the field £ get the form
— —F=0.
" ou

Here the formula for the common solution is F' = C'u where C' is arbitrary constant.
It means that required integral manifolds are hyperplanes

v="=Cu (3.13)

with arbitrary values of constant C. The meaning of this parameter at a fixed point Q € C?
is defined by real and imaginary parts of third coordinate of the point Q). It’s clear that for
any C' the surface (3.13) is affinely equivalent to a real hyperplane v = 0 . Proposition 12 is
proved. m

3.2. Integration of the family (2.19)

* The results of this section connected with computer integration of the system of
partial differential equations are obtained with active participation of Sergeev V.G.

The main result of this section can be formulated in common form as follows.

THEOREM 2. Each affinely homogeneous hypersurface which is an integral manifold
of algebra of the family (2.19), becomes an algebraic surface of order k € {1,2,3,4,6}.

It will be obtained as a collection of partial results (Propositions 13 - 17) connected
with the integration of the family (2.19) in some particular cases.

The well-known method of integration for matrix Lie algebras is connected with the use
of exponential maps [22]. It means the transition from matrix algebras to the corresponding
Lie groups.

One can also consistently solve a system of partial differential equations corresponding
to the basis fields of algebra. Any individual partial differential equation reduces under this
approach to the ODE system [23].

Each of two mentioned approaches to solving the problem of integrating has technically
complex realization. For this reason, below we describe in detail the procedure of integration.

In notations of §1 we can write the basis vector fields of any algebra (2.19) in the
following form:

4 0 0 0 ) 0
%9 T 0, e = Ao+ na— — 14
Ey =2z 92, + 229 97 + Bwﬁw’ Ey Aazl + 21 92 + Az 9w’ (3.14)
. o . 0 . 0 9, 0 o
E3 = (2A+s)8—21+zzla—z2+(1/l—s)%, E4:8_22+z1%’ E5:%,

As we noted in previous section it is sufficient to integrate algebras (2.19) with
(m,n,s) # (0,0,0)
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beyond the points of hypersurfaces I'"™*). Under this condition defining function of any
desired surface is guaranteed to have a "convenient" form v = F'(z, Z,u) at all such points,
and even v = F'(z, Z) (by the presence of the field E5 in algebra).

In this case the system of four equations corresponding to family of algebras (2.19),
has in real coordinates a form

oF or oF oF
— 2 2 3F
$1a +y1al+ $282+ yQ@yg )

oF oF oF oF
R 1
axl + ayl 8 . + U1 ay2 (nIg + myg), (3 5)

oF oF oF oF

(s _n)(?_xl +m @_yl — ylax2 +$1a—y2 =mx1 — (n + 5)ya,
oF
81‘2 _yl'

We use the step-by-step solving of individual equations of (3.15) and start from the
most simple 4-th equation of the system. It’s clear that

F = F(z1,y1,72,92) = Tay1 + G(21,91,92), (3.16)

where G(z1,y1,92) is unknown function of three variables. Substitution (3.16) into other
equations of the system (3.15) gives the new system of three equations

Moy— +Noy— + Y15 — = MYz — T1Y1, (3.17)

It is the system (3.17) that will be discussed in this section below.

Algorithm of its solving certainly depends on being zero of the coefficients in front of
derivatives of the desired function, i.e. on the parameters m,n, (n — s). Let us indicate once
more important combination N = (m? 4+ n? — ns) of written parameters, which has already
met us above and will be needed below. We have to investigate a lot of cases, connected
with four named coefficients. It should be emphasized that not every combinations of these
coefficients influence considerably on the solution of the system (3.17).

The following cases are interesting in a whole:

1)m=0,n=0, s=0,
2)m=0, n=0, s#0,
3) n#0, N=

4) n#0, N #0,
5)m#0, n=

18



We remind that the first of these cases has been already discussed in previous section

in connection with the both families (2.19) and (2.20). We write the equations of the surfaces

™™ for each item from the list 2) - 5) in convenient form before we begin to discuss the

rest of combinations (m,n, s).

Proposition 13. The equations of the surfaces TS"™™ in the cases 2) - 5) have the
form:

2) yi =0,

3) (nxy —my;)* =0,

4) (nzy —my1)? — (m? +n® —ns)(y? — 2ny,) = 0,
5) 2m(z1y, — mys) — syz = 0.

Proof. The validity of this statement in the cases 2) and 5) is obvious. In the case 3)
it is necessary to remove the summand with zero-coefficient N = m? + n? — ns from the
general formula for T{™™" and substitute the expression s = (m? + n2)/n instead of s in

this formula.

Finally, in general case 4) the left part of the suggested expression can be written (after
removing the first bracket) in the form:

n*r? — 2mnaiy; +m?yi — (m* +n® — ns)ys + 2n(m* + n?® — ns)y, =

=n (nai — 2maiy; — (n — s)y7 + 2(m* + n® — ns)ys) .
This expression coincides with the formula for the minor Dg up to the factor (—n).
Proposition 13 is proved. m

Now we will integrate the family of algebras (2.19) in rather simple case 2).

Proposition 14. If m =0, n =0, s # 0 then all the solutions of the system (3.15)
present an algebraic surfaces of & degree with equations

1 1
v = Toly — T1Y2 + gxi’ + gxlyf + Cy3, (3.18)
where C' is arbitrary constant.
Remark. In this case the surfaces Féo’o’s) have the equation sy? = 0. According to the

agreements defined above, we can consider the equations (3.18) in two half-spaces y; < 0
and y; > 0.

Proof. In order to prove proposition 14 we notice that in this case the system (3.17)
has a very simple form

—_— 2ys— = 3G
$1 0y o 8yl ey 592 ’
oG
—_— = — 3.19
Y1 D12 11, ( )
oG 0G _ n
81’1 18y2 yl Y2



As y1 # 0, then the second equation of the system (3.19) can be divided by y;. In the
next step it is necessary to solve this equation.

Remark. After the solving of each such equation as well as in the previous integration
a new unknown analytic function of reduced number of variables appears. We will always
designate such functions by G, H, ¢ without additional comments. It should be noted that
the last function in this collection depends on unique real variable. This function will be
defined from ODE, that appeares in the last step of the solving each system.

Returning to the solution of the second equation of the system (3.19)
G = —zys + H(z1,11),

we substitute it into the two remaining equations of the system. So we get a new system

0H oOH OH
— —— =3H, s— = (z7+v7). 3.20
1 2, + o, ; S@xl (z1 +v7) (3.20)
We substitute the solution of its second equation
1/1 4 9
H= S L3 +z1y7 | + o) (3.21)

into the first one. It reduces to ODE
Y19 (Y1) = 30(y1)-

Combining the solution ¢(y;) = Cy? of this equation with the solutions of all the
equations, which have been got in previous steps, we get the formula (3.18). =

Remark. The family of affinely homogeneous surfaces (3.18) depends formally on two
real parameters s, C. At the same time the coherent dilation of variables

2] — (35)1/3z1, 29 — (33)_1/322
transforms (3.18) into equation
v = Ty — T1y2 + 7 + 321y7 + (3sC)yY,

depending on the one generalized parameter 3sC.

Going to the discussion of more difficult cases, let us suppose firstly that

n # 0.

Then general solution of the second equation of the system (3.17) will be described by
the formula

m 1 2

m
G(f’?byl,?b) = Ey1y2 - %:myf - Wy% +H (% — NY2, NT1 — my1> (3-22)

independently of vanishing or nonvanishing parameter m.
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It should be noted that formula (3.22) is obtained with the help of the finding of the
integrals of ODEs system

doy _dyy _dy: _ dG (3.23)
m n U1 mys — fiUlyl7 '

corresponding to the discussed partial differential equation.

Substitution of this solution into two remaining equations of the system (3.17), we get
a new system

oH oH

2ti— +to— =0
TR TR
OH 9 9 OH  (m*+n?+ ns)
to—— — — t1 =20 3.24
20751 +(m +n nS)@tg + 2 1 , ( )
where
yi
t1 = 5 nys, to =mnry—my;.

In this system the combination of parameters N = (m? +n? — ns) plays an important
role. At first let

(m? +n® —ns) =0, (3.25)
in accordance with the case 3.

Proposition 15. If n # 0, (m? + n? —ns) = 0 then all the solutions of the system
(8.15) present an algebraic surfaces of 4-th order with equations

m 1 m s(y? — 2nys)?

2 3 3
- D ye — —aiy? — ) — C(nw, — 3.26
V=Tt (n P2 T o LT G yl) dn(nxy — my;)  Clnay =) (3:26)

where C' is arbitrary constant.

Proof. In order to prove this statement we solve the second equation of the system
(3.24) under assumption (3.25):

2

st
2

Function ¢(t2) is determined from the first equation of the system.

When we substitute the formula (3.27) into this equation it takes the form
ta'(t2) = 3p(ta).

Combination of all the intermediate formulas reduces to the proof of the proposition
15. m

Now let
n#0, N=(m?>+n*—ns)#0.
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Proposition 16. If n # 0, N = (m?+n?—ns) # 0 then all the solutions of the system
(3.15) present an algebraic surfaces of 3-rd or 6-th order with equations

n m 1 9 M 4 n
V=21 — - —xYy; — —
2¥Y1 ny1y2 on 191 6ny1

(N + 2ns)(nzy — myy)
6n2N2

+ C'|(nzy — my1)* — N (yi — 2nys

(2(nay — my1)? — 3N(y7 — 2ny2)) + (3.28)

)‘3/2

where C' is arbitrary constant.

Proof. Let introduce in this case the designation

t2
gzg—Nu

Then the solution of the second equation of the system (3.24) can be written in the form

N +2sn [t3

Then ODE, which we get on the last step of the solving of the system (3.24), has the
form

280" = 3. (3.30)
So the formula (3.28) appears with fractional index of degree. After squaring the equa-
tion this formula transforms to algebraic equation of 6-th order. m

Now we should analyse the last announced case, connected with conditions

n=0, m#D0.
We note that here N = (m? + n? — ns) # 0.

Proposition 17. If n =0, m # 0, then all the solutions of the system (3.15) present
an algebraic surfaces of 3-rd or 6-th order with the equations

x%yl (m2 - 252)9? X 2sy1(z1y1 — mys)

= _ 3/2
U= Tay1 + T1Y2 - + 33 2 1”5,

+ Clsy; — 2m(z1y1 — mys)
(3.31)

where C' is arbitrary constant.

Proof. In order to prove this statement we note, that here the system (3.17) can be
simplified to the form

m— + yl—y = mys — T1Y1, (3.32)



The second equation has the solution
Lo
G =mxys — iyt H(y1, z1y1 — mysa).

Appeared system of two equations can be written in the form ( t; = vy1, to = x1y1 —

mys):
OH OH OH OH
B TR TS o Ty, Tt

We substitute the solution of the second equation

2St2

m? — 252 25

into the first one, noting here £ = st? — 2mt,. So we get ODE (3.30) again. It reduces to the
formula (3.31), which is more simple than analogous one of proposition 16, but in a whole
is similar to it. m

Summarize this section by taking into account information previously obtained we get
the main result of this section i.e. the Theorem 2.

3.3. Integration of the family (2.20)

In this case in order to get a list of homogeneous manifolds we can also start with
hypersurfaces I'g, given by equations (3.6). But the main part of the description is given in
the next theorem.

THEOREM 3. Affinely homogeneous surface of space C3, that differs from (3.6)
and be an integral manifold of some algebra of the family (2.20) with (m,n,s) # (0,0,0) is
affinely equivalent near any its point either to real hyperplane

v =0, (3.33)
or to surface
v=a (z; #0), (3.34)
or to one of the surfaces
v =y + (27 + ) P2 (3.35)

with some v € R .

Remark 1. The equation (3.35) presents a localy homogeneous surface near any its
point whose coordinates are satisfied the restriction

yo + (27 + vyi) # 0.

Proof of Theorem 3. Proof of the theorem 3 can be obtained by the scheme that
was used in the proof of the theorem 2. Below we consider the case which is formally more
simple than previous one. But in this case there is also a lot of rather delicate points. For
this reason, we reduce the detailed proof of theorem 3.
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To begin we show that besides the manifolds with simplest equations (3.33) and (3.34)
there are homogeneous surfaces with equations

v= |y2 =+ (Oél’% + 51513/1 + 79%”3/27 o ﬁa v E R. (336>
in the case under consideration.
Then we reduce any such equation to more simple form (3.35) by affine transformation.

Turning immediately to the proof we note that any of discussed algebras contains the
fields

0 0

= _’ E = —
0z9 7 dw

[t means that the integral manifold of such algebra, passing through the point outside the

surface I'g, can be given by equation

Ey

U= F(xlaylayQ)a

that is free from the variables x5, u.

Then the system of equations, relating to other basis fields of algebra (2.20), has a form

oF or oF
e 42y —3F =0
“ 81’1 + 4 (93;1 + Y2 ayg ’
F F F
ma— + na— + yla— =0, (3.37)

We consider the solution of this system under supplementary restriction
1 # 0, (3.38)

which isn’t formally following from the equations of the system .

So, when x; is not equal to zero, the general solution of the first equation of the system

(3.37) has a form
3 Y1 Y1
F= I‘IG(tl,tQ), t, = —,tg ) (339)
331 .231

with arbitrary analytic function G(t1,t5).

Taking into account this formula we can transform two remaining equations of the
system (3.37) to

G oG
(n — mtl)a_tl + (tl - 2mt2)a—t2 = —BmG, (340)
oG G
(m—(s— n)tl)a—tl +(1—-2(s— n)tg)a—t2 = —-3(s —n)G.

Let us consider the coefficients in front of derivative dG/0t; in these equations. Recall
that here we don’t discuss the situation when both linear functions n—mt; and m— (s —n)t;
are equal to zero, i.e. m =n =5 = 0.
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If the parameter collection (m,n,s) is non-trivial then two cases are interesting that
correspond to the proportional or non-proportional functions n — mt; and m — (s — n)t;.

At first we regard the case with the determinant

m —(s—n)

‘:N:m2+n2—ns:o. (3.41)

For definiteness, we will assume that the function n — mt; of the first equation (3.40)
differs from zero; the case of non-vanishing function m — (s — n)t; can be considered analo-
gously.

Then for some real A two equalities
m=An, (s—n)=Am.

hold.

Because of these equalities the combination of the equations of the system (3.40) with
coefficients —\ and 1 respectively transforms to the equation
oG

1— — =0.
(1= A5, =0

It means that under the condition 1 —At; # 0 the solution G (¢, t2) of the system (3.40)
is in fact a function of unique variable ¢;. Then the first equation (3.40) has a form
oG

(n — 7rz1€1)a—t1 = —3mG.

Its general solution is a function G(t;) = C(n — mt;)® with arbitrary constant C.
Returning to the systems (3.40) and (3.37), in this case we obtain the formulas

v=0@GfC=0orif m=n=0) or

%:ZOwl—ﬂwﬂ3 (3.42)

Up to affine equivalence formula (3.42) changes to

v = (3.43)

The last formula and equation of the plane (3.33) describe (up to affine equivalence)
all the integral manifolds of algebras (2.20), that are satisfied to supplementary conditions
(3.41) and (3.38). It should be noted that the local affine homogeneity of plane curve

y=a’
hold at all the points except the origin of the coordinates, which is a twist point of the
curve. For the same reason the obtained surface (3.43) can be locally affinely homogeneous
according to the (complex) affine transformations only at points which satisty the condition
(3.38). Therefore, the using of such restriction is natural despite the right hand side function
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F = (nx; — my;)? of the equation (3.42) satisfies all the equations of the system (3.37) at
all their points.

In the second case when

m —(s—n)

‘:N:mQ—I—nQ—nS;ﬁO, (3.44)

we introduce the notation
r=(s—mn).

Then the second equation of the system (3.40) takes the form

oG oG
(m — rtl)a—tl +(1— 27’t1)8—t2 =-3rG. (3.45)

In the first subcase when r = 0 the general solution of this equation has a form
G = H(tl - mt2>

with arbitrary analytic function H (&) of the argument & = t; — mts.
Meanwhile the first equation of the system (3.40) transforms to ODE

(n—2m&)H' = —3mH. (3.46)

We note that for » = 0 the inequality m # 0 follows from the condition (3.44). Then
the general solution of the equation (3.45) which can be rewritten in the form

3
(- o) m' =2m,
2m 2

is a function 3/2
H=C ‘5 _n
2m

with arbitrary constant C.

Returning to the original variables and functions we obtain the equations of discussed
homogeneous surfaces in this subcase in the form

n 3/2
YT — MYy — —23| . (3.47)

v
= 'f pu— -_— =
v=0(@GfC=0) or o 5

Affine images of these surfaces contain in formulas (3.33) and (3.36).

Now we consider the equation (3.45) in the second subcase, supposing r # 0. Under
this condition the equation (3.45) can be rewritten in the form

oG G m 1
For t; # « the solution of the equation (3.48) can be expressed as follows
ts— 0
— 3 _ 2
G = (tl - Oé) H(T), T = m (349)
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Instead of the first equation of the system (3.40) it is convenient to consider the linear
combination of two equations of this system with coefficients » and —m respectively. The
proposed combination has a form

(rn — mQ)% + (1t — m)% =
Ots

. 0. (3.50)

In this case the coefficient in front of the derivative OG/dt; in this equation is equal
to
(s—n)n—m?=—(m*+n®>—ns) = —-N #0.

We substitute the derivatives of the function (3.49) on the variables t1,t; and obtain
the equation
(2N(t2 — B) +r(t1 — a)®) H' = 3N(t; — 2)’H =0

or 5
r
—)H' = -H.
(rt o) =3

When

T # —r/2N (3.51)
the general solution of this ODE has the form

r 3/2
H=C|r+ ", cer

2N

Then in this subcase the equations of the homogeneous surfaces (under the condition
(3.51)) have the form
v=0(GifC=0) or

v y y r(y 1 )
S B AN I | Ca IR S LA
o ="~ (3?% 5) TN (ivl a) o O
The simplified form of the last equation is
9 r 9 3/2
v = ’@2 — Bay) + ﬁ(?ﬂ — o) ’ , Y1 —ax; #0. (3.52)

Formula (3.52) coincides with (3.36) up to the redescription of the constants.

To conclude the proof of the theorem 3, we note that any surface (3.36) with non-zero
combination of coefficients (a, 3,7) is affinely equivalent near its any point to one of the
surfaces (3.35).

Really, mixed product from the expression

ax? + Briyr + YYy;

can be eliminated by rotation in z;-plane.

By the following dilation z; — tz; (¢ € R) one of two remained non-zero coefficients
(we can assume that it be «) can be transformed to £1.
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Returning to the equation (3.36) in the space of three complex variables, we can change
the sign in front of coordinate y, by the mapping 2o — —25 and obtain the required equation
(3.35).

The theorem 3 is completely proved. m
§4. Holomorphic properties of affinely homogeneous surfaces

In [4] the "gluing" property is illustrated for large families of affinely different affinely
homogeneous real surfaces of the space C? under holomorphic transformations. Any mani-
fold from 3-parameter family of affinely different affinely homogeneous Levi degenerate real
surfaces in space (Cghz2 is shown in [4] to be rectified to the same real hyperplane Imzs = 0
by (local) holomorphic transformations of this space.

Generally speaking this property has long been known. For example, affinely different
tubes in space C? over the curves y = 2% and y = e® are spherical surfaces (holomorphically
equivalent to ordinary sphere) at each point. Consequently these tubes are holomorphically
equivalent to each other. There are the similar effects in spaces of larger dimension (see [24],

[25]).
Such effect takes place in discussed family too. At the beginning we consider affinely
homogeneous real surfaces relating to the family of algebras (2.20).

Proposition 18. Affinely homogeneous surface corresponding to any algebra (2.20)
s holomorphically equivalent to real hyperplane v =0 or to one of 4 algebraic tubes:

1)v=uxi;

2)v= x§/3 (or up to affine transformation v = xi)/Q );

3)v:x§—x§/3 ;
J)v=a2+a2*.

Remark. First and second surfaces given above are Levi degenerate; third and
fourth surfaces are strictly pseudo convex and indefinite nondegenerate ones respectively.

Proof. In order to prove proposition 18 let’s consider equation (3.36)
v = (y2 + az} + By + 7).
We rewrite it in the form
v =y + ax + By + i,
or up to change of variables,
0= — (o] + Briys +91).
Using of the complex notation in variable z; = 1 + iy; transforms last equation to
v=23"+ela + (uf + izd)

with some real € and complex in general .

28



We notice that quadratic change
* . 2
W' =w — 20027

simplifies it to the form
v = x%” + |z |2

Depending of the sign of € we obtain (owing to possible dilation of the variable z;)
equations from items 2), 3 or 4) of the proved proposition 18. m

It’s clear that the family of affinely homogeneous real surfaces relating to algebras
(2.19) has more complicated structure. That’s why we discuss only holomorphic properties
of homogeneous surfaces of 3 and 4 degrees given above as subtotal cases in the integration
of the family of algebras (2.19). Note that cubic surfaces have some applications in modern
complex analysis investigations (see, for instance, [26]).

Mainly, as well in proposition 18, we will be interesting by holomorphic distinction of
surfaces relating to different sets of parameters of family (2.19).

Surfaces of 3-rd order appear in 3 cases in this family. The question is about the
formulas (3.31) and (3.28) with zero value of parameter C' and general formula (3.18) (with
arbitrary value of C'). According to these formulas we have the surfaces with equations:

1 1
V= ToYy — T1yo + gﬁ’ + g%y% + Cy?, (4.1)
x? m? —2s2)y?  2syi(x —-m
v = Tays + T1Ys — LT ( : )Y 1 ya( 1?J12 y2) (4.2)
m 3m m
V=2 + mn L r1y? ULNY: +
= T2l " 1Yo on 1Y 6ny1
N +2ns)(nxy —m
( ) (o2, ) (2(”551 - my1)2 - 3N(?/% - Qnyg)) . (4.3)

6n2 N2

It should be noted that cubic part of all three equations depends on unique complex
variable. In this connection the following simple fact should be used:

Proposition 19. If a real hypersurface be given in complex space C* by equation
V= 2129 + 2021 + Tg(Zl, 21) (44)
with arbitrary cubic polynomial Ty, then it is holomorphically equivalent to (sign-indefinite)
quadric
V= 2129 + 2927. (45)
Proof. In fact, the real polynomial T5(z1, Z;) can be written in the form
Tg(Zl, 21) = Agto + Aglzle + Algzlzf + A()gg%

with pairwise conjugate complex coefficients Asy = Ags, Ao = Ajs.
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Then cubic change of variables
=21, 2 =29, wW'=w—2iAz2} (4.6)

simplifies equation (4.4), deleting the terms of 3 degree Azg2? + A3z
And the next quadratic coordinate change

*

2
2y =21, 25=z2+Anz, w'=w

transforms already simplified equation to (4.5). m

It remains to note that after simple quadratic change (4.6) (and by multiplication the
variable zo by 7 in the case (4.2) ) each of the equations (4.1) and (4.2) reduces to the form
(4.4).

There is a more subtle situation with equation (4.3). Going to the complex coordinates
we consider the hermitian, quadratic and cubic terms in right hand side of this equation.
Hermitian form looks here as follows:

H(z,7) = (1 - W) ((% - 2) 2Es + (% + z) 2221) . (4.7)

This means that for s # 0 the equation (4.3) can be reduced by polynomial holomorphic
change of variables to the form (4.5).

If s = 0 then hermitian form (4.7) identically vanishes. In both cases under considera-
tion we can delete the quadratic terms in right hand side of (4.3). But if s # 0 we need in
special consideration of the cubic terms in (4.3). The sum of all such terms can be written
as

1 1
T3 = —3n2N(nx1 —my,)® — @((3%1 +my1) + 3(nxy —my1)) =
1
= 3—N(nx? — 3maty, — 3nzyy; + my;) (4.8)

It’s easy to see that T5 equals to the real part of the expression

n+im g
AT
3N

Hence this term can be removed too from the equation (4.3) by cubic change of coor-
dinates similar to (4.6). After this we get the equation

v=0.

Thus, the following classifying proposition is valid:

Proposition 20. Any surface of 3 order from constructed families of affinely homo-
geneous surfaces (4.1)-(4.3) is holomorphically equivalent either to indefinite quadric (4.5)
or to Levi-degenerate real hyperplane v = 0.

Let’s discuss now from the holomorphic point of view affinely homogeneous surfaces of
4-th order.
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We remind that they appear in basic family (2.19) under restrictions

m*+n*—ns=0, n#0. (4.9)

It means that subfamily of algebras (2.19), connected with surfaces of 4 order, depends
only on two real parameters, for example n € R\ {0} and ¢ = m/n € R (in that case
s = (m?+n?)/n=n(1+t?)).

When we integrate corresponding algebras (see §3) another real parameter C' appears;
so the surfaces interesting for us, are given by explicit form

1+ (y7 — 3nys)?

1
v = (Y122 + ty1Y2) — %(ty:f + 3z1y7) — R ” + CnP(xy —ty1)®,  (4.10)

depending on three real parameters (n,t,C).

Method that we use for surfaces (4.10) distinction is connected with holomorphic nor-
mal form of real hypersurfaces equations in complex spaces (see [19]). Modification of Moser’s
normal form that were developed for 3-dimensional case in [5]-[6] allows to decide raised
problem in many cases. However, a lot of routine calculations is required to define Taylor’s
coefficients of normal equation, which are holomorphic invariants of surface under consider-
ation.

We remind that the most known holomorphic invariant of smooth real hypersurface
in multidimensional complex space is its Levi form ([11]) and Levi-degeneration (or non-
degeneration) of surface connected with this form. This property is checked by using 2-order
Taylor’s coefficients of studied surface.

In spaces C" with n > 3 there are more subtle holomorphically invariant characteristics
of non-degenerate surface (also connected with its Levi form). We mean the strictly pseudo
convexity (SPC) property of a surface or its indefinite type.

All the properties mentioned above depend in general on the point of the surface (4.10).
We will analyze the situation at the point Q(1,0,iCn?), lying on the surface with arbitrary
fixed values of parameters. Shifting this point to origin of the space C? by the change

=2 -1, 25 = 2, w=w—iCn? (4.11)
and then using rotation of axes, we write equation (4.10) in power expansion

U:F2+F3+F4+F5+F6+.... (412)

Explicit expressions for low-order terms from (4.12) have the form

1
Fy = (y1m9 + ty1y2) — %yf — sy5 + 3Cn* (2, — tyy)?, (4.13)
R 2y 1+ 2 2 2 B 3. 3
Fy = o (tyy + 3z1y7) y™ ( dnyiys + 4nys (ty xl)) +Cn’(xy — tyy)°,  (4.14)
L+t 2 2 2 2
Fy=—— (yi — 4nylya(tyr — 1) + 40’y (tyy — 11)?) (4.15)
and for k > 4
F,=Fy- (tyy — )" (4.16)
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Moser normalization of equation (4.12) can be realized for a few standard steps (see
[19], [5])-

At first step Hermitian form H(z, Z) being Levi form of discussed surface M is picked
from term Fy out and then and then this form is reduced to the canonical type. In our case
after transition to complex coordinates (multiplied by 2 for convenience)

Levi form of surface (4.10) has the form
1
H(Z, 2) = (—— + 608N2)|21|2 + (t — Z.)leg + (t + Z.)Zgzl — 28|Z2|2. (418)
n

Calculating the determinant of this Hermitian form matrix

(=2 +6CsN?) (t—1i)

we obtain the value s
A =det(H) = £(1 — 12Csn?). (4.20)

Proposition 21. The surfaces (4.10) are strictly pseudo conver if

1

C< sy

are indefinite if

1
C>—"—
12n4(1 + t2)’

are Levi-degenerate if
1

¢= 12n4(1 + £2)

Proof. In order to prove this statement we notice that discussed cases are connected
with the sign of determinant (4.20). Because of the restriction (4.9) this sign coincides with
the sign of expression

1—120sn* =1 —12Cn3*(n- (1 + %)) = 1 — 12Cn*(1 + 7).

We can conclude from this simplest description of the surfaces (4.10) that any surface
of this family with "small" value of parameter C' < (12n*(1 + ?))~! holomorphically differs
from any other one with "large" value of parameter C' > (12n*(1 + %))~

More detailed investigations of family (4.10) were fulfilled only for zero value of pa-
rameter C. All such surfaces are SPC-surfaces according to proposition 21. In that case after
Levi form reduction to canonical type any of them is described by equation

v= (21" + 122 + Fao + Fon + Y Ful(z,2), (4.21)
k+1>3
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where Fj; - homogeneous polynomial of degree k in variable z and degree [ in Z.
The coordinate transformation guaranteeing the Levi form reduction from (4.18) to
H = |21]? 4 |22)? can be given by formulas

2 =z1—(m+in)z, 25=vVm2+n2z, w' =-—nw. (4.22)

Taking into account these formulas the low-order polynomials Fj; from equation (4.21)
can be simply calculated.

Two following steps of equation (4.21) normalization are connected with changes of
variables
z* =z, w* :w—2Z(F20+F30+) (423)

and
Z*:Z+f2+f3+f4—|—..., w*:w, <fk,Z >= [ (l{:2,3,) (424)
They release the equation (4.21) from terms of (k,0) and (0, k) types (change (4.23))
and from (k,1) and (1, k) types with & > 1 (change (4.24)) respectively.
After these changes the equation of surface (4.21) will take a form

v=(laf + [z + Z Hy(z, 2), (4.25)
kl>2

with new components in right hand side.

Final normalization transformation which is close to identical mapping corrects first
of all the polynomials
Hy(2,%), Hso(z,%), Hss(z,Z2)

from equation (4.25).

It is important to notice that the initial equation of normalized surface can lose the
property of rigidity, i.e. freedom of variable u = Re w, at this stage.

Rather sizeable computer calculations reduce to following result.

Proposition 22. Normalization of the surfaces (4.10) by above-described scheme re-
duce them to equations

v=_>xal 42"+ D Num(z2u™ (4.26)
k+l4+2m>4
in which
Nagy = Ey = |Zl|4 — 4|21\2’Z2|2 + ’2’2|4, (4.27)

Nipo = z1(|21|* = 6]21[?|20f* + 3|22]") + 22(3[21]" — 621 [*[22]* + [ 22]*)
with arbitrary values of parameters, defining family (4.10).

Thus, low-order terms of Moser normal equations show no distinction in sets of pa-
rameters of discussed family. One need to calculate another terms of equation (4.26) for
complete solution of this problem.

Recall in this connection that according to [27] any holomorphically homogeneous SPC-
hypersurface is completely determined by coefficients of its normal equation of 6 order at
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most. For the present we do not succeeded in overcoming all the technical difficulties in
calculation of necessary coefficients.

Preliminary calculations show that in discussed family (4.10) of 4-order surfaces there
is at least one-parameter subfamily of manifolds with holomorphically different polynomials
Nyoo from Moser normal equation.

But we emphasize once more preliminary character of this statement.
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