N

N

Applications of differential algebra for computing Lie
algebras of infinitesimal CR-automorphisms
Benyamin M.-Alizadeh, Masoud Sabzevari, Amir Hashemi, Joél Merker

» To cite this version:

Benyamin M.-Alizadeh, Masoud Sabzevari, Amir Hashemi, Joél Merker. Applications of differential
algebra for computing Lie algebras of infinitesimal CR-automorphisms. Science China Mathematics,
2014, 57 (9), pp.1811-1834. 10.1007/s11425-013-4751-5 . hal-03286239

HAL Id: hal-03286239
https://universite-paris-saclay.hal.science/hal-03286239
Submitted on 17 Jul 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://universite-paris-saclay.hal.science/hal-03286239
https://hal.archives-ouvertes.fr

APPLICATIONS OF DIFFERENTIAL ALGEBRA
FOR COMPUTING LIE ALGEBRAS OF
INFINITESIMAL CR-AUTOMORPHISMS

MASOUD SABZEVARI, AMIR HASHEMI, BENYAMIN M.-ALIZADEH,
AND JOEL MERKER

ABSTRACT. We perform detailed computations of Lie algebras of infinitesimal
CR-automorphisms associated to three specific model real analytic CR-generic
submanifolds in C? by employing differential algebra computer tools — mostly
within the MAPLE package DifferentialAlgebra — in order to automate
the handling of the arising highly complex linear systems of PDE’s. Before
treating these new examples which prolong previous works of Beloshapka, of
Shananina and of Mamai, we provide general formulas for the explicitation of
the concerned PDE systems that are valid in arbitrary codimension £ > 1 and in
any CR dimension n > 1. Also, we show how Ritt’s reduction algorithm can
be adapted to the case under interest, where the concerned PDE systems admit
so-called complex conjugations.

1. INTRODUCTION

The Lie algebras autogr (M mode|) of infinitesimal CR-automorphisms of various
model — in the sense of Beloshapka — Cauchy-Riemann (CR) generic subman-
ifolds Mmodel € C"1F of codimension &£ > 1 and of CR dimension n > 1 are
key algebraic features which open the door to a potentially infinite number of new
Cartan geometries. Indeed, the knowledge of autcop (Mmode|) and of its isotropy
subalgebras autop (Mmode|,p) at points p € Mpodel Strongly intervenes when
one endeavours to build Cartan connections associated to all geometry-preserving
real analytic deformations M C C™** of a chosen model. It is well known
that procedures due to Cartan and to Tanaka exist to perform such constructions
(see [11, 6, 13, 1, 19, 26, 25] in a CR context), although the practical outcome
appears most of the times to be delicate and unpredictable.

In addition, there has recently been an increasing interest towards complete clas-
sification of CR-generic submanifolds according to their algebras of infinitesimal
CR-automorphisms. Notably, Beloshapka and Kossovskiy [7] classified homoge-
neous CR-generic submanifolds M 4 < €3 of CR dimension 1, while a bit before,
Fels and Kaup [14] classified the Levi-degenerate homogeneous 2-nondegenerate
hypersurfaces M° C C? of dimension five.

Far beyond for what concerns the appearing (co)dimensions, Beloshapka and his
school in the last decade devised general procedures to cook up model CR-generic
submanifolds that, most often, have rigid polynomial defining equations. But when
some concrete equation of a CR-generic manifold is given, one unpleasant obstacle
happens to be the complexity and the length of the computations that are required
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to attain the full Lie algebras of infinitesimal CR-automorphisms (see [1, 5, 25, 26,
30]), an obstacle which motivates the present work.

Byn > 1and k > 1 throughout this paper, we shall mean the CR dimension and
the codimension of a real analytic local CR-generic submanifold M2tk c Cntk
passing through a reference point, say through the origin. Beloshapka in [4], intro-
duced a significant class of CR-generic manifolds with several nice properties (see
e.g. Theorem 14 in [4]), that he denoted by Q(n, k) C C"* and called universal
models. He also computed the algebras of infinitesimal CR-automorphisms associ-
ated to the simplest model Q(1,2) in [5], and he derived some interesting stability
results. Subsequently, Shananina computed such algebras for the universal mod-
els Q(1,k) with 3 < k < 7 in [30] and derived expected consequences too (see
Theorem 1, Propositions 1 and 2 and Corollary 1 of [30]). Finally, in [21], Mamai
studied Lie algebras of infinitesimal CR-automorphisms associated to some uni-
versal models Q(1, k) for 8 < k < 12, though without presenting details. As far
as the authors are aware of, in CR dimension n = 1, no higher codimensions have
been explored. Understandably, as much as the dimension or codimension of a CR-
generic submanifold M?" % C C"** increases, the size and the complexity of the
corresponding computations of autcr (M) growths rapidly, hence an automation
would be welcome, even a partial one.

Serendipitously, an important, recently renewed, much related subject has been
extensively studied: Differential (Computer) Algebra, cf. [9, 10, 15, 20, 28]. There,
one employs algebraic tools — like the ones of Grobner bases theory — in order
to solve systems of partial differential equations, or in order to find the Lie sym-
metries of differential equations, a vast area too. Over the past few years, sev-
eral relative packages have been developed within various computer algebra sys-
tems. For instance, two MAPLE packages were designed in this direction, firstly
DifferentialAlgebra by Boulier, Lazard, Ollivier, Petitot ([9]), and sec-
ondly dif fgrob?2 by Mansfield ([22]).

In this paper, we aim to provide an effective algorithm in order to compute the
Lie algebras autcr(Mmodel) associated to model real analytic CR-generic sub-
manifolds M iﬁjﬁ C C"**, by the valuable means of differential algebra, supple-
mented by some new operations. For this purpose, we shall denote by LinCons
the PDE systems that have constant (complex) coefficients, precisely as the ones
we shall encounter several times. Since these systems admit complex-valued equa-
tions, we equip at first the fundamental Ritt’s reduction theorem with an operator,
which we call the bar-reduction, and we extend it to gain the following conclusion,
more appropriate to treat the arising complex-valued LinCons PDE systems (see
Theorem 3.2):

Theorem 1.1. (EXTENDED RITT’S REDUCTION THEOREM) Consider a differen-
tial polynomial ring R = C{uy, ..., uy} over the field of complex numbers, let ©
be the set of its derivation operators, and let >’ be a ranking over OU. Further-
more, assume that p € R is a LinCons differential polynomial and let () be a finite
set of LinCons differential polynomials. Then, there exists r € R, and for each
q € Q, there exists 04,05 € © and cy, cqg € K satisfying the following conditions:

*pP= (ZqEQ Cq 911 q) + (quQ Cﬁeag) + 7,
e for each q appearing in this summation we have:

rank(r) < mins {rank(f,q), rank(67q) },
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e no term of r is a derivation of either rank(q) or rank(q) for each q € Q.

Using this result, we modify the Rosenfeld-Grobner algorithm to an algorithm
we call the LRG algorithm (Algorithm 3 below) in such a way that it works ap-
propriately in the case of our LinCons complex-valued PDE systems. It is notewor-
thy that, for the sake of simplicity, we study only rigid CR-generic submanifolds
M0 c C'*8 (see Subsection 4.4 for more details), because the arising PDE sys-
tems are LinCons; of course, a more general algorithm could be described for
non-rigid Mi"oje]? C C"**, the PDE system still being linear, though with non-
necessarily constant coefficients.

Specifically, we employ our LRG algorithm for computing explicitly the Lie al-
gebras of infinitesimal CR-automorphisms associated to the following three real
analytic rigid CR-generic submanifolds M'° C C?, represented in coordinates

(z,w) = (z,w!, ..., w®) as the graphs of the following shared six defining equa-
tions:
w! —w' = 2i 27, w? — w2 = 2i (2°Z + 27%),
(1) w? — W = 2(2%% — 27°), wt —wt = 20 (237 + 27%),
w® —w° =2 (%7 — 27°), w® —w° = 24 2772,
together with:

w —w =21 (27 + 27,

First model M! :
{wg — W = 2(2%7 — 27,

w' —w =20 (2322 + 2273,

Second model M? :
{ws — W =2(237% - 227°),

s [w'—w" =2i("2% +2%2%),
Third model M* : 8 s 4 »
w® —w® =214 (22 4 2z°).

For this, we use the MAPLE package DifferentialAlgebra to carry out the
necessary computations. Nevertheless, these computations involve complex inte-
gers and functions and hence it is not possible to perform directly this package
in this respect. That is why, we need also to utilize a new reduction called bar-
reduction that uses complex conjugation to obtain a full remainder (see Section
3). Executing long computations, we achieve the following results. Of course, the
main interest of our algorithmic partly automatize approach is to open the door to
a wealth of other examples taking inspiration from Beloshapka’s universal models.

Theorem 1.2. The Lie algebras of infinitesimal CR-automorphisms autcp(M?),
autcr(M?) and autcr(M?) of the three real analytic generic CR-generic subman-
ifolds MI', M? and M? of C'*® are of dimensions 12,12 and 11, respectively and
are generated by the R-linearly independent real parts of the following collections
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of holomorphic vector fields:
Xi = 0w, i=1,...,8,
Xo 1= 20, + 2w ' Oy1 + 3w D2 + 3w 0y + 4w e+
+ 4w 0,5 + 4wt + 5w Oyt + 5 wdys,
X10 1= 1 20: — w3y + W Dys — 2w D + 2w 0,5 — 3w, + 3w Dyys,
Xi1 =0, 4+ 20 20,1 + (4w +2i2%)y2 +22°0,s + Bw® +2i2°)da+
+ Bw® +22%)0,5 + 2w’ + (Aw* +2i 20,7 + (4w’ +22")8,s,
Xig =10, +220,1 + 2202 + (Aw' + —202°)dys + (—3w® +22%)0,4+
+ (Bw® —2i2%)0ys + 2w 6 + (—4w® + 2207 + (dw* —2i2%)dys;

(M)

Xi=0uw, t=1,...,8,

Xo := 20, + 2w' 91 + 3w 2 + 3w dys + 4w*d 4+
+ 4w 0,5 +4wtd6 + 5w Oy + 5wy,

Xi0 := 120, — w22 + W dys — 2w Oy + 2w s — w7 + w78ws,

Xi1 =8, 4+ 20 20,1 + (4w +2i2%)0y2 +22°0ys + (Bw® +2i2°)da+
+ (Bw® +22%)0,5 + 2w’ 06 + 2w* + 6wy + 2w d,s,

Xio =10, +220,1 +22°02 + (4dw' —2i2%)dys + (—3w® +22°)0,a+
+ (Bw® —2i2°)dys + 2w Ay + 2w D7 + (—2w* + 6w®)ds;

(M?)

Xi=0w;, i=1,...,8,
Xo := 20, + 2w Oy + 3w? 2 + 3w 0,5 + 4wd 4+
+ 4w’y +4wdy6 + 5w Dyt + 5w s,
(M?) Xi0 =8, + 20 20,1 + (4w +2i2%)0p2 +22°0s + Bw® + 20 2°)Dpa+
+ (Bw® +22%)8,5 +2w?d6 + 2w" + 6w®)dyr + (4w + 27 2")s,
Xi1 =10 +220,1 +22%0,2 + (Aw' —2i2%)0,s + (—3w® +22%)8,4+
+ (Bw® —2i2%)ys + 2w dys + 2w D7 + (—4w® +22")0,s.

The paper is organized as follows. Section 2 contains an overview of the nec-
essary background concerning the theory of differential algebras. In Section 3,
we present the extended Ritt’s reduction algorithm and we show how to utilize
the differential algebraic tools to resolve a system of partial differential equations.
In Section 4, we present a general method/strategy to compute the Lie algebra
of infinitesimal CR-automorphisms of arbitrary generic real analytic CR-generic
submanifolds M C C"*. Section 5 is devoted to compute in detail the Lie alge-
bra of infinitesimal CR-automorphisms autcg(M?), associated to the first model
M. However, we do not present the intermediate computations of autcg(M?) and
autcr(M?3) since they are similar to those of M! and offer no new aspect. Tables
of Lie brackets appear at the end.

2. DIFFERENTIAL ALGEBRA PRELIMINARIES

In this section, we present a brief overview of basic definitions, notation and
results in differential algebra. Two extensive surveys of this subject are: [20, 28].
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Definition 2.1. An operator 6 : R — R over the algebraic ring R is called a
derivation operator, if for each a,b € R we have:

d(a+0b) = 0d(a)+6(b) and
d(ab) = d(a)b+ ad(b).

A differential ring is a pair (R, A) where R is a ring equipped with a collection
A ={61,...,0n} of commuting derivations operators over it, satisfying:

(51'(5]'(1 = 5]'(5,'0,, (i,y=1..m; a€R).

For simplicity, we suppress the dependence on A in the notation and denote a
differential ring just by R. If m = 1, then R is called an ordinary differential ring;
otherwise it will be called partially. An algebraic ideal I of R is called a differential
ideal when it is closed under the action of derivations of R, namely da € I for each
deAandael.

Example 2.2. The ring of polynomials Clzi,...,z,,] over the variables
Zr1,...,Ty; Wwith rational coefficients together with the set of operators
0/0x1,...,0/0xy, is a differential ring.

Let R be a differential ring with A = {01,...,0,,}. Here, we introduce a
collection of notations in differential algebra via the following itemized list:

e We denote by O the free multiplicative commutative semigroup generated
by the elements of A, namely

© = {61165 ...0l"  titmen}

Each element § = 07" - - - 0% of © is called a derivation operator of R and
furthermore the sum ord(f) := >, ¢; is called the order of 6. Then fa
is said to be a derivative of a € R of order ord(6).

e For an arbitrary subset S of R, set OS5 := {fs | s € S,0 € ©}. Itis the
smallest subset of R containing S which is stable under derivation.

e An algebraic ideal of R is called a differential ideal, if it is closed under the
derivation operators. We denote by (S) and [S] respectively, the smallest
algebraic and differential ideals of R containing S. In fact, [S] = (©5S5).
This fact provides an algebraic approach to differential ideals which en-
ables one to employ algebraic means.

e For a field of characteristic zero K, a differential polynomial ring:
R:=K{ui,...,up} := K[OU]
is the usual commutative polynomial ring generated by ©U over K, where
U :={ui,...,uy,} is the set of differential indeterminate.

e For two certain derivatives fu and ¢u of a same differential indeterminate
u, we denote by led(6u, pu) the least common derivative between Qu and
¢u, easily seen to be:

led(Qu, pu) = lem(6, ¢)u.

In this paper we let K be a differential field of characteristic zero.
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Definition 2.3. Let R = K{U} be a differential polynomial ring with the set of
indeterminates U = {u1,...,u,}. A ranking > is an ordering over OU compat-
ible with the derivation act over OU, in the sense that for each derivation § € ©
and for each v, w € OU we have:

e v >,
e v>w = v > dw.

For each §,¢ € © and v,w € U, a ranking > for which the statement ord(6) >
ord(¢) implies that fv > ¢w is called orderly. Simultaneously, if the assumption
v > w gives Bv > ¢w, then > is called elimination. Moreover, for a fixed ranking
> over OU and for a differential polynomial p € R = K{uy,...,uy,}, the leader
1d(p) of p is the highest derivative appearing in p with respect to >. If 1d(p) = u
and d is the degree of u in the expression of p then, the initial in(p) € K is defined
to be the coefficient of ¢ in p. Finally, u? is called the rank of p, denoted by
rank(p).

3. DIFFERENTIAL ALGEBRA AND PDE SYSTEMS

Each differential polynomial ring R = K{U} can be considered as the conven-
tional polynomial ring K [OU] whose indeterminates are derivations of R. This
enables one to use the conventional algebraic tools and get useful information
about the differential polynomial ring and its differential ideals. In this section,
we employ the Rosenfeld-Grobner algorithm to discuss a system of partial dif-
ferential equations, using algebraic operations. For a PDE system ¥ C R, the
Rosenfeld-Grobner algorithm presents the radical differential ideal generated by X
as an intersection of a finite number of differential ideals which are called regular
differential ideals. Those are some differential ideals I represented by a canonical
representative C, i.e. a set of differential polynomials which depends only on I
and the given ranking. A canonical representative of the differential ideal I helps
to solve ideal membership problem, which is a key computational tool to analyze a
PDE system. An implementation of the Rosenfeld-Grobner algorithm is available
in the MAPLE package diffalg, and it was recently renovated into the package
DifferentialAlgebra.

One of the main contributions of this paper is the use of Rosenfeld-Grobner al-
gorithm — followed by performing some further algebraic manipulations — for
considering our PDE systems. It is worth emphasizing that the PDE systems that
we deal with in this paper are linear and admit complex equations. Then, we have
to equip the Rosenfeld-Grobner algorithm with a certain operator which enables
to treat with such systems. Moreover, in the considerably significant class of rigid
CR-generic submanifolds (see the end of section 4 for definition), the under con-
sideration PDE systems are not only complex and linear but also with constant coef-
ficients and it is therefore reasonable to consider such systems more seriously. For
brevity, let us call this type of systems by LinCons systems and also similarly, let
us call each linear differential polynomial with constant coefficients LinCons poly-
nomial'. Computation with the Rosenfeld-Grébner algorithm are comparatively
less expensive. Furthermore, in this case there is no need longer to decompose the

INot every linear differential polynomial is a LinCons one, in general. For example, as an element
of C(z,y)[u, v], the polynomial p := 2%y u, +2y vy is linear while its coefficients are not constant.
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differential ideal generated by the system into regular differential ideals (a compli-
cated aspect of the general algorithm).

3.1. Extended Ritt’s reduction algorithm. Let us therefore recall the Ritt’s re-
duction algorithm, restricted to LinCons differential polynomials. Therefore, the
reduction algorithm described here shall be a weak version of the Ritt’s reduction
algorithm in comparison with the version of [28, 20]. Let us recall the definition
of partial divisibility for differential polynomials.

Definition 3.1. Consider two LinCons differential polynomials p; and po. We say
that po reduces p; due to the Ritt’s reduction algorithm, whenever there exists a cer-
tain derivation 6 with rank(p;) = rank(6p2). In this case, the result of reduction
is:

?n(pl) 9
in(ps)
When @ is proper, we call 7, the partial remainder of p on division by ps.

ri=p1—- P2.

One notices that in this definition, if rank(p;) = rank(pz) then § must be the
identity element of © and the Ritt’s reduction coincides with the conventional di-
vision algorithm for multivariate polynomial rings.

Theorem 3.1. (RITT’S REDUCTION THEOREM) Consider a differential polyno-
mial ring R = K{uy,...,u,} over a field K of characteristic zero, let © be the
set of derivation operators and let ‘>’ be a ranking over ©U. Furthermore, as-
sume that p € R is a LinCons differential polynomial and let () be a finite set of
LinCons differential polynomials. Then, there exists v € R, and for each q € Q,
there exists 0, € © and c, € K satisfying the following conditions:

o p=(2Cgeq abqq) +,
e rank(r) < rank(6,q), for each q appearing in the summation,
e no term of r is a derivation of rank(q) for each q € Q.

Here, the differential polynomial r € R is called the remainder of p on division
by @. In order to prove this Theorem, let us display first the Ritt’s reduction algo-
rithm ensuing its assertion. Then, the correctness and termination of this algorithm
proves Theorem 3.1.

Algorithm 1 RittReduction

Require: p € R, Q C R; afinite set and >; a ranking
Ensure: r; a remainder of p on division by ()
h = p;
r:=0;
while / # 0 do
if there is some ¢ € @ and 6 € © with rank(h) = rank(6q) then
h:=h — 0 0q;
in(q) “ %’
else
r:=r+in(h) rank(h);
h := h — in(h) rank(h);
end if
end while
Return (r)
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Proof. The termination of this algorithm follows from the well-ordering property
of > (cf. [20]). Namely as one observes, the rank of i decreases as one goes along
the steps of the algorithm and hence, it terminates after a finitely many steps, when
we will have h = 0.

Now let us consider the correctness of the algorithm. For this, we claim that the
equality:

()] p:(Zchqq)—l-h—i-r
qe@
holds at each step of the algorithm. If we prove this claim then, the final value
h = 0 of h can concludes the assertion. To prove the claim, we consider two cases:
Case 1: If a division occurs by a polynomial, say g;, then the right hand side
of (5) is equal to:

(Z cqbqyq+cly, qi> + (h — ceqiqi)) +7r
qe@
with ¢ = in(g;)/in(h). Therefore, it visibly is still equal to p.
Case 2: If no division arises, then the right hand side of (5) is equal to:

Z ¢g0qq + (h —in(h) rank(h)) + (r + in(h) rank(h)),
q€Q
and this is also equal to p.

In both cases, the equation (5) is satisfied at each step of the algorithm. Moreover,
one convinces oneself that the last two assertions of the Theorem hold according
to the structure of this algorithm. O

One should notice that, as long as the field K is the one of real numbers R, then
the above version of the Ritt’s reduction algorithm works as well to compute the
remainder of the division of a LinCons differential polynomial by a finite system
of LinCons PDE’s. However, the coefficients of the PDE systems that we consider
in this paper belong to the field C = R(7) with i = y/—1. In this case, we need to
perform also the complex conjugation to obtain a full remainder. For this, we need
the following definition and theorem.

Definition 3.2. Let R := C{uq,...,u,} be a differential polynomial ring with
uj = Re(u;) +iIm(u;) for j = 1,...,n as the unknown functions. We define the
bar operation® : R — R by:

e Re(a) +iIm(a) = Re(a) —iIm(a) foreach a € C,

e Re(uj) +iIm(uj) = Re(u;) —iIm(u;) foreachj =1,...,n.

As a matter of fact, the bar operator is compatible with the derivations; namely,
for each (real) # € © and each j = 1,...,n, one has:

Qu]' = Guﬁ
This allows one to insert the bar reduction operator in the Ritt’s reduction algo-

rithm.

Theorem 3.2. (EXTENDED RITT’S REDUCTION THEOREM) Consider a differen-
tial polynomial ring R = C{uy,...,u,} over the field of complex numbers, let ©
be the set of its derivation operators, and let ‘>’ be a ranking over OU. Further-
more, assume that p € R is a LinCons differential polynomial and let () be a finite



Applications of Differential Algebra to the computation of Lie algebras of infinitesimal CR-automorphisms 9

set of LinCons differential polynomials. Then, there exists r € R, and for each
q € Q, there exists 84,07 € © and cq, cq € K satisfying the following conditions:

*pP= (ZqEQ Cq 9q q) + (quQ Cﬁeﬁg) + 7,
e for each q appearing in this summation we have:

rank(r) < mins {rank(6,q), rank(67q)},

e no term of r is a derivation of either rank(q) or rank(q) for each q € Q.

Here, the differential polynomial r is called the full-remainder of p on division
by Q. The proof of this Theorem is similar to that of Theorem 3.1. Let us display
the following algorithm like Algorithm 1 extended by the bar reduction.

Algorithm 2 ExtendedRittReduction

Require: p € R, Q C R; afinite set and >; a ranking
Ensure: r; a remainder of p on division by )
h = p;
r = 0;
while 4 # 0 do
if there is some ¢ € @ and 6 € © with rank(h) = rank(fq) then
h=h — 2 0q;
in(q) "%
else
if there is some ¢ € () and 6 € © with rank(h) = rank(#g) then
h .= h — 0 0g;
in(q) "%
else
r:=r + in(h) rank(h);
h:=h —in(h) rank(h);
end if
end if
end while
Return (r)

3.2. Rosenfeld-Grobner algorithm. As mentioned before, to solve a PDE sys-
tem X, we use the Rosenfeld-Grobner algorithm to decompose the radical of [X],
into some new PDE systems, presented by explicit generators. These generators
have novel properties which leads to do a complete analysis of >. The main
Rosenfeld-Grobner algorithm as presented in [10, 9] requires some recursive loops
to construct the mentioned decomposition. However, as we consider the Rosenfeld-
Grobner algorithm in the special case of the LinCons PDE systems, there is no need
longer to decompose the differential ideal generated by the system into regular
differential ideals. So, it is convenient to provide an adapted and computation-
ally simpler version of the Rosenfeld-Grobner algorithm to deal with just LinCons
PDEs. Let us call this algorithm by LRG which stands for the Lincons Rosenfeld-
Grobner algorithm. First, we need the definition of A-polynomial — similar in
spirit to that in Grobner bases theory — which plays a crucial role.
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Definition 3.3. Consider two LinCons differential polynomials p; and po with
1d(p;) = 0; u;, i = 1,2. Then, the A-polynomial of p; and ps is defined as:

9 0
le(po) 22p, — le(py) 22 uy = us,
A(p1,p2) = { 0 (p2) o, P1 (p1) 9, P2 ui b uz

where 91,2 = lcd(91, (92)

The aim of calculating the A-polynomial of two differential polynomials is in
fact to remove their leading derivatives to obtain (probably) a new leading deriva-
tive.

Now, let us describe the LRG algorithm. If 3 C R is a subset of a differential
ring R (in fact, a PDE system) then, [Y] denotes the smallest differential ideal of R,
containing 3. and closed under complex conjugation.

Algorithm 3 LRG algorithm

Require: 3; a finite set of LinCons differential polynomials, >; a ranking
Ensure: G a canonical representative for [3]
G =3
P = {{p1,p2} | p1,p2 € G};
while P # {} do
Select and remove {p1,p2} € P;
h = A(p1,p2);
r :=ExtendedRittReduction(h, G, >);
if r £ 0 then
P:=PU{{r,g}| g€ G}
G:=GU{r};
end if
end while
Return (&)

The following theorem shows the termination and correctness of the algorithm.
Theorem 3.3. The following statements hold:

(a) LRG algorithm terminates in a finite number of steps.

(b) If G is the canonical representative of [X] then, any full-remainder of a
LinCons differential polynomial p € R on division by G is zero if and only

ifpe[X]

Proof. (a) The termination of the algorithm is guaranteed by the Ritt-Raudenbush
basis Theorem (the analogue of the Hilbert basis theorem for polynomial rings).
According to this theorem, since K = C is Noetherian with respect to the radical
differential ideals, then R is too (cf. [20]).

Now, using reductio ad absurdum, let us assume that the algorithm does not
terminate for a finite set X. Thus, we have an ascending chain of ideals [X;] C
[X2] C --- which does not stabilize where ¥; is the set of leading derivatives of
the differential polynomials at the i-th step of the execution of the algorithm (by
the i-th step we mean computing the ¢-th new polynomial and adding it to G). One
can observe that ¥; contains LinCons polynomials and therefore [¥;] is a radical
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ideal, namely a radical differential ideal®. This contradicts the Noetherianity of R
and so, proves the termination.

(b) To prove the correctness of the algorithm, it is sufficient to show that if
p € [X] is a LinCons differential polynomial then its full-remainder on division by
G is zero. Since p € [X], then one can conclude by Rosenfeld’s Lemma (see [20],
Chap. III, Sect. 8, Lemma 5), that a partial remainder of p, say p’, on division
by G belongs to (¥ U X). On the other hand, the set of A-polynomials contains
also S-polynomials (cf. [3]) — note that the polynomials, under consideration in
this paper, are LinCons. Moreover, in EXTENDEDRITTREDUCTION algorithm, we
consider the complex conjugation of any computed polynomial. These imply that

EXTENDEDRITTREDUCTION(p', G, >) = 0,

according to the Buchberger’s criterion (see [3], Theorem 5.48). Therefore, any
full-remainder of p will be equal to zero. O

At the end of this section, let us illustrate with the help of an example, how one
can employ the MAPLE package DifferentialAlgebra? to handle and solve
a LinCons PDE system.

Example 3.4. Consider the following LinCons PDE system ¥ C Q(z, y)[u, v]:

N2 a2 2
arule,y) = v(a,y) — gho(ry) = 0,
2 2
%= Zv(x,y) — £rv(z,y) +o(z,y) = 0,
2 92
%u(x,y)— agayu(xay) = 0

where Q(z,y) is the field of fractions of the polynomial ring Q[z,y]. First, we
must call the desired package to make it available:

[> with(DifferentialAlgebra);
and continue with the following three steps.
Step 1. In this step, we set:

Y= {pl = Uyy — Vg — Uzy, P2 =7UVUgg —Uyyt+ U, P3:=Uggy — Ux,y}-
Furthermore, we define the differential ring Q(x, y)[u, v] equipped with a
ranking as follows.

[> R:=DifferentialRing(blocks=[[u, v]], derivations=[x,
This ring has u, v as unknown functions of the variables x, y and also, it

admits the set of derivations A = {a%, 8%}. Moreover, here the picked
ranking is orderly, namely the following statement holds:

fu < dv < ord 6 < ord 6.

for two arbitrary elements 6, 6 of © = {%, i,7 € N}.
Step 2. Next, we employ the Rosenfeld-Grobner algorithm to compute a canonical

representative for [X],:
[> CP := RosenfeldGroebner ([pl, p2, p3], R);

Now to see the equations of, for example, the first component of C'P, we
enter the following command:

20ne should notice that since the base field contains Q, then the radical of a differential ideal is a
radical differential ideal (¢f. [29], Proposition 2.1).
3For more details on this package, werefertohttp://www.maplesoft.com/support/help
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[> Equations (CP[1]);

The result of this line is:

{tz,z — Usys Uyy — Vzys Vo2, Vyy — U}

Step 3. Finally, we find the formal power series solutions corresponding to the
functions u, v around the point (0, 0), up to the order 3:

PowerSeriesSolution (CP, order = 3);

and as the results it returns:

u(z,y) = u(0,0) 4 uy(0,0)y + ux(0,0)z 4 1/2v,,(0,0)y* +
+ug (0, 0)wy + 1/2u4 4, (0,0)x? 4+ 1/6u,(0,0)y?,

v(z,y) = v(0,0) 4 v,(0,0)y + v(0,0)z + 1/2v(0,0)y* +
+02.4/(0,0)zy + 1/6v,(0,0)y + 1/20,(0, 0)zy?,

which is in fact the solution set of the above PDE system ..

Remark 3.5. It is worth noting that, if a PDE system contains some complex
conjugates of unknown functions, then we can use only the MAPLE package
DifferentialAlgebra and without implementing LRG algorithm to analyze
it. For this purpose, we associate to each unknown function a fag variable as its
complex conjugate, and we add it in the definition of the base differential ring.
Furthermore, we add the complex conjugate of each input differential polynomial
to 2. Then, the result of this approach is the same as the output of LRG algorithm.
However, the complexity of this computation is growing (and higher than LRG
algorithm) when we add a new tag variable.

4. INFINITESIMAL LIE ALGEBRA OF
REAL ANALYTIC CR-GENERIC SUBMANIFOLDS

4.1. Effective tangency equations. Hereafter, by M/ C C"* we mean a real
analytic CR-generic submanifold of CR-dimension n and of codimension k; recall
([2, 24]) that CR-genericity means that TM + JT'M =T Cntk ! M where J is the
standard complex structure (multiplication by 7). In order to compute autor(M)
for an explicitly given such submanifold M/ C C"** it is most convenient to work
with complex defining equations of the specific shape ([24, 1, 25]):

wj + wj = Zj(7,2,w) (=1 k),

where the coordinates (z,w) = (21,. .., 2n, W1, ..., W) are centered at the origin
0 € M and where ToM = {w; + w; =0: j=1,...,k}, sothatall Z; = O(2).
A general (1,0) vector field having holomorphic coefficients:

n k
S 0,y )
i=1 '

is called an inﬁnitesinlal CR-automorphism of M, whenever it is tangent to it,
namely whenever (X+X)|u = 0. Concretely and more precisely, the condition that
a holomorphic vector field X belongs to autcr(M) means that for j = 1,..., k,
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the differentiated equation:

0=X+X)[w; +w; — 5z, zw)] =
=X [w; +w; — 5;(Z, z,w)] + X [w; +w; — E;(z, z,w)]

should vanish for every (z,w) € M. On the other hand, this condition holds if and
only if, after extrinsic complexification and replacement of w by —w + =(Z, z, w),
the k power series obtained in C{Z, z, w} vanish identically, and this yields the
tangency equations:

OEWj(E, —w+Z(z, z,w) ZZ zZ, —w+ E(z, z,w)) ghj(E,z,w)—&-
Q) k '
+ W (z,w) — ZZzw (z,z,w) Zsz w(zzw)
1=1

Proposition 4.1. The holomorphic vector field:

. 9 )
X = Zz,w)=— + Wz, w)—
> Zawg -+ Wiz
=1 =1
is an infinitesimal CR-automorphism of a generic real analytic CR-
generic submanifold M C C"* represented in coordinates (z,w) =

(21, .+, 2n, W1, ..., W) as the graph of the k complex defining functions:
w; +w; = EJ‘(E,Z,’LU) (j=1,....,k)
if and only if its coefficients Z'(z,w) and W'(z,w) satisfy the k equations (6).

4.2. General formulae. According to Proposition 4.1, to find the infinitesimal
CR-automorphisms X associated to a CR-generic submanifold M of C"**, it
is necessary and sufficient to determine the holomorphic functions Z?(z,w) and
W!(z,w) satisfying the tangency equations (6). Then, the main question that im-
mediately arises here is to ask: How can one specify such functions? To answer
this question, we focus our attention on providing an effective algorithm. To this
aim, first we introduce the expansions of the coefficients of such a sought X with
respect to the powers of z:

%) ZH(z,w) = Z 22 Z%(w) and W'(z,w) = Z 22 Whe(w),

aeN"? aeNn?

where the Z%®(w) and the W% (w) are local holomorphic functions. We will
show that the identical vanishing of the k equations (6) in C{z, z, w} is equiv-
alent to a certain (in general complicated) linear system of partial differential

ol zk o'l z¥ ol lwt,
equations involving the 252~ (w), the T( w), the aiv( w) and the
ol

W w).

l// l/ "
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Inserting these expansions with respect to the powers of z in the tangency equa-
tions (6), we get:

0= Z W Z Z zaZhe —w+E) g;j(z,mw)—k

aeNn i=1 aeN"
08 (g 8 (1 5 L6 (4 3~a
+ZzW ZZZZ a—zzw ZZZW awl(,z,w)
BENn i=1 BEN™ I=1 BeNn
(=1

Since in these equations, w is the argument both of all the Z*# and of all the
WP appearing in the second line, one should arrange that the same argument w

takes place inside the functions W and 7 appearing in the first line. Thus,

one is led, for an arbitrary converging holomorphic power series A= Aw) =
Z'yENk % (0) w7, to apply the well known basic infinite Taylor series formulae
under the following slightly artificial form:

A(—w+E)=A(w+ (2w +E))
iy _
®) 9 A<w)%(_2w+5(2,z,w))7.

5
Jomre ow

When one does this, one transforms the first lines of the previous k& equations as

follows:
)

[y |77
0= Z z l'z (—2w+E (z,z,w))'yaiw(w)f

~! ow”

n o | |fi,a
_Z Z Z %Z“(—2w+5(§,z,w})wagfv (w)+
k —
+ Z LW (w Z Z 2% 7P (w (Z, z,w) Z Z ZBWl’ﬁ(w)%(E,z,w)
1=1 BENn !

BEN™ i=1 BeEN™

(G=1-k).

But still, we must expand and reorganize everything in terms of the powers z¢ 27
of (%, z). At first, we must do this for the multipowers:

k
_ _ ¥4
( — 2w + E(Zz,w))7 = H ( —2w; + Ej(E,z,w)) !
j=1
4.3. Expansion, reorganization and associated LinCons PDE system. To begin
with, let us denote the (Z, z)-power series expansion of —2w; + =; by:

(10) —2w; + J(zzw Z Z 7P = ]aﬁ( w) (GG=1-Fk),

aeN" BeNn

with the understanding that the coefficients of the expansion of Ej would be de-
noted plainly Z; , 3(w), without ~ sign. Reminding =, = 0(2), we adopt the
convention that in this right-hand side, the =; , 3(w) for @ = 3 = 0 comes not
from =; itself, but just from the supplementary first-order term —2 w;.

Thus, denoting:

Y= (717’727"'7716) € Nkv
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we may expand explicitly the exponentiated product under consideration, and the
intermediate, detailed computations read as follows:

j=1
k 7
“I(E X = Fasw)
j=1 aeN™ geNn

ﬁ[Z S (Y Saaw T, e, w)]

aeN™ geNn apttay;=a
Bit+By; =8

DL D DD DD

aeN™ BeNm aly...yak=a .1%+..A+a_1n =al a’er,..Jrakk:ak

Bt 4BR=8 g1y gl —p1 ph+ +B%k=ﬂk
Eritat () Fhag, o, (0)- oo it ot (0 B, o, ()]
_. o B =
- Z Z 2z AD"BW({“J'vaw@(w)}kN,&eN",BENH)’

aceN™ BeNn

where we introduce a collection of certain polynomial functions A, g~ of all the

E;N a,3(w) that appear naturally in the large brackets of the penultimate equality,
namely where we set:

Aaﬁﬁ({“' B( )}EEN,aeN",EeN") = Z Z Z
ol tak=a alt-tal =al "’f‘*’""*’“lcrk:“k
k_—
B1+--+BY¥=p8 /3 .- +51 —pl Bi“+"'+55k:5k

—nv

E1,a},ﬁ}(w)' "5y all,ﬁﬂ( (C)REREEE Ek,af,ﬁf(w)'"Ek,ask,ﬁsk(w)-

—_n~ —_n —n~

At present, coming back to the & equations (9) we left momentarily untouched, we
see that in them, five sums are extant and we now want to expand and to reorganize
properly each one of these sums as a (Z, z)-power series of the form:

Z Z 7020 (coefija’g).

aeN" GeNn

For the sum in (9), we therefore compute, changing in advance the index o to o':

o [y |7577 < _
3 Z 7 aL( )(— 2w+ 5z, 2w))" =

w’Y
a’eN™ eNk

an = > Z *"WW ) > > 2 A ({Fasw)})

o’ ENn ﬁGN" o/’ €N BENT

-3 zw[z S d s (Faswn) Lo )]

aeN™ BeNn ~eENk a=a’+a’’
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The computations for the second sum in (9) are the same:

o V77 -
—Z > Z 7‘9 4 (w)( = 2w+ E(%, 2,w))”

=1 a’eNm »yeNk

=y ¥} L2 ) S T A (Eas)})

i=1 a’eNn ’yENk a!’ ENn BENT

-y ¥ [z > oy 1Aa~,ﬁ,w({a;a,g<w>})-f”;ji’a<w>].

|
aeNm geNn i=1 yeNk a’+a’' =« v

The third sum in (9) is already almost well written, for we indeed have, if we denote
by 0 = (0,...,0) € N” the zero-multiindex:

(13) Yo AW w) = 3T Yz R WP ()],

BENR €N BeNn

where 0° = 0 if a # b and equals 1 if a = b. To transform the fourth sum in (9),
we must at first compute, for each ¢ = 1,...,n (and for each j = 1,..., k), the
first-order partial derivatives %%Z from (10), which gives, if we denote simply by 1
the multiindex (0, ..., 1,...,0) of N” with 1 at the i-th place and zero elsewhere:

0=, Y =~
02 L(Z,z,w) = Z Z zYf3; 2P L :j,a’ﬁ(w)

aeNm™ BeNm
B;i=1

=Y > LB+ )E s, (W)

a€ENn BeENn

Thanks to this, the fourth sum in (9) may be reorganized as wanted:

Ty Z“B%w)%—fj(z,z,w):

i=1 p'eNn
n
a9 =3 > 2w 3 Y S W B E i (w)
i1=1 B’eNm a€eNn g7 eNn
— Y YA Y Y DT 2 W)
a€N™ Benn i=1 B/'+p""=p

Lastly, in order to transform the fifth sum in (9), we must at first compute, for each

l=1,...,k(and foreach j = 1,... k), the first-order partial derivatives g ,and
to this aim, we start by rewriting from (10):

E;(z, 2, w) = 2w; + Z Z zo‘zﬁ~ja5( ),

aeN? BeNn

whence it immediately follows:

—~

= o=
0% (zzw):25§-+ Z Z EO‘ZBM.

wq w,
0 aENm BENT Oy



Applications of Differential Algebra to the computation of Lie algebras of infinitesimal CR-automorphisms17

Thanks to this, the fifth sum in (9), too, may be reorganized appropriately:

S Y %<>

I=1 B’eNn
5 =Y Y - [25 Py 3w Bl )]
I=1 B’eNn aENn g/ enNn wi
-y ¥ zazﬂ[ 280 W) -y Y P () W )
aEN? BeNn I=1 g/4+p"=8 O

Summing up these five reorganized sums appearing in (9) as a double sum
Do 2 2 2P (coeff; o ), and equating to zero all the obtained coefficients (11),
(12), (13), (14) and (15), we deduce the following fundamental statement.

Theorem 4.1. Let M be a local generic real analytic CR-generic submani-
fold of C™"** having positive codimension k > 1 and positive CR dimen-
sion n = 1 which is represented, in local holomorphic coordinates (z,w) =
(215 ...y 2n, W1, ..., wy) centered at the origin 0 € M by k complex defining equa-
tions of the shape:

w; +w; = 5j(Z, 2, 0) (G=1-k),
with Ej = O(2), and introduce the power series expansion with respect to the
variables (Z, z):
—2w; + E;(z, 2, w) = Z z zﬁ:;aﬁ( ) (G=1-k).
aeNn geNn

For every multiindex o € N", every multiindex § € N and every multiindex
v € NE, introduce also the explicit universal polynomial:

Ao ({65 b pa ) = 20 S %
alt.tak=a alt-tal =al 0’f+---+a,l§{k:ak
k=
B1+-+BF=p8 5 4o +51 —g1 B?*"'*’ﬁskzﬂk

:1,04%,6% (’U}) T :1’0"1u ,ﬁ,lyl (’LU) """ Ek:,oc’f,,@{€ (w) e :;a,’ik,ﬁfjk (w)

Then a general holomorphic vector field:

N g 9 L 9
X—;Z(zjw aZZ+§:W zw)awl

is an infinitesimal CR-automorphism of M belonging to autc r(M), namely it has
the property that X 4+ X is tangent to M if and only if, for every 7 = 1,... k,
for every a € N" and for every § € N", the following linear holomorphic partial
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differential equation:

j,a

1 — b Lediv7s
0= Z Z a‘Ao‘”vﬁv”f({:Eyaﬁ(w)}EGN,aeN",EeNn) W(w)f

=1 yeNF a/+a' =«

(16) +89 - WP (w)—
S S D @) 2 ()
i=1 p/+p""=p
- )
550 m =j,0,B" 1,8’
260 W Z > G W (w)

=1 p/+6"=p

which is linear with respect to the partial derivatives:

,”‘ l’ "

gl zie o1z 9l Iyt gl

e

together with its conjugate, are satisfied identically in C{w} by the four families
of functions:

w)7

ll,Ol/H

zow),  Z°%w), W (w), (w).
depending only upon the k holomorphic variables (wy, . . ., wy).

4.4. The main strategy. According to Theorem 4.1, finding the sought infini-

tesimal CR-automorphisms X is equivalent to solve the linear PDE system con-
ﬂ Oé ! al//

structed by the equations (16) with the unknowns Z4*, 7" '“ Wb o Wl "™ and
afterwards, finding the expressions of the holomorphlc coefﬁ01ents Zi(z, w) and
W!(z,w) of Xfori = 1,...,nand | = 1,...,k, according to the formulae (7)
and thanks to the achieved solution. Then, we can choose the following strategy to
compute the desired infinitesimal Lie algebra autor(M) associated to a specific
real analytic CR-generic manifold M C C"t:

e Constructing the k£ fundamental equations (6).
e Expanding these equations according to the formulaes (7), (8) and (10).

e Extracting the coefficients of each 2®Z” for v, § € N” and constituting the
linear homogeneous PDE system of the partial differential equations (16),
introduced in Theorem 4.1.

e Solving the obtained system by the means of techniques in differential al-
gebra theory.

e Substituting the solution of the PDE system into the formulae (7) to find
the holomorphic functions Z®(w) and W% (w) as the coefficients of the
infinitesimal CR-automorphisms X.

It is worth noting that the already introduced linear PDE system defined under-
lying the differential ring:
Ri=Cw)| 2, Z2" whe" W "]

admits complex linear equations and hence at the fourth step of the above strategy,
it is not possible to employ the Rosenfeld-Grobner algorithm directly for solving it.
But, it is feasible to equip this algorithm with the conjugate operator bar-reduction
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for being able to treat the complex equations. Nevertheless, one should notice that
such a linear PDE system is not necessarily a LinCons one, since its coefficients
may contain some powers of the variables w;,l = 1,...,k. However, a careful
look at the equations (10) and (16) reveals that if the k defining functions =; are
independent of the variables wy, . . . , wy, then the concerned linear PDE system has
constant complex coefficients, namely it will be a LinCons PDE system. Such CR-
generic submanifolds M/ C C"* which are defined as the graph of the k defining
complex equations:
@j—kwj:Ej(Zz) (j=1-k)

are usually called the rigid submanifolds. They constitute a wide and considerably
significant class of CR-generic submanifolds (see [2, 24, 5, 8, 25, 26, 30, 31]).
Hence, in the case of the rigid real analytic generic CR-generic submanifolds, one
can employ the computationally much simpler algorithm LRG (Algorithm 3) to
perform the fourth step of the above strategy. In the sequel, using this method, we
compute the Lie algebras of infinitesimal CR-automorphisms associated to three
rigid real analytic generic CR-generic submanifolds of C!*3,

5. LIE ALGEBRA OF INFINITESIMAL CR-AUTOMORPHISMS
OF CR-GENERIC SUBMANIFOLDS M!, M? AND M? oF C'*8

The aim of the current section is to compute the Lie algebras of infinitesimal
CR-automorphisms, associated to the three rigid real analytic CR-generic subman-
ifolds M', M? and M? of C'*® of CR dimension 1, represented in coordinates
(2, w1, ..., ws) by (1). We give in detail the computations of autc (M) and since
the remaining computations of autcr(M?) and autcg(M?) are fairly similar, then
shall not report them in detail.

For the first model M, represented by the eight real analytic equations:

a7)

w! —w' = 21(2,7) := 2i 27, w? — W = Ep(2,2) 1= 21 (2°Z + 27%),
w® — W = Z3(2,%) := 2 (%2 — 272, wh — W = Zy(2,7) 1= 20 (237 + 27%),
w® —w° = Zy(2,%) := 2 (257 — 27°), w® — w0 = Zg(2,2) := 21 227,

w — W = Zq(2,7) := 20 (217 + 27 w® — W = Eg(2,7) := 2 (217 — 27,

a holomorphic vector field X := Z(z,w) 0, + Z?Zl W(z,w) 9y, is tangent to
M if and only if the restriction of the real vector filed X = X + X to each of the
above eight defining equations vanishes identically. In other words, if and only if
the holomorphic functions Z and W', = 1, ...,8, and their conjugates enjoy the
following eight equations (cf. (6)):
0=[W'-W' -2iz2-2i2Z],__. ..

0= [W?—W’ —4i232 — 207" Z - 2i2"Z —4i232) __ .,

0= [W* W’ 4222 +27°2 - 2:°Z + 4277, __, ..
(18) 0= [W*-W'-6i2"22 —2i2°2 - 2i5"Z - 6122°7] _ ..
0= [W°—W’ -62"22 +22°2 - 22°Z +6:7°Z),__ ..,
— 6 10 . 2 . 2
0= [W — W™ —4iz2z°Z —4iz me:m+5’
0= [W—W' —8i222—2i%'Z —2i2'Z —8i27°7)]

w=w—+2=’
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— 8 10 3 —4 47 —37
0= [W - W —82"2Z+42Z2Z 227482z Z}w:m+s'
These functions are real analytic and hence one may expand them with respect to
the powers of z (cf. (7)):

= Z 2F Z(w) and Wz, w) Z FWh(w
keN keN

Our current aim is to find a closed form expression for the holomorphic functions
Z(z,w) and W'(z,w) by using their corresponding Taylor series. One sees sim-
plified expressions of these functions in the following lemma:

Lemma 5.1. The holomorphic functions Z(z,w) and W'(z,w),l = 1,...,8 are
all polynomial with respect to z:

[ Z(z,w) = Zo(w) + 221 (w) + 2° Za(w) + 2° Zs(w) + 2* Za(w) + 2° Zs(w),
Wz, w) = Wy (w) + 2W7 (w),

W2 (z,w) = W' (w) + 2 W7 (w) + 2*W5 (w),

W3(z,w) = Wi (w) + 2W3 (w) + 2°W3 (w),

WH(z,w) = Wo (w) + 2Wi (w) + 2° Wy (w) + 2 W3 (w),

W (z,w) = W5 (w) + 2 W7 (w) + 2*W5 (w) + 2°W5 (w),

W (z,w) = W§ (w),

W (z,w) = W5 (w) + 2WT (w) + 22 W3 (w) + 2° Wy (w) + 2* W (w),
WP (2, w) = W5 (w) + 2WE (w) + 2° W3 (w) + 2° W5 (w) + 2 Wi (w).

Proof. After expansion, the first equation (18) reads:

0= Z 2k [Wkl(ﬁl + =1, W + Eg, ..., ws + Zg)—

keN
(19) —2izzk(m+El,@+52,...,wg+58)]+
+Z Wk ’wl,wz,...,ng)—2i27k(@1,@2,...,@8)].
keN

Then, we expand further each holomorphic function Z* and V[/'k1 according to the
formulae (cf. (8)):
A(El + =1, w2 + Zo,...,Ws —l—Eg) =
9 »7)1 2 227 14 9 »52)2 9,27 _ 9 552l
Z A 18(E17E27.“7E8)( i2Z)" (262°2+2i22°)7 (2272 ZZ7)"
Wyt Wy Wg I1! Io! I3!
(21224202254 (2224 222%)5 (202772
l4! I5! lg!
(2iz'z+2i22")7  (22'z+4227")"8
I7! ls!

Chasing the coefficient of z* for every k > 2 after further expansion, we therefore
see that the first two lines give absolutely no contribution, and that from the third
line, it only comes: 0 = W/ylf (w), which is what was claimed about the VVk1

Next, chasing the coefficient of 27" for every k' > 6, we get 0 = Z(w). The
seven remaining families of vanishing equations 0 = Wﬁw (w) forl = 2,...,8
with ko, k3 > 3, with k4, ks > 4,k > 1 and with k7, kg > b are obtained in a
completely similar way by looking at the second to eighth equations of (18).  [J
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After this extensive simplification, we try to determine expressions of the re-

maining 33 holomorphic functions Zy, Z1, ..., W} in the above lemma. Substi-
tuting in (18) the already obtained expressions for the nine functions Z, W' 1 =
1,...,8, the fundamental equations (18) change into the form:
(20) 1 1 5 5
0= W @+5) - EWi@w) 20> (2Zw+5) -2iY_ (7' Zi(w)),
t=0 t=0 t=0 t=0
2n
2 2
0= (thf(ﬁJrE))f (z Wt 7412 leZ (w+E))-

w
O
o~

=0

—2@2 P Zy(w+ 2 —212 227 Zt —412 tHZt

(22)
0= Z (zt Wf(@—FE)) — (thf(@)) —42 ( H'lzZ(w—!— ))+
+2Z(z z° Zi(w+ E)) 722 (z z' Z(w)) +4Z ( Z4( )
t=0 t=0 t=0
(23)
0=) (W!@+8)->Y W, () —612 (22 Z(w + E))
7212 P Zy(w+ 2 7212 223t Zt 7612 HQZt
t=0
24
0= W@+2) - EW./(®)-6> (22w +=))+
+22(z z° Zy(w + E)) —22 (2°2" Zy(w)) +GZ (zzH' Zy(w)),
25 0=WS@+5) - Wi —4iy ("' Z2@+5) -4i>. (2" Zi(w)),
t=0 t=0
(26)
0= W @+2) - Wi®) - Siz ("2 2w +E))—

o
ut

5

—QZZ(Z zZ Zi(w+E 2ZZ 7' Z,(w —81’2 (ZEH'g?t(E)),

t=0 t=0 t=0
27
4 4 5
0= W@+2) - EWiw)-8> (22w +2))+
t=0 t=0 t=0
5 5 5
+2> (F' Zw+E) -2) | (' Z(w) +8>_ (22 Zi(w)).
t=0 t=0 t=0

Now we arrive at the point where we should expand the functions Z,(w + Z)
and W (w + =) appearing in the above eight equations (20)—(27) using the Tay-
lor series (8). Afterwards, the coefficients of z#Zz" in these equations should
be extracted and set equal to zero, identically. This is equivalent to solve the
LinCons PDE system constructed by these coefficients underlying the differential
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ring R := C(w)[Zs, W, ..., W&], equipped with the functional conjugation op-
erator.
Doing so, we have extracted these coefficients as much as it was needed* and

obtained the following system of 63 equations with 33 unknowns Zg, Z1, ..., W5,

which are in fact the indeterminates of the differential ring R. Here by (p, v : £) we

mean the coefficient of z#Z" in the fundamental equation (¢) for £ = 20, ...,27:

28

((0,)1:20): —2iZ0—-W;=0, (0,1:21): W1=0, (0,1:22): W3=0, (0,1:23): W; =0,
(0,1:24): W =0, (0,1:25): We=0, (0,1:26): W, =0, (0,1:27): W; =0,

(1,1:20): —2iZ1 —2iZ1 +2iWou1 =0, (1,1:21): —4iZo—4iZo+2iWo 1 =0,

(1,1:22): —4Z0+4Z0+2iWou1 =0, (1,1:23): Wi 1 =0, (1,1:24): W, . =0,

(1,1:25): Wy,1 =0, (1,1:26): Wy ,1 =0, (1,1:27): Wg 1 =0,

(0,2:21): 2iZo +Wa =0, (0,2:22): 2Z0—Wa=0, (0,2:23): W =0,

(0,2:24): Wa=0, (0,2:26): Wo=0, (0,2:27): W =0,

(1,2:20) 1 —2iZo+2iWy 2 —2Wo s +4 25,0 =0, (1,2:21): =202y —4iZ1 —2W3 45 +2i Wi 2 =0,
(1,2:22): 221 +42Z1 —2W3 43 +2iWg 2 =0, (1,2:23): —6iZg —2Wp 43 +2i Wy 2 =0,
(1,2:24) 1 6Z0 —2W5 s +2i W52 =0,  (1,2:25): —4iZo — 2Wy 5 +2i Wy .2 =0,

(1,2:26) 1 —2Wg 5 +2iWg o =0,  (1,2:27) 1 —2Wg s +2i Wy 2 =0,

(0,3:23): 2iZo+ W5 =0, (0,3:24): 2Z0—Ws=0, (0,3:26): Ws=0, (0,3:27): W5=0,
(1,3:20): ~Wous —iZ3+iWg s =0, (1,3:21): —2iZo +i W3 a — Wo s =0,

(1,3:22): 2725 — W3 s +iWou1 =0, (1,3:23): =221 —6iZ1 —2Wi s +2i Wo 1 =0,
(1,3:24): 221+ 671 —2W3 s +2iWo s =0,  (1,3:25) 1 —2W¢ 15 +2i W 41 =0,

(1,3:26): —8iZ0—2W{ 05 +2iWo s =0, (1,3:27): 8Zg — 2We s +2i Wo s =0,

(2,2:20) 0 iWg 6 — Zyat =0,  (2,2:21): iWg o —iZ2—iZ2 =0,

(2,2:22): —Wg o +iZ2—iZ2=0, (2,2:23): iW,6=0, (2,2:24): iW 6=0,

(2,2:25): iWg6 —2iZ21—2iZ1 =0, (2,2:26): iWg,6=0, (2,2:27): iWg e =0,
(0,4:26): 2iZo+ Wy =0, (0,4:27): 2Zo— W43 =0,

(1,4:20): —iZ,4 +z‘Wé,w7 ~Wows =0, (1,4:21): —2iZ3 +iW§7w7 — W58 =0,

(1,4:22): W s —iWS 7 =0, (1,4:23): —3iZa+i W 7 — Wit s =0,

(1,4:24): 375 — Wo s +iWr =0,  (1,4:25): 20 W 7 — 20 WE s =0,

(1,4:26): —2iZ1 —8iZ1 —2 W s +2iWi r =0, (1,4:27): 2i 21 + 871 — 2Wp s + 20 W5 7 =0,
(1,4:21): —iZ3=0, (1,4:23): —iZ; =0,

(1,5:20): —iZ5s=0, (1,5:21): —iZ4=0.

We employ the MAPLE package DifferentialAlgebra, performing the
approach described in Section 3 based on the Rosenfeld-Grobner algorithm to solve

“The number of the equations that we found during this step was more than 63 but many of them
could be obtained from the remaining ones.
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such a LinCons PDE system, and we obtain the following general solution:
Z(z,w):=c+id+(a+1ib)z,
N——" N——

Zo(w) Z1 (w)
W'(z,w) :=c +2aw' +2(d+ic) 2,
——— ——
Wol('w) Wll(w)
W(z,w) :=co+4cw' +3aw® —buw®+2(d+ic) 2°,
) SN——
W (w) W2 (w)
W3 (z,w) :=cs +4dw' +bw’ +3aw’ +2(c—id) 2°,
—_———
W (w) W3 (w)
W (z,w) == cs +3cw’ —3dw® + 4aw’ —2bw’ +2(d +ic) 2%
N——
W (w) W (w)
Wo(z,w) :=cs +3dw’ +3cw® + 2bw” + 4aw® +2(c —id) 2%,
——
W§ (w) W3 (w)

WO(z,w) == c6 +2cw’ +2dw’ +4aw’,

W§ (w)

W (z,w) :=cr +4cw’ —4dw’ + 5aw” —3bw®+2(d+ic) 2%,

N——
W (w) W (w)
W8(z,w) :=cs +4dw* +4cw® +3bw’ +5aw®+2(c —id) 2%,
N——
Wos(w) Wg(w)
for some twelve real variables ci,...,cg,a,b,c,d € R. Putting these functions

into the general expression X := Z(z,w) d, + .0, W'(z,w) 8, of the desired
infinitesimal CR-automorphisms gives their general form. One can check easily
that such a parametrized holomorphic vector field enjoys the tangency condition
(X + X)|pr = 0. Picking the coefficients of the above twelve real variables in
this general expression, provides twelve R-linearly independent infinitesimal CR-
automorphisms X1, ..., X2 which constitute a basis for the desired Lie algebra
autcr(M'). Before presenting them, we recall that a Lie algebra g is called graded
in the sense of Tanaka whenever it admits a gradation like:
=9 4D - Dg1DgDe DD g, (k, K" €N)
satisfying:
[9i, 95] C 9i+j-
Theorem 5.1. The Lie algebra of infinitesimal CR-automorphisms autcr(M!) of
the rigid real analytic CR-generic submanifold M' C C'*8 is 12-dimensional,
generated by the twelve R-linearly independent holomorphic vector fields:
Xi =0, i=1,...,8,

Xo := 20 + 2w 01 + 3w? 2 + 3w 0,8 + 4wd, 1+

+ 4w’ 8,5 +4w,6 + 5w Dy + 5w s,
X10 := 120, — w2y + W Oys — 2w Oy + 2w s — 3w + 3w Dys,
Xi1:= 8. 4+ 20 20,1 + (Adw' +2i22)8,2 +22°0,5 + (3w +2i2°)0, 4+

+ Bw® +22%)0,5 + 2w’ 06 + (4w + 20207 + (4w® +22")0,s,
Xig =10, +220,1 + 2202 + (Aw' + —2i2%)dys + (—3w® +22%)8,4+

+ (Bw® —2i2%)0ys + 2w 06 + (—4w® + 2207 + (Aw* — 2i2%)D,s.
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Furthermore, it is graded of the form:

autcr(M') == g5 D g4 D g_3D g2 ®g_1 D go
with g_5 = <X7,X8>,Wil‘h g4 = <X4,X5,X6> Wwith g_g = <X2,X3>, with
g2 = (X1), with g1 := (Xy1,X12), and with gy := (X9, X10) and together
with the following table of commutators:

X1 | Xo | X3 | Xq | X5 | X | X7 | Xs | Xg | Xio X11 X12
X100 [0]O0LO0]0]0]| 02X 0 4Xs 4X3
X2 * 0 0 0 0 0 0 0 3X2 X3 3X4 +2X6 3X5
X3 * * 0 0 0 0 0 0 3X3 -X2 3X5 *3X4+2X6
X4 * * * 0 0 0 0 0 4X4 2X5 4X7 4X8
X5 * * * * 0 0 0 0 4X5 —2X4 4X8 —4X7
Xe | * | x| = | x| x| 0| 0] 0 |4Xg 0 0 0
Xelox | % | x| x| x| x| 0] 0 |5Xs| 3Xg 0 0
Xg | * | x| x| x| x| x| x| 0 |bXg|—3X7g 0 0
Xog | * | x| = | x| x| % | x| % 0 0 -X11 -X12
Xiog| * | x| x| % | % | % | % | =% * 0 -X19 X11
X1 | * * * * * * * * * * 0 4X4
Xig | * | * | % | x| = | x| x| * * * * 0

5.1. Two remaining sought Lie algebras autcr(M?) and autcg(M?). One can
perform long computations similar to what we did for autczr(M?!) and obtain the
structure of the two remaining Lie algebras autcr(M?) and autcr(M?®). Here,
we omit the corresponding intermediate computations — since they are similar to
those of M and offer no new aspect.

Theorem 5.2. The Lie algebra of infinitesimal CR-automorphisms autcp(M?) of
the rigid real analytic generic CR-generic submanifold M? C C'Y*8, represented
as the graph of the eight defining equations:
wj _wj :Ej('z7§)7 (j=1--6),
w — W =Zh(2,7) =20 (2372 + 227°),
w® — WS = (2, %) = 2 (237 — 2%7%),
is 12-dimensional with the holomorphic coefficients:
Z(z,w) :=c+id+(a+1ib)z,
N~ ——
Zo(w) Z1 (w)

W'(z,w) :=c1+2aw' +2(d +ic)z,
——— ——

Wi (w) Wi (w)
W?(z,w) :=co+4cw' +3aw’ —bw®+2(d+ic) 2°,
———
W (w) W2 (w)

W3(z,w) == c3 +4dw' +bw’ +3aw® +2(c —id) 2°,

————
W (w) W3 (w)
4 o 2 3 4 5 . 3
W (z,w) :==cs +3cw” —3dw” +4aw” —2bw’+2(d+ic) 2°,
———
Wi (w) Wi (w)

WP(z,w) == cs + 3dw’ + 3cw® + 2bw* + 4aw’ +2(c —id) 2%
N——
W (w) W3 (w)
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WO(z,w) == c6 + 2cw’ +2dw’ + 4aw’,

W8 (w)

W (z,w) :==cr +2cw* +2dw® + 6cw’ +5aw” —bw®,

W (w)

W (z,w) :=cs —2dw" +2cw’ + 6dw’® + bw” +5aw®,

W& (w)

and is generated by the twelve R-linearly independent holomorphic vector fields:

Xi =0, i=1,...,8,

\

Furthermore, it is graded of the form:

Xo 1= 20, + 2w'Oy1 + 3w D2 + 3w 0y + 4w e+
+ 4w 0,5 + 4wty + 5w Oyt + 5 wys,
Xi10 1= 120, — w B2 + w03 — 2w s + 2w Bys — WD, + W Dy,
Xi1 =0, 4+ 20 20,1 + (4w +2i2%)0y2 +22°0s + Bw® 4+ 20 2°)Da+
+ (Bw® +22%)0,5 + 2w 06 + (2w" + 6w®)Dyr + 2w s,
Xio =00, +220,1 +22°0,2 + (Adw' —2i23)8,5 + (=3w® +22*),4+
+ (Bw® —2i2°)dys + 2wy + 2w D7 + (—2w* + 6w®)ds.

autcpr(MY) =g 5D g 4D g 3D g 2D g1 D go

with g_s
g2 =
with the following table of commutators:

= <X7,Xg>,wiﬂ’l g4 = <X4,X5,X6> JWwith g_g = <X2,X3>, with
(X1), with g—1 := (X11,X12), and with go := (X9, X10) and together

X1 | Xo [ X3 | Xg [ X5 | X | X7 | Xs | X9 | Xio X11 X12
Xt 1 0] 0]0]0]0]0] 0] 02X 0 4Xo 4X3
Xo * 0 0 0 0 0 0 0 | 3Xq X3 3Xy +2X6 3X5
Xg | x|« [ 0] 0]0]0] 0] 0 |3Xs]| -Xo 3X5 —3X4+2Xg
X4 * * * 0 0 0 0 0 4X4 2X5 2X7 —2X8
X5 * * * * 0 0 0 0 4X5 —2X4 2X8 2X7
Xe | = | « | = | x| x| 0] 0] 0 |4Xq 0 6X7 0
Xe |l #« | | | x|« | x| 0] 0]|5X| Xg 0 0
Xg | * | = | x| x| x| x| x| 0 |5bXg| =Xy 0 0
Xo | * | % | = | % | x| * | x| x 0 0 X1 -X19
Xig| * | % | % | % | % | % | % | * * 0 -X19 X11
Xip | o+ | % | = | x| = | * | x| * * * 0 4X4
Xig | * | x| x| % | % | % | % | x* * * * 0

Theorem 5.3. The Lie algebra of infinitesimal CR-automorphisms autcr(M?) of
the rigid real analytic CR-generic submanifold M®> C M'*®, represented as the

graph of the eight defining equations:
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is 11-dimensional with the coefficients:
Z(z,w):=c+id+ a z,
—— =

Zo(w)  Z1(w)

Wh(z,w) :=c +2aw' +2(d +ic) z,
——— ———

Wol(w) Wll(w)
W?(z,w) :=co+4cw' +3aw’+2(d+ic) 2%,
——
W (w) W2 (w)
W3(z,w) :=cs +4dw' +3aw’ +2(c —id) 2%,
————
W (w) W3 (w)
4 _ 2 3 4 . 3
Wi (z,w) ' =cs +3cw” —3dw” +4aw” +2(d+ic) 2°,
——
Wi (w) Wi (w)
W?(z,w) := cs + 3dw’ + 3cw® + daw’ +2(c —id) 2°,
———
W (w) W3 (w)

WO(z,w) == c6 +2cw’ +2dw’ + 4aw’,

W§ (w)

W (z,w) :==cr +2cw* +2dw’ + 6cw’ +5aw’,

W (w)
W (z,w) :=cs +4cw’ —4dw’ +5aw® +2(d+ic) 2*,
———
W (w) W (w)

and is generated by the eleven R-linearly independent holomorphic vector fields:

( Xi:=0w,, 1=1,...,8,
Xo := 20 + 2w 01 + 3w?Oy2 + 3w dys + dwda+
+4w’dys + 4wy + 5w dyr + 5w dys,
Xi0 1= 0, 4+ 20 20,1 + (4w +2i2%)p2 + 2205 + Bw® + 20 2°)Dpa+
+ Bw® +22%)0,5 + 2w’y + 2w* +6w®)d,r + (4w +2i2")8,s,
Xi1 =10, +220,1 +22°0,2 + (Aw' —2i2%)0,s + (—3w® +22°)0,4+
+ (Bw® —2i2%)dys + 2w s + 2w D7 + (—4w® +22")0,s.

Furthermore, it is graded of the form:

autCR(Ml) =g 5P9-4DPg-3Dg2Dg_1Dgo

with g_5 = <X7,X8>,With g4 = <X4,X5,X6> JWith g_3 = <X2,X3>, with
g—2 = (Xq), with g_1 := (Xy0,X11), and with gy := (Xg) and together with
the following table of commutators:
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X1 | Xo | X3 | Xq | X5 | Xg | X7 | Xg | Xg X10 X11
X0 ]O0O|O0[O0O]O0O|0]O0] 02X 4X9 4X3
X2 * 0 0 0 0 0 0 0 3X2 3X4 +2X6 3X5
X3 * * 0 0 0 0 0 0 3X3 3X5 *3X4 +2X6
X4 * * * 0 0 0 0 0 4X4 2X7 +4X8 0
Xg | * | x| x| x| 0] 0] 0| 0 |4Xs 0 2X7-4Xg
Xe | * | x| | x| ] 0] 0] 0 |4Xg 6X7 0
Xe | % | % | x| x| x| x| 0|0 |5Xyg 0 0
Xg | * * * * * * x | 0 | BXg 0 0
Xg | % | % | * | x| % | * | * | % 0 -X10 Xq1
Xio| * | = | x| x| % | % | % | * 0 4Xq
Xig | x| = | % | x| = | x| x| * * 0
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