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ABSTRACT. Based on the ideas of Optimal Control, we introduce the new basic characteristic of
a bracket generating distribution, the Jacobi symbol. In contrast to the classical Tanaka symbol,
the set of Jacobi symbols is discrete and classifiable. We give an explicit and unified algebraic
procedure for the construction of the canonical frames (the structure of absolute parallelism) for
all distribution with given Jacobi symbol. We describe all Jacobi symbols for which this procedure
ends up in a finite number of steps (i.e. all Jacobi symbols of finite type) and distinguish the
symplectically flat distributions with given Jacobi symbol, which in the case of finite type are
the maximally symmetric distribution among all distribution with given Jacobi symbol. Also, for
the most of Jacobi symbols we relate the prolongation procedure and the resulting prolongation
algebra, which is the algebra of infinitesimal symmetries of the corresponding symplectically flat
distribution, to the standard (in the sense of Kobayashi and Sternberg) prolongation of certain
subspace in the algebra of infinitesimal symmetries of the flat (unparametrized) curve of flags
associated with the Jacobi symbol. In particular, we show that as such subspace one can take the
algebra of infinitesimal symmetries of the flat curve considered as parametrized curve (i.e. only
symmetries preserving the parametrization are considered). Finally, we give an upper bounds for
the size of the resulting prolongation algebra in terms of certain spaces of polynomials vanishing on
certain projective varieties. For some class of Jacobi symbols we are able to identify the resulting
prolongation algebra with such spaces of polynomials. In this way we get the description of
the prolongation algebra for all Jacobi symbols of finite type appearing in rank 2 and rank 3
distributions and also for most of such Jacobi symbols appearing in rank 4 distributions. In
particular, in the case of rank 3 distributions this description is given in terms of the tangential
developable and the secant varieties of a rational normal curve.

1. INTRODUCTION

This paper is a culmination of a long-standing program for study of the geometry of non-
holonomic vector distributions via a novel approach called the symplectification/linearization pro-
cedure. This approach takes its origin in Optimal Control and in essence consists of the reduction
of the equivalence problem for distributions to the (extrinsic) differential geometry of curves of
isotropic and coisotropic subspaces (or, shortly, of curves of symplectic flags) in a linear symplec-
tic space. The extrinsic geometry of such curves is simpler in many respects than the original
equivalence problem.

In the earlier articles [15, 16] and the preprint [18] we used this approach to construct the
canonical frames (the canonical structures of absolute parallelism) for distributions of rank 2
and rank 3 on manifolds of arbitrarily large dimension under very mild genericity assumptions.
Later on, in order to interpret these constructions in more conceptual way and generalize them
to distributions of higher rank, we developed several new prolongation techniques such as Tanaka
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like theory for curves of flags [19, 20] and for flag structures on manifolds [21]. In the course of
our work we realized that we can distinguish a new basic invariant of distributions, the Jacobi
symbol [21], which is discrete and classifiable in contrast to the Tanaka symbol. In the present
paper we combine all this together to describe the uniform (i.e. without any additional branching)
construction of canonical frames for distribution with given Jacobi symbol. Our approach signif-
icantly extends the scope of the distributions for which the canonical frames can be constructed
in explicit algebraic terms, avoiding the problems of the classification of Tanaka symbols (graded
nilpotent Lie algebras) and the possible presence of moduli in the set of Tanaka symbols.

1.1. Equivalence problem for vector distributions: statement of the problem. A rank/
vector distribution on an n-dimensional manifold M (or, shortly, an (I, n)-distribution) is a rank I
subbundle of the tangent bundle T'M. The group of germs of diffeomorphisms of M acts naturally
on the set of germs of (I,n)-distributions and defines the equivalence relation there.

Vector distributions appear naturally in Geometric Control Theory as the sets of admissible
velocities for control systems linear with respect to control parameters and Geometric Theory of
Differential Equations as natural distributions on submanifolds of jet spaces.

A simple estimation shows that at least I[(n — [) — n functions of n variables are required to
describe generic germs of (I, n)-distribution, up to the equivalence. There are only three cases,
where [(n—1)—n is not positive: [ = 1 (line distributions), [ = n—1, and (I,n) = (2,4). Moreover,
it is well known that in these cases generic germs of distributions are equivalent. For [ = 1 it is
just a particular case of Frobenius theorem. For [ = n — 1 all generic germs are equivalent to
Darboux’s model, while for (I,n) = (2,4) they are equivalent to so-called Engel’s model (see, for
example, [6]). In all other cases generic ([, n)-distributions have functional, and, thus, non-trivial
differential invariants. Often it is rather difficult to compute such invariants and to interpret them
geometrically.

The general way to solve equivalence problems was developed by E. Cartan by mean of his
method of “moving frames”. The main goal of this method is to assign to a geometric structure
on M the (co)frame or the structure of absolute parallelism on some (fiber) bundle P(M) over
M in a canonical way. First, it gives the sharp upper bounds for the group of local symmetries
of geometric structures and the explicit description of the group of local symmetries for the
maximally symmetric models. Second, it reduces the construction of full system of invariants
for the original geometric structure to the construction of the full system of invariants for the
absolute parallelism and the latter can be done easily [38].

For example, in his classical paper [9] Cartan associates a canonical coframe to any maximally
nonholonomic (2, 5)-distribution. This is the case of distributions of smallest rank in the manifold
of smallest dimensions where generic distributions have functional invariants. Cartan’s method
of equivalence was successfully applied to other classes of low-dimensional distributions, for ex-
ample, for (3, 6)-distributions by R. Bryant ([4, 5]). However, in the original Cartan prolongation
procedure one cannot predict the number of prolongation steps and the dimension of the bundle,
where the canonical coframe lives, without making the concrete normalizations on each step. The
latter often is accompanied with extremely tedious calculations.

Cartan’s prolongation procedure has been reformulated by S. Sternberg in the framework of G-
structures. However, geometric structures involving nonholonomic distributions do not properly
fit into this framework, because the information about the nontrivial commutators of vector fields
tangent to these distributions is not encoded in this framework.
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1.2. Tanaka approach. N. Tanaka developed a deep generalization of the theory of G-structures
which is perfectly adopted to nonholonomic structures, i.e. to nonholonomic distributions them-
selves or to nonholonomic distribution together with additional structures on them [32, 35, 3, 44].
Here we shortly describe the main notions and results of the Tanaka theory in context of distri-
butions.

First, passing from the natural filtered structure generated by a distribution to the correspond-
ing graded objects, Tanaka assigned to the distribution at a point a special graded nilpotent Lie
algebra, called the symbol of a distribution D at this point, which contains the information about
the principal parts of all commutators of vector fields tangent to D.

More precisely, taking Lie brackets of vector fields tangent to a distribution D (i.e. sections of
D) one can define a filtration

(1.1) Dl'cD?c...

of the tangent bundle, called a weak derived flag or a small flag (of D). More precisely, set
D = D7! and define recursively D™/ = D=7+l + [D, D=9+1] j > 1. Let X1,...X; be [ vector
fields constituting a local basis of a distribution D, i.e. D = span{Xj,...,X;} in some open set in
M. Then D~J(z) is the linear span of all iterated Lie brackets of these vector fields, of length not
greater than j, evaluated at a point x. A distribution D is called bracket-generating (or completely

nonholonomic) if for any x there exists p € N such that D™#(z) = T, M. The number p is called

the degree of nonholonomy of D at a point z. Let g~!(x) of D~Y(x) and g/ () L pi (x)/ DI (x)

for 5 < —1 . Consider the graded space

-1
(1.2) )= P o (@),
J=—p
corresponding to the filtration
D(z) =D Yz)c D2(z) C...c D" (z) c D™¥(z) = T, M.

This space is endowed naturally with the structure of a graded nilpotent Lie algebra, generated
by g~ '(z). Indeed, let p; : D’(z) — g’(x) be the canonical projection to a factor space. Take
Y, € g'(z) and Y5 € g’(z). To define the Lie bracket [Y7,Y5] take a local section Y; of the
distribution D? and a local section 172 of the distribution DJ such that p; (}71(95)) = Y] and
; (172(1‘)) =Ys. It is clear that [Y7, Y] € g"*(z). Put

(1.3) Vi,Ys] & piri ([V1, V2] (2)).

It is easy to see that the right-hand side of (1.3) does not depend on the choice of sections Vi
and Y;. Besides, g~ (z) generates the whole algebra t(z). A graded Lie algebra satisfying the
last property is called fundamental. The graded nilpotent Lie algebra m(z) is called the (Tanaka)
symbol of the distribution D at the point x.

Given a fundamental graded nilpotent Lie algebra t = @ g’ Tanaka considered distributions

j<-1

of constant type t, i.e. distributions D with symbols at any point isomorphic to t. Note that
in general the assumption of constancy of Tanaka symbol is quite restrictive, see discussions
in subsection below. Among all such distributions he distinguish the most simple distribution
called the flat (or standard) distribution of type t, namely, the left-invariant distribution on the
connected simply-connected Lie group with Lie algebra t such that Di(e) = g—', where e is the
identty of the group.
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Remarkably, the prolongation procedure for the construction of canonical frames can be de-
scribed uniformly, i.e. without any additional branching, for all distribution of constant Tanaka
type t. This construction can be imitated by the construction of such canonical frame for the flat
distribution of type t. The latter construction can be described purely algebraically in terms of
the so-called universal algebraic prolongation of the symbol t, which is in essence the maximal
(nondegenerate) graded Lie algebra, containing the graded algebra t as its negative part.

More precisely, the universal algebraic prolongation of the symbol t is the graded Lie algebra
u(t) = @gi(t) determined by the following three conditions:

€L
(1) the graded subalgebra @gi(t) of u(t), i.e. the negative part of u(t), coincides with t;
1<0
(2) (non-degenericity assumption) for any nozero x € g'(t) with 7 > 0 there exists y € t such
that [z,y] # 0 (i.e. adz|m # 0);
(3) u(m) is the maximal graded algebra satisfying conditions (1) and (2) above.

Note that if dimu(t) < oo, then u(t) is isomorphic to the algebra of infinitesimal symmetries of
the flat distribution of type t; if dimu(t) = oo, then the completion of u(t) is isomorphic to the
algebra of formal power series of infinitesimal symmetries of the flat distribution of t ([32] section
6, [42] section 2).

The universal algebraic prolongation can be explicitly realized by constructing g°(t), g*(t) etc
inductively. Indeed, g°(t) is realized as the Lie algebra of all derivations a of t, preserving the
grading (i.e. such that ag’ C g for all i < 0). Further, the space t @ g%(t) is equipped with the
structure of Lie algebra in the natural way and we can define g'(t) as follows:

g'(t) = {f € PHom(g (t), """ (1) : f([v1,va]) = [f(v1), va] + [01, f(v2)], Vor, 02 € f}

1<0

Now assume that spaces g!(t) C @ Hom(g'(t), g""'(t)) are defined for all 0 < I < k. Set

i<0
(1.4) [f,v] = —[v,f] = flv) Vfeg(t),0<I<k, andv € t.
Then let
(1.5) g"(v) def {f € @Hom(gi(t),g”k(t))  f([vr,va]) = [f(v1), v2] + [v1, f(v2)] Yvi,v9 € t} .
i<0

The space @, g‘(t) can be naturally endowed with the structure of a graded Lie algebra. The
brackets of two elements from t are as in t. The brackets of an element with non-negative weight
and an element from t are already defined by (1.4). It only remains to define the brackets [f1, f2]
for f1 € g*(t), fo € g!/(t) with k,1 > 0. The definition is inductive with respect to k and I: if
k =1 =0 then the bracket [f1, fo] is as in g*(t). Assume that [fi, fo] is defined for all f; € gF(t),
f2 € g'(t) such that a pair (k,1) belongs to the set

{(k,1):0< k<k,0<1<IN{(k D}
Then define [fy, fo] for fi € gF(t), f2 € g'(t) to be the element of @Hom(gi(t),g”]_”l_)(t) given

1<0

def

(1.6) [f1, fo]v = [fi(v), fo] + [f1, fo(v)] Vv et
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It is easy to see that [f1, fo] € g"™(t) and that €D, ¢’ with bracket product defined as above is
a graded Lie algebra.

One of the main results of Tanaka theory [32] applied to the geometry of distributions can be
formulated as follows:

Theorem 1.1. Assume that dimu(t) < oo. Then to a distribution D with constant symbol t
one can assign in a canonical way a bundle over M of dimension equal to dimu(t) equipped with
a canonical frame. In particular the dimension of algebra of infinitesimal symmetries of D is
not greater than dimu(t). Moreover, this upper bound is sharp and is achieved if and only of a
distribution is locally equivalent to the flat distribution Dj.

Thus, the Tanaka approach allows one to predict the number of prolongations steps and the
dimension of the bundle, where the canonical frame lives, without making concrete normaliza-
tion on each step as the original Cartan method of equivalence suggests. For this it is enough
to calculate the universal algebraic prolongation of the symbol t, or, equivalently, all algebraic
prolongations g?(t) up to the first vanishing one (if it exists). According to (1.5) the latter consists
of solving systems of linear algebraic equations.

Remark 1.1. More generally, given any subalgebra g° of the algebra g°(t) one can define the
universal algebraic prolongation

(1.7) u(t,g”) = Pui(t, )
1EZ

of the pair (t,g°) as the maximal (nondegenerate) graded Lie algebra, containing the graded
algebra t@® g as its non-positive part. This algebra can be constructed by the inductive procedure
described by formulas analogous to (1.5): for this set u’(t, g°) = g for i < 0 and recursively
(1.8)
u'(t,g°) = S f e @@ Hom (v (£ %), ! (t,6%)) 1 f([v1,02]) = [f(v1),v2] + [v1, f(v2)] Vor, 09 € ¢

§<0

for i > 0. The space u‘(t, g") is called the ith Tanaka algebraic prolongation of the pair (t,g°).

The pairs (t, g°) appear as basic characteristics of distributions with constant Tanaka symbol t
and with certain additional structures on them. Such structures are called Tanaka structures of
type (t,g°). To define these structures first to a distribution of type t one assigns the principal
bundle P°(t) of partial frames with the structure group Aut(t) of automorphisms of the graded
Lie algebra t: PO(t) is the set of all pairs (z, ), where z € M and ¢ : t — t(x) is an isomorphism
of the graded Lie algebras t and t(x) . Since g~! generates t, the group Aut(t) can be identified
with a subgroup of GL(g~!). By the same reason a point (x,¢) € P%(t) of a fiber of PO(t) is
uniquely defined by ¢|;-1. So one can identify PY(t) with the set of pairs (x,%), where x € M
and ¢ : g~! — D(x) i.e. it is a partial frame that can be extended to an automorphism of the
graded Lie algebras t and t(x). Let G° C Aut(t) be a Lie group with the Lie algebra g°. A Tanaka
structure of constant type (t,g°) is any G°-reduction of the bundle P°(t). In [32] Theorem 1.1
(except the last statement about the uniqueness of the maximally symmetric model) was proved
not only for distributions but for any Tanaka structure of type (t,g%). The last statement of
Theorem 1.1 is not true for general Tanaka structures (for example it is not true for the classcal
Riemannian metrics which is a particular case of them) but it is true for distributions (i.e. when
g% = g%(t)) due to the presence of the grading element in g°(t).
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Remark 1.2. Further, Tanaka showed [33, 35, 7, 42] that if the algebra u(t, g°) is semisimple,
then the normalization conditions in the prolongation procedure can be chosen such that the
resulting coframe is the Cartan connection (a coframe with special nice properties) modeled by a
parabolic geometry. The E. Cartan and R. Bryant constructions for (2,5) and (3, 6) distribution
are the particular cases of this theory, which includes also conformal and CR structures [39, 8].

1.3. Limits and weak points of Tanaka approach. All constructions of the Tanaka theory
depend on the symbol. Therefore in order to apply the Tanaka machinery to all bracket-generating
distributions of the given rank [ on a manifold of the given dimension n, one has to classify all
n-dimensional graded nilpotent Lie algebra with [ generators. Note also that the set of all possible
Tanaka symbols may contain moduli, i.e. may depend on continuous parameters.

The problem of classification of all Tanaka symbols is quite nontrivial already in dimension 7
(see [30]) and it looks completely hopeless for arbitrary dimensions. For example, as was shown
in [30] already in dimension 7 the continuous parameters appear in symbols of rank (3,6,...)-
distributions (see models m7_3_3(a) and m7_3_13(«x) there), and there are 6 more non-isomorphic
symbols in addition to that. In the case of (2,n)-distributions with dim D=3 = 5 there are 3
non-isomorphic symbols Tanaka symbols if n = 6, then 8 non-isomorphic symbols if n = 7, and
continuous parameters appear in the set of all symbols for n > 8.

Hence, first, generic distributions may have non-isomorphic Tanaka symbols at different points
so that in this case the Tanaka theory cannot be directly applied, although a generalization of the
Tanaka prolongation procedure to distributions with non-constant Tanaka symbols is certainly
possible ( a slightly different aspect concerning the upper bound for the infinitesimal symmetries
algebra of distribution with non-constant Tanaka symbols was addressed in [28, 29]). Second,
even restricting to distributions with a constant Tanaka symbol, without the classification of these
symbols we do not have a complete picture about the geometry of distributions. In particular,
even in the case of rank 2 and rank 3 distributions the Tanaka theory gives a complete picture
only in few cases of low dimensions.

1.4. Geometry of distribution via symplectification. In [1, 2] Andrei Agrachev put forward
the idea that invariants of a submanifold of the tangent bundle of a manifold M (with respect to
the natural action of the group of diffeomorphisms of M) can be obtained by studying the flow of
extremals of variational problems naturally associated with this submanifold. In the case when
this submanifold is a bracket-generating distribution, the Agrachev idea can be briefly described
as follows (see section 2 below for more detail).

First recall that a Lipschitzian curve a(t) is called admissible (horizontal) curve of a distribution
D,if &/(t) e DNT, a(t)M for almost every ¢. Fixing any two points on M consider any functional
of integral type (for example, the length functional with respect to some Riemannian metric) on
the space of admissible curves connecting these points. Note that this space is not empty by the
Rashevsky-Chow theorem. The Pontryagin extremals of a variational problem are special curves
in the cotangent bundle 7% M such that their projections to the base manifold M are candidates
for an extremum. They are described by the Pontryagin Maximum Principal of Optimal Control
[36]. Among all this extremals there can be extremals with zero Lagrangian multiplier near the
functional. Such extremals are called abnormal.

Abnormal extremals do not depend on the functional but on the distribution D only and can
be described purely geometrically in terms of D without referring to any auxiliary functional
on the space of admissible curves of D and using just the canonical symplectic structure on the
cotangent bundle T*M.
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For this consider the dual object to the distribution D in T*M, which is its annihilator D+,
i.e. the submanifold of T*M consisting of all (p,q) € T*M, where ¢ € M and p € Ty M, such
that the covector p annihilates the space D(q). Also let (T M) be the zero section of T*M.

An abnormal extremal is a Lipshitzian curve in D\ (TM)* such that the tangent line to it at
almost every point belongs to the kernel of the restriction of the canonical symplectic form & of
T*M to D at this point. Hence, abnormal extremals lie in the degeneracy locus WD of the form
GI(DL, i.e. in the set of all points, where the form &|p. is degenerate.

It turns out (see section 2) that if rank D is odd then Wp = D+ and if rank D is even then
for any point ¢ € M the intersection Wp(q) of Wp with the fiber D1 (q) over ¢ is the zero level

1
set of a homogeneous polynomial of degree 3 rank D, which is the Pfaffian of the so-called Goh

matrix. In particular, in the case of rank 2 distributions WD(q) is a vector subspace of D*(q).
Moreover, in this case WD is equal to the annihilator of D2

As a consequence of the previous paragraph, for all odd rank distributions D the set WD
is an odd dimensional submanifold of T*M and for even rank distributions satisfying very mild
genericity assumptions an open and dense subset of WD is a smooth submanifold of odd dimension.
In particular, in the case of (2, n)-distributions with n > 3 bracket genericity assumption can be
taken as such genericity assumption. Thus in all these cases the form 8|WD is degenerate at the

point of smoothness of WD. .
Further, consider the “regular part” Wp of the degeneracy locus W consisting of all points of

smoothness A in Wp such that the kernel of the form o (\) is one dimensional. These kernels

W,
define the characteristic rank 1 distributions C on Wp and any integral curve of this characteristic
distribution is an abnormal extremal. Such abnormal extremals are called regular.

The set Wp and the characteristic rank 1 distribution on it can be described explicitly in
terms of the weak derived flag (1.1) and a local basis of D and the set Wp is non-empty (and
therefore open in WD) for generic germs of distributions (see section 2 for details). In particular,
Wp = (D72)*\(D3)* if rank D = 2 and Wp = (D)*\(D~2)L if rank D = 3 and therefore Wp
is non-empty for bracket generating distributions of rank 2 and 3 in an ambient manifold M of
dimension greater or equal than 4.

After the projectivization of each fiber of the cotangent bundle 7% M regular abnormal extremals
foliate the even-dimensional submanifold PWp of the projectivized cotangent bundle PT* M. The
space of regular abnormal extremals can be considered as the quotient manifold N by the foliation
of these extremals. The natural contact distribution A is induced on N by the tautological 1-form
(the Liouville form) in 7% M. The natural conformal symplectic structure , i.e. a symplectic form
o4 is defined, up to a nonzero scalar multiple, on each space A(y), v € N.

Further, the distributions D can be lifted to Wp by the pullback with respect to the canonical
projection Wp — M. Denote the resulting distribution by J. Given an extremal v € N, for any
point A € v consider the images J(A) of the space J(\) under the differentials of the canonical
map from Wp to the quotient manifold . These images define a curve A — J,(A), A € v of
subspaces in the space A(y), called the Jacobi curve of ~.

The motivation for this name comes from the considering the case of rank 2 distributions. In
this case all subspaces J,(A) are Lagrangian subspaces of A(vy) with respect to the symplectic
form o, i.e. the curve J, is a curve in a Lagrangian Grassmannian. Actually this curve describes
the space of solutions of the Jacobi equations along the extremal v and the index of the second
variation along the extremal v can be expressed in terms of certain intersection index (a Maslov
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type index) of it [1]. In the case of distributions of the rank greater than 2 all subspaces J-(A)
are strictly coisotropic, i.e. they strictly contain the skew-orthogonal complements of themselves
with respect to the form o,. Although in this case the index of the second variation along
an abnormal extremal is generically infinite, so that there is no analogy with the Calculus of
Variation as in the case of rank 2 distributions, we still keep to call the curves J, by the name
Jacobi curve and we can exploit them for the local geometry of distributions. Namely, one can
construct canonical frames and invariants of the original distribution D by studying the differential
geometry of the Jacobi curves J~ with respect to the action the group CSp(A(y) of the conformal
symplectic transformation of A(y) (i.e. the group of the linear transformation preserving the
symplectic form o, up to a scalar multiple) for generic abnormal extremals 7.

1.5. Jacobi symbol of distributions. It turns out [19, 20] that the differential geometry of
Jacobi curves (and even more general curves in flag varieties) can be treated similarly to the
Tanaka theory of filtered structures. The central notion in this treatment is the flag symbol of
the Jacobi curve at a given point, which in turn gives a new basic characteristic of distributions,
called the Jacobi symbol. Here we give a brief informal description of what is the Jacobi symbols
of a distribution, postponing the detailed description to section 5.

First we build a curve of flags of A(y) out of the Jacobi curve J, by collecting the osculating
spaces of the Jacobi curve of any order together with their skew-orthogonal complements with
respect to the form o,. The resulting curve of flags is called the extended Jacobi curve of the
extremal v and will be denoted by 57. Each flag 57()\) consists of isotropic/coisotropic subspaces
of A(v) and is stable with respect to the operation of taking the skew-orthogonal complement.
Such flags will be called symplectic flags for shortness. Note that in this case the graded space
gr J(A) corresponding to the filtration J, () is endowed with the conformal symplectic structure
naturally induced by the conformal symplectic structure on A(7).

Moreover the extended Jacobi curve ?}7 satisfies an important additional property. Let us
describe it first for the case of distributions of odd rank. If the subspaces of the flags 37()\) are
indexed by Z such that the corresponding filtration is nonincreasing by inclusion, then we have

OsculatioAn property For any i € Z and any X € 7y the osculating space at A of the curve of
subspaces of J indexed by i is contained in the subspaces of J(X) indexed by i — 1.

The latter implies that the tangent line to the curve 57 can be identified with a line of degree
—1 endomorphisms of the graded space gr?}v()\), belonging to the Lie algebra of the group of
conformal symplectic transformations. This line, up to a conjugation by a conformal symplectic
tAransformation preserving the grading, is called the flag symbol or the Jacobi symbol of the curve
J (or the curve J-)

Extended Jacobi curves of rank 2 distributions satisfy the osculation property as well. It is
not the case for distributions of even rank greater than 2 if the subspaces of the flags 3«,()\) are
indexed by Z. However, the osculation property becomes valid also in this case, if the subspaces

~ 1 .
of the flags J,(\) are indexed by §Z = {5 : i € Z} such that the corresponding filtration is

nonincreasing by inclusion. So, the flag symbol as a line of degree —1 endomorphisms of the
corresponding graded space grJ,(\) can be defined for even rank distribution as well.
To make things uniform it is more convenient in the case of rank 2 distributions to index the

~ 1 1
subspace of the extended Jacobi curve J, by §Z°dd = §Z\Z (see subsection 4.1 below). Then the

flag symbols of extended Jacobi curves of distributions of even rank greater than 2 are actually
the direct sum of a flag symbol of curves of flags appearing as Jacobi curves of a distribution of
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odd rank and one flag symbol of curves of flags appearing as Jacobi curves of a rank 2 distribution.
This choice of the set of indices is also justified by the theory of irreducible representations of sls,
which plays an important role in the sequel (sections 6-8) : the spectrum of a semisimple element
of such representations constitute of an arithmetic progression centered at 0 and in the case when
the difference between consecutive terms of this progression is equal to 1 and the dimension of

1
the corresponding sla-module is even this spectrum belongs to —Zoq4q-

In contrast to the Tanaka symbols of distributions the flag symbols of Jacobi curves can be
easily classified [20, subsection 7.2] and subsection 4.2 below. Besides, the set of all possible flag
symbols is discrete. Therefore, if for any A € Wp we denote by §(\) the flag symbol at A of
the Jacobi curve of the regular abnormal extremal passing through A, then the map A — () is
constant in a neighborhood of a generic point of the bundle Wp. Moreover, as it will be shown
in subsection 4.3 for a generic point ¢ € M there is a neighborhood U of ¢ in M such that the
map A — &(\) is constant on the generic subset V of #=1(U) N PWp, where 7 : PT*M — M is
the canonical projection. In this case §(A), A € V is called the Jacobi symbol of the distribution
D at the point q. Jacobi symbol is a new basic characteristic of a distribution D.

1.6. Main results and organization of the paper. Although the definition of the Jacobi
symbol is more involved, this is a simpler algebraic object than the Tanaka symbol. The natural
task is to describe the construction of the canonical frames uniformly for all distributions with
given Jacobi symbol §.

To begin with this task, in subsection 4.4, given any Jacobi symbol 9§, we define in a sense
the most simple model of a distribution with Jacobi symbol §. We call it symplectically flat
distributions because it plays the same role in the local geometry of distributions with given Jacobi
symbol, as the flat distribution of fixed type in the local geometry of distributions with given
Tanaka symbol (see the last sentence of Theorem 5.2 below), i.e. it is the maximally symmetric
distribution within the considered class (if one assumes the finiteness of type). In the case of
distributions of odd rank or rank 2 the symplectically flat distributions are also flat distribution
in the Tanaka sense for some fundamental Tanaka symbol. An interesting phenomenon here is
that this is not the case for a symplectically flat distribution of even rank greater than 2. However,
it can be considered as the flat distribution in the Tanaka sense for some nonfundamental Tanaka
symbol (see Example 4.3 below).

The previous constructions assign to any distribution with given Jacobi symbol the following
structure on the generic subset of the space of regular abnormal extremals N: the contact distri-
bution A and the curves 37 of symplectic flags on each fiber A(y). In the case of distributions of
odd rank and rank 2 this is a particular case of the flag structures (with constant flag symbol §)
introduced and studied in our recent preprint [21], while the flag structure in the case of distri-
butions of even rank greater than 2 can be treated similarly. The construction of the canonical
frames for distributions with given Jacobi symbol § is given in section 5, Theorem 5.2. Instead
of trying to adopt a prolongation procedure for the construction of a canonical frame directly
to an original distribution, as in the classical approaches, we adopt it to the corresponding flag
structure. This can be done in terms of natural algebraic operations on the Jacobi symbol 4 in
the category of graded Lie algebras, using the Tanaka like theory of curves of symplectic flags
developed in [19, 20] and the Tanaka like prolongation of flag structures developed in [21]. The-
orem 5.2 plays the same role in the local geometry of distributions with given Jacobi symbol as
Theorem 1.1 in the Tanaka theory of distributions.

In section 6 we describe all Jacobi symbols for which the prolongation procedure ends up in a
finite number of steps, i.e. all Jacobi symbols of finite type ( see Theorems 6.1 and 6.2 there). Our
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considerations there are based on two general criteria for finiteness of type, the Spencer criterium
( see Theorem 6.4 and [37, 23, 31]) and the Tanaka criterium (see Theorem 6.3 and [32]), and
some theory of sly representations.

Sections 7 and 8 are devoted to more detailed study of the resulting prolongation algebra, which
is also isomorphic to the algebra of infinitesimal symmetries of the corresponding symplectically
flat distribution with given Jacobi symbol §. This resulting algebra is closely related to the
algebra of infinitesimal symmetries of the flat curve of flags with flag symbol J, see Definition
5.1 (actually the latter algebra is equal to the degree 0 component in the resulting prolongation
algebra). Theorem 7.2 and Corollary 7.1 reduce the calculation of the prolongation algebra to
the calculation of the standard prolongation (as described, for example, in [26, 38]) of certain
subspace in the algebra of infinitesimal symmetries of the flat (unparametrized) curve of flags
associated with the Jacobi symbol. In particular, we show that as such subspace one can take the
algebra of infinitesimal symmetries of the flat curve with flag symbol § considered as parametrized
curve (i.e. only symmetries preserving the parametrization are considered).

Finally in section 8 we make an attempt to describe the resulting prolongation algebra more
explicitly using the fact that if a subspace in the symplectic algebra can be identified with a
space of quadratic polynomials vanishing on a given projective variety (in the projectivization
of the ambient linear symplectic space), then the standard prolongations of this subspace can
be described as the space of certain polynomials vanishing on the secant variety of certain order
of this projective variety. For general Jacobi symbols in this way we are able to show that the
resulting prolongation algebra is a subspace in a space of this kind, obtaining an upper bound
for the dimension of this resulting prolongation algebra (see Theorem 8.1) and an alternative
proof of finiteness of type in the considered case, which is more constructive than the proof of
Theorem 7.2. Also, we show (Theorem 8.2) that for a large class of Jacobi symbols the resulting
prolongation algebra can be identified with some spaces of polynomials of this kind (and not only
with some subspaces of them). In this way we get the description of the prolongation algebra for
all Jacobi symbols of finite type appearing in rank 2 and rank 3 distributions and also for most
of such Jacobi symbols appearing in rank 4 distributions.

For (2,n)-distributions there was already an explicit description (see Theorem 7.1), based on
the classical work of Cartan [9] for n = 5 and our previous works [15, 16] for n > 5. For
rank 3 distributions the Jacobi symbol is described by a skew Young diagram consisting of 2
rows. If this skew Young diagram is nonrectangular (and the Jacobi symbol is of finite type)
the prolongation algebra can be described in terms of the tangential developable and the secant
varieties of a rational normal curve (Theorem 8.3), while in the case of rectangular Young diagram
it is described explicitly by Theorem 8.4. For applicability of Theorem 8.2 in the case of rank 4
distirbution see Remark 8.3, item 3 there.

2. ABNORMAL EXTREMALS OF DISTRIBUTIONS

Let D be a distribution on a manifold M. The crucial notion in the symplectification procedure
of distributions is the notion of an abnormal extremal. To describe them, let D™' € D=2 C ... be
a weak derived flag of D, as defined in the beginning of section 1.2. Now denote by (D7)+ ¢ T*M
the annihilator of D7, namely

(D) ={(pq) eT;M |p-v=0 Yve D)}

Let m: T*M + M be the canonical projection. For any A € T*M, A = (p,q), ¢ € M, p € Ty M, let
¢(A)(+) = p(m«-) be the canonical Liouville form and & = d¢ be the standard symplectic structure
on T*M. Also denote by (T'M)* the zero section of T*M.
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Definition 2.1. An unparametrized Lipshitzian curve in D\(TM)* is called an abnormal ex-
tremal of a distribution D if the tangent line to it at almost every point belongs to the kernel of
the restriction &|p1 of & to D at this point.

The term abnormal extremals comes from Optimal Control Theory: abnormal extremals of the
distribution D are exactly Pontryagin extremals with zero Lagrange multiplier near the functional
for any variational problem with constrains, given by the distribution D. We are interested not in
all abnormal extremals but in those satisfying certain generic properties. Their description given
below is based on elementary properties of antisymmetric matrices and their Pfaffians. Similar
description is given in [10] (abnormal extremals of our interest here correspond to the lifts of
singular curves of minimal order in the terminology of [10]).

Directly from the definition it follows that any abnormal extremal belongs to the set

(2.1) Wp = {A € D* : ker(5] pr (V) # 0}

Since codimD~ = rank D and a skew-symmetric form in an odd dimensional vector space has
a nontrivial kernel, one immediately have the following

Proposition 2.1. Ifrank D is odd, then WD =D+,

In order to understand the set WD in the case of distributions of even rank, let us introduce

some notation from the Hamiltonian Dynamics. Given a function h : T*M +— R denote by ﬁ the
corresponding Hamiltonian vector field defined by the relation i;0 = —d h. Further, given a vector
field X in M define the corresponding “quasi-impulse” Hx : T*M — R, Hx(p,q) = p(X(q)),
q € M, p e TyM. The corresponding Hamiltonian vector field Hy is called the Hamiltonian lift
of X to T*M (note that by the definition m,(Hx) = X, where 7 : T*M — M is the canonical

projection). Note that the following identities hold for any vector fields X and Y on M:

(2.2) dHy (Hx) = Hixy

(as a matter of fact d Hy (Hy) is exactly the Poisson brackets { Hx, Hy} of the Hamiltonians Hy
and Hy).

Now let (X1,..., X)) be alocal basis of the distribution D, D(q) = span{Xi(q), ..., X;(q)} for
any ¢ from some open set of M. Then locally

(2.3) Dt ={Hx, = Hx, =...Hx, = 0}.

Further, for any A € D+ define the following ! x | antisymmetric matrix
!

(2.4) G(\) = (H[Xi»Xj]()\))i,j:I'

This matrix is called the Goh matriz (at the point \) of the local basis (Xi,...,X;) of the
distribution D.

Using formula (2.2) and Definition 2.1 it is easy to show that locally a curve y(-) C D' is an
abnormal extremal if and only if

l
(2.5) Y (t) = Z aiﬁxi (v(¢)) for almost every ¢,
i=1

where the vector (ai,...,a;)” belongs to the kernel of the Goh matrix G(7(t)),
(2.6) (a1,...,)T € kerG(v(t)), for almost every t.
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It is convenient to describe the degeneracy conditions and the kernel for a skew-symmetric
matrix using the notion of Pfaffian. Recall that the Pfaffian pf(A) of an [ x [ skew-symmetric
matrix A = (aij)é’ j=1 18 by definition the square root of its determinant. It is equal to zero if [ is
odd and to a certain homogeneous polynomial of degree k in the entries of A if [ is even, where
k= %l . To describe this polynomial let w = Z al-jd:ni A da? be the corresponding 2-form on

0<i<j<l
R! taken with standard coordinates (z',...,z!). Then
(2.7) Wb =kl pf(A)dat A ... Adal,

where w* is the kth wedge power of w.
As a consequentce of (2.5) and (2.6), we have the following

Proposition 2.2. Ifrank D is even, the set WD, defined by (2.1), is given locally by the following
formula

(2.8) Wp = {\ € D : pf(G())) = 0}.
For example, if D is a rank 2 distributions
0 H, A
Hence
(2.10) if | =2, then Wp = (D~2)",

because Proposition 2.2 implies locally that
Wp = {Hy, = Hx, = Hix, x;) =0} = (D)%

Since we originally work over R, for [ divisible by 4 the set WD might be empty (such distributions
are called fat ([34]). However, in this case we can complexify the fibers of T*M. Denote the
obtained complex vector bundle (over real manifold M) by (T*M)®. In the same way we define
the complexified bundles ((Dj)l-)(C and the Goh matrix G(\) for any A € (D+)C. So, the set
(WD)(C = {X € (D)€ : pf(G(\)) = 0} is not empty. In the sequel in case we need to work with
complexified objects we will do it without special mentioning and use the same notation as in the
real category.
Now define a subset Wp of WD as follows:

(2.11) Wp:={\eWp: ker(&]wD(A)) is one-dimensional}.

By constructions, the kernels of oy, form the characteristic rank 1 distribution C on Wp and
the integral curves of this distribution are abnormal extremals of the distribution D. Actually,
they are exactly the abnormal extremals which lie entirely in Wp. Such abnormal extremals
are called regular. Note that in general an abnormal extremal does not need to belong to Wp
however, for our purposes it is enough to work with regular abnormal extremals only.

Now describe the set Wp and the characteristic rank 1 distribution C in terms of a local basis
(X1,...,X)) of the distribution D. For this recall several facts on kernels of skew-symmetric
matrices using the notion of Pfaffian. Let A = (aij)é j=1 be an I x I skew-symmetric matrix. Let
A; be the Pfaffian of the skew-symmetric matrix obtained from A by removing the ith row and
the ith column. Further, for i < j let A;; be the Pfaffian of the skew-symmetric matrix obtained
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from A by removing the ith and jth row and the ith and jth column. If A was a 2 x 2 matrix, so
that after such removal we get an empty matrix, we set A;2 = 1. To define Aj; for any ordered
pair (i,7) (with integer ¢ and j running from 1 to [) set

(2.12) Aji=—Aij, Ay =0.
Then the following proposition is well known and can be easily obtained from (2.7):

Proposition 2.3. (1) Ifl is odd, then A has one-dimensional kernel if and only if there exists
an index ig such that pf(A;,) # 0. In this case ker A is spanned by the vector

(2.13) (A1, —Ag, .., (=1 4, 4) T
(2) Ifl is even then

1 .
) 0 i# s
(2.14) (=1)asjAij = 3 ,
o I (—1)° 1pf(A) 1 =S5.
In particular,
(a) if pf(A) =0, then for any index 1 < i <1 the vector
(215) Vi = (—Ail,AiQ,...,(—].)jAl'j,...,AiZ)T
belongs to ker A.
(b) The matriz A has 2-dimensional kernel if and only if there exist indices iy and jo
such that Ay, # 0. In this case,
(2.16) ker A = span{vj,, vj, }

where vectors vy, and vj, are as in (2.15).

Now apply this proposition to the Goh matrix G(A) using notations G;(A\) and Gj;(A) for
the pfaffians of the corresponding skew-symmetric submatrices of G(A) (obtained from G(\) by
removing the corresponding rows and columns with the relation analogous to (2.12)).

2.1. The case of distributions of odd rank. From item (1) of Proposition 2.3 it follows that
if I = rank D is odd, then locally

Wp = {\ € D' : there exist i, 1 <14 < [ such that G;(\) # 0} =

(2-17) DJ_\{)\Eﬁ;Gl()\):..-:Gl()‘)ZO}7

l
(2.18) C(\) = span {Z(—ni—lai(x)ﬁ&m} .
i=1

From (2.17) it follows that for any ¢ € M the complement of Wp(q) (:= Wpn D*(q)) to the fiber
D*(q) of D™ is an algebraic variety depending on the second jet of D at q. It is easy to construct
examples of germs of (I, n)-distributions with odd [ and n > [ such that this complement is a
proper algebraic subvariety of the corresponding fiber of the annihilator of the distribution (see
subsection 4.4). This implies that for generic germs of distributions of odd rank I on manifolds
of dimension greater than [ the set Wp is an open and dense subset of VIN/D.
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For example, if D is a rank 3 distribution, then
0 Hix, x,)(A)  Hix, x5 (A)
G(\) = _H[Xl,Xﬂ(/\) 0 H[Xz,XS]()‘) )
—Hix, x3(A)  —Hx, x5(A)

Gl()‘) = H[X2,X3](>\)a Gz()\) = H[Xl,Xg]()‘)a GB()‘) = H[Xl,Xg]()‘)'
Note that {\ € D+ : Hix, x,)(A) = Hix, x3)(A) = Hix, x5)(A) = 0} = (D=2)L. Consequently, in
this case by (2.17) we have

(2.19) Wp = DH\(D72)*
and by (2.18)
(220) é\(/\) = Span {H[Xz,Xs]()‘)ﬁXl (A) - H[X1,X3](A)ﬁX2(A) + H[Xl,Xz]()‘)ﬁX‘s ()‘>} .

2.2. The case of distributions of even rank. Now let us describe the set Wp for distributions
of even rank. For any i, 1 < i <, define the following vector field on T%M:
!

(2.21) Vi) =D (=1)/Gi(\Hx;, (A).

j=1
Then from item (2)(a) of Proposition 2.3 it follows that for any A € Wp
(2.22) Vi(A) € ker(a|pr(N)).
The set Wp does not contain the following subset &7 of WD:
S ={\ € Wp : dim ker(5|p. (V) > 2}.
By item (2)(b) of Proposition 2.3 locally the set S can be described as follows:
(2.23) Si={ eD' :pfG(\)=0and Gi;(\) =0forall 1 <i<j<Il}

Besides, by the same item (2)(b) of Proposition 2.3, for any A\ € WD\Sl the kernel of (G[p1()))
is 2-dimensional so that

(2.24) if Gigjy(N) # 0 for some 1 <ig < jo <1, then ker(7|p. () = span{Vi,(A), Vj,(\)}
Note that for A € WD\Sl the kernel of the form 8|WD(A) is one-dimensional if and only if the

kernel of the form &|p1 (\) is not tangent to Wp. Therefore, locally

(2.25) Wp = Wp\(S1US:),

where

(2.26) S2= {3 € W : d(pf G)(N) (M () = d(pf GY (W) (V) = 0}).
and the characteristic rank 1 distribution C (N) satisfies

(2.27) C(A) = span {d(pf G)(\) (Vig (X)) Vo (N) — d(pf G)(N) (Vja(\) Yis (N} 4

where the pair of indices (ig, jo) is as in (2.24).
From (2.23) and (2.25) it follows that for any ¢ € M the complement of Wp(q) (:= WpnD*(q))

to the fiber Wp(q) is an algebraic variety depending on the third jet of D at ¢q. It is easy
to construct examples of germs at ¢ of (I,n)-distributions with even [ and n > [ such that
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this complement is an algebraic subvariety (of D*(q)), which is a proper subset of Wp(q) (see
subsection 4.4). This implies that for generic germs of distributions of even rank | on manifolds
of dimension greater than | the set Wp is an open subset of WD.

Let us consider the case of rank 2 distributions in more detail (see also [16, 43]). In this case
the set S; is empty. Also, from (2.2) (2.9), and (2.26) it follows that Sy = (D~2)*. Substituting
this into (2.25) we get

(2.28) Wp = (D~HH\ (D31

Besides, ) = H x, and Vo = —H X, Substituting these formulas into (2.27) and using and using
(2.9) we get that

~ —

(2.29) C(\) = span {H[Xl,[xl,)@]} (N Hx,(\) — H[X%[thz]] (\)Hx, ()\)} .

Finally note that in all cases the characteristic rank 1 distribution C can be computed explicitly
in terms of a local basis of the distribution and it depends polynomially on the fibers of Wp.

Remark 2.1. Since the set Sz, defined by (2.26), depends on brackets of length 3 of a local basis
of the distribution D, then if D is a flat distribution in Tanaka sense, of even rank, and of degree
of nonholonomy 2 (i.e., such that D # TM and D?> = TM ) the set Sy coincides with Wp, i.e. the
set Wp is empty and D has no reqular abnormal extremals. Therefore our subsequent theory does

not cover such distributions. For example, this is the case for two possible flat (4, 7)-distributions
with dim D? = 7.

3. JACOBI CURVES OF REGULAR ABNORMAL EXTREMALS

From now on we consider distributions D such that the set Wp is an open subset in Wp.
Having the manifold Wp foliated by regular abnormal extremals at our disposal, we can make a
symplectification of the problem by lifting the original distribution D to Wp. The dynamics of
this lift along a regular abnormal extremal is described by a curve of flags consisting of isotropic
and coisotropic subspaces in a linear symplectic space, which is stable under the skew-orthogonal
complement (or, shortly, of curves of symplectic flags). Such curves have a nontrivial geometry
that illuminates the geometry of the distribution D itself.

To begin with, let 7 : T*M — M be the canonical projection. The lift J of the distribution D
to Wp is the pullback of the original distribution D to Wp by the canonical projection 7:

(3.1) T\ = {veTZWWp : mw € D(m(A\)}.

Further, let V be the distribution of the tangent spaces to the fibers of Wp or the wertical
distribution

(3.2) VA = {ve ThWp : T = 0}.

Obviously Vc j Also, from (2.5) it follows that Cc j Hence, Y + Cc f so that the
distribution j has at least two distinguished subdistributions and, in particular, a distinguished
line subdistribution C, , while the original distribution D does not have such additional structures
in general. Therefore it is much more simple to study the geometry of distribution J instead
of the geometry of the original distribution D and under our assumptions the geometry of D is
recovered from the geometry of J (see corollary??)

Note that the distribution V is involutive. Also, given a point ¢ € M for any A belonging to
the fiber Wp(q) and any vector X € J(\) the vector 7, X belongs to the same vector space D(q).
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The last two facts easily imply that the Lie brackets of a vertical vector field, i.e. a section of the
vertical distribution V with a section of the distribution J is a section of j In particular, we
have the following relation:

(3.3) C,V]cJ.
Given a subspace A of Ty\Wp denote by A“ the skew-orthogonal complement of A with respect

to the skew-symmetric form &y, (A): A4 = {v € A : 5(v,w) = 0 Vw € A}. The subspace A is
called isotropic if A C A“ and coisotropic if A C A.

Proposition 3.1. The following statement hold:
(1) The subspace J(\)* satisfies

(3. TN ={w e ThaWp : maw € mker(5|pr(N))}.

4)
(2) T4 C T(N), i.e. the space J(N) is coisotropic with respect to the form &;
(3) If the distribution D is of odd rank, then

TN =Y e
(4) If the distribution D is of even rank then

(3.5) dm(ij)zdm(ﬁngam)+1
and
(3.6) (P ecw) =70 +E.(F0)1.
(5) If the distribution D is of rank 2, then

(3.7) TN =T
and
(3.8) [C,T\)] = {veT\Wp: mw e D 2(x(\)}.

Proof. If w € T\Wp such that m,w € m.ker(a|pL(N)), then w = wy + v, where wy € ker(a|pL(N))
and v € T\D*(m()\)). Since J(\) C T\D*, for any z € J(A) one has G(wy,2) = 0. Also,
o(v,z) = v(mez) = 0, where in the second term of this chain of equalities v is considered as an
element of D (7(\)) under the natural identification of the tangent space to a vector space with
the vector space itself. Therefore, o(w,z) = 0, i.e. the righthand side of (3.4) is contained in
TN~

The equality in (3.4) follows from the dimension count and the fact that the kernel of 7|y, ()
is one-dimensional. Indeed, let rank D = [ and dim M = n. Also, set ¢ =0, if [ is odd, and ¢ =1
if [ is even. Then dimT\Wp =2n — [ — ¢, dim 17()\) =n — | — ¢, dimension of the righthand side
of (3.4) is equal to dlm)A)()\) +14e=n—1+1, and dimJ(A) = dimV()) + rankD = n — e.
The latter implies that dim J(A\)¢ = dimT\Wp — dimJ(A) + 1 = n — [ + 1, i.e. dimension of
the righthand side of (3.4) is equal to dim J(\)4, which together with the conclusion of the last
paragraph implies (3.4), i.e. item (1).

Ttem (2) of the lemma follows from the definition of the subspace J(A) given by (3.1) and
the fact that mker(|pi (X)) C D(m(X)). Item (3) follows from the fact that if [ is odd then
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~

ker (3|D¢()\)) = C(A). Formula (3.5) of item (4) follows from the fact that if [ is even, then

dim(ker(am(x)) — 2.

Now let us prove formula (3.6) of item (4). We shall use a local basis Xi,...,X; of the
distribution D. Let the matrix G()) be as in (2.4), and G;; are defined as in the paragraph before
Proposition 2.3. From item (1) and formulas (2.24), (2.27) it follows that if G;,;,(A) # 0 for some
1 <9< jo <1, then

(39) T +[6 (TN = {w e TWp : maw € D(x(N) + . (Dios Vo V)1
Then from (2.21) it follows by direct computations that

(3.10) D)im yjo} = Z (—1)81+82Gi51Gj52ﬁ[X51,XS2] mod span{ﬁxl, NN ﬁXl}‘
1<s1,82<1
This implies that for v € V(A) we have

l l
(3.11) a([yio’yjo]vv) == Z (—1)*'Gis, (_1)82Gj052dH[X51,XSQ](U)'
s1=1 so=1

Using (2.14) and the fact that d(pfG)(v) = 0, we get

l l
Z (_1)S2Gj082dH[Xsl7X32](U) == Z (_1)S2H[X51,X32}de082 (v)
so=1 so=1

Substituting this into (3.11) we obtain that

! l
(3‘12) a([yimyjo](/\)’v) = Z (_1)82 (Z (_1)81H[X51,X52]Gi081> deosz(U)'
so=1 s1=1
Using (2.14) again and the fact that pf G vanishes for on Wp, we obtain that

l
> (1) Hix,, x,,)(NGipsy (A) =0, VA € Wp.
s1=1

Therefore,
(3'13) 8([yi07yj0]()‘)av) =0.

Taking into account relation (3.9) and the fact that the restriction of the form & to the V()

vanishes we get that V+C is contained in the skew-orthogonal complement of J (A +[C, (f ()\))Z]
Counting the dimension, we obtain in fact that it is equal to this skew-orthogonal complement,
which completes the proof of item (4).

Relation (3.7) of item (5) follows immediately from formula (3.5) of item (4) and the fact that
dim 7 — dim V(A) = 2 for [ = 2. Finally, relation (3.8) of item (5) follows from (3.10). O

It is more convenient to work with the projectivization of PT* M rather than with T*M. Here
PT*M is the fiber bundle over M with the fibers that are the projectivizations of the fibers of
T*M. The canonical projection II: T*M — PT*M sends the characteristic distribution C on
Wp to the line distribution C on PWp (:= II(Wp)), which will be also called the characteristic
distribution of the latter manifold.
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Note that the corank 1 distribution on T*M annihilating the tautological Liouville form ¢ on

T*M induces a contact distribution on PT*M, which in turns induces the even-contact (quasi-
contact) distribution A on P(D?)-\P(D?). The characteristic line distribution C is exactly the

Cauchy characteristic distribution of A, i.e. it is the maximal subdistribution of A such that
(3.14) [c,A] c A,

Further set J = H*j , V= H*ﬁ. Each fiber of the even-contact distribution A is endowed
with the canonical skew-symmetric form o, up to multiplication by a non-zero constant. This
form is equal to the restriction to A of the differential of any non-zero 1-form annihilating this
distribution.

Now let v be a segment of a regular abnormal extremal, O, be a neighborhood of v in PWp
such that the quotient

(3.15) N = O, /(the charactrestic one-foliation of regular abnormal extremals)

is a well defined smooth manifold. Further, let ® : O, — N be the canonical projection to
the quotient manifold. Since C is the Cauchy characteristic distribution of the even-contact
distribution &, then the push-forward A := @A of A by ® is a contact distribution on A. Each
fiber of this contact distribution is endowed with the canonical symplectic form o, defined up to up
to multiplication by a non-zero constant, i.e. with the canonical conformal symplectic structure.
As before, one can define the notion of skew-orthogonal complement and also of isotropic and
coisotropic subspaces of the fibers of A with respect to this symplectic form. The subspaces of
the fibers of A that are both isotropic and coisotropic (i.e. coincide with their skew-symmetric
complement) are called Lagrangian.
For any A € v define two subspaces of A(7) as follows:

(3.16) J(A) = dCID(j()\)), V(A) = d@(V(A)).
Note that by constructions
(3.17) dim J(A\) —dim V(\) =rank D — 1.

Now we need to introduce some terminology. Let A(-) be a curve in a Grassmannian of subspaces
of a vector space L. Let ¢t — A(t) be a parametrization of the curve A(-). Denote by C(A) the
tautological bundle over the curve A(-): the fiber of C'(A) over the point A(¢) is the vector space

t

A(t). Let I'(A) be the space of all smooth sections of C(A) . Set A (t) := A(t) and define

inductively
k

AV(t) = Span{%ﬁ(t) :0el(A),0<k<j}

for 5 > 0. The space AU )(t) is called the jth extension or the jth osculating subspace of the curve
A(:) at the point A(t). Obviously, this definition is independent of the parametrization of the
curve A(+).

Recall that for any two smooth vector fields X and Y on a manifold, one has [X,Y] =

d
—(e7%) Y |4=o, where /¥ denotes the flow generated by the field X. This together with (3.16)
implies that

(3.18) JHN) =dd([c,T](N), VD) :=dd([C,V](\).

From relation (3.3) and the last relation it follows that
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(3.19) V) c I,
(3.20) dim JM(A) — dim J(A) < rankD — 1.

As a direct consequence of Proposition 3.1, we get

Proposition 3.2. Assume that \ € v. The following statements hold:

(1) J(A\)4 C J(N), i.e. the space J(N) is a coisotropic subspace of A(v) with respect to the
canonical conformal symplectic structure;
(2) If the distribution D is of odd rank then

(3.21) JAN) =V
(3) If the distribution D is of even rank then

dim(J(A)é) - dim(V(A)) +1

and
(3.22) V() = (J()\) + ((J(A))‘)(l))

(4) If the distribution D is of rank 2, then J(\)* = J()), i.e the space J(\) is a Lagrangian
subspace of A(y) with respect to the canonical conformal symplectic structure.

The curve of flags A — J(A)}, A € , of the space A(7y) is called the (non-extended) Jacobi curve
of the reqular abnormal extremals ~. Since the construction of the Jacobi curves is intrinsic, any
invariant of the Jacobi curve with respect to the natural action on the isotropic and coisotropic
subspaces of A(v) of the conformal symplectic group CSp(A(v)) produces an invariant of the
distribution D.

Remark 3.1. Note that from item (2) of Proposition 3.2, if rank D is odd, and formula (3.22)
of item (3) of Proposition 3.2, if rank D is even, it follows that the curve A — V(A), A € v can
be recovered from the Jacobi curve A — J(\), A € 7.

Our next goal is to generate more curves of isotropic and coisotropic spaces from the Jacobi
curves using recursively the following two basic operations with curves A — V(\) and A — J(A),
A € ~: the osculations and taking the skew-orthogonal complement. For this let %Z = {% :
i € Z} and %Zodd = (%Z)\Z Depending on the rank of a distribution D, to the Jacobi curve
A= {V(X) C J(A)}, A € v, of aregular abnormal extremal v we assign the curve of monotonically
non-increasing (by inclusion) flags A +— {J*(A)}ier, A € 7, where

Z, if rank D is odd,
(3.23) I = 3Zoqq, if rankD =2,
%Z, if rank D is even and greater than 2.

This curve of flags is called the extended Jacobi curve of the reqular abnormal extremal ~y. The
construction of this curve is slightly different in each of the aforementioned cases. Therefore, we
describe it separately in each these cases:
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(3.25)
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D has odd rank. In this case the extended Jacobi curve of a regular abnormal extremal
is the curve of flags A — {J*(\)}iez, A € 7, defined as follows: First, we set JO()\) := J(\).
Second, let J~%()\) := J(i)()\) for integer @ > 0 (i.e. the ith osculating subspace of the
curve A — J()\), A € v at the point A\). Finally, assume that J¢(\) := (J(lfi)()\))é for
integer ¢ > 0.

By construction, J(\) € J*71()) for all i € Z, subspaces J()\) are coisotropic for
integer ¢ < 0, and isotropic for integer i > 0. Besides, using (3.19) and the definitions of
JY()) it is easy to see that

(Jz)(l) C Jifl

for all i € Z. Finally by (3.21) we have V = J!.
D is a rank 2 distribution. In this case the extended Jacobi curve of a regular abnormal
extremal  is the curve of flags A — {J*(A\)},c15 A € 7, defined as follows: First, we
2 O

set Jz (A) :== J(A). Second, let J%ﬂ'()\) := J@()\) for integer i > 0. Finally, assume that
J%H()\) = (J%”()\))é for integer i > 0.

By construction, J¢(\) € J*1()) for all i € Z, subspaces J %‘”(}\) are coisotropic for
integer 7 < 0, and isotropic for integer ¢ > 0. In particular, item (4) of Proposition 3.2

says that subspaces J 3 (M) is Lagrangian. Besides, relation (3.24) holds for all i € %Zodd.
Finally, from (3.8) and (2.28) it follows easily that

V=(J2)Y=Js.

D has an even rank greater than 2. The extended Jacobi curve of a regular abnormal
extremal 7 is the curve of flags A — {J*(\)},c14, A € 7, defined as follows: First, we set
2

JO\) := J(\) and J2()\) := J(A\)%. Second, let
T3 = (J25) W 4 0.
Further, define recursively J*=1(\) := (J)M)(\) for all negative i € 3Z. Finally, set
JHN) = (J%_i()\))é for all positive i € $7Z.
By construction, J¢(\) C Ji*%()\) for all i € 17, subspaces J'(\) are coisotropic for all

nonnegative i € %Z and isotropic for all positive ¢ € %Z. Besides, relation (3.24) holds for
all i € 37Z.

Remark 3.2. Note that, in contrast to the first two cases, in the third case the first osculation of
each curve X+ J*(\) does not belong in general to the next larger subspace in the flag but to the
second next larger subspace in the flag. In particular, it does not satisfy the so-called compatibility
with respect to differentiation assumption of [20, 21]. However, these case will be treated similarly
to the first two.

We say that a point Ao € 7 is a regular point of the extended Jacobi curve A {J{ (N Yier,
A € « if for every i € I subspaces J'(\) have the same dimension in a neighborhood of Ag. The
set of regular points is open and dense in . Also, if A is a regular point, then

(3.26)

dim J72(\) — dim J*Y(N\) < dim J7H(\) — dim JY(\), Vie I, i>0.
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The last inequality together with (3.17) and (3.20) imply that
(3.27) dim J*(\) — dim JY(\) <rankD — 1, Viel

Finally, we say that a point Ao € ~ is a point of mazimal class of the extended Jacobi curve
A= {J8 (N Yier, A € 7, if there exists v € I such that J”(\g) = A(y). If Ag is not a point of
maximal class then there exist v € I such that J* (A\g) = J¥(X\g) € A(y) for all v/ € I such that
v/ < v. If the point \g is regular and v € I is the maximal index with the property above, then the
subspace J¥(\) is independent of A in a neighborhood 4 of Ag in . Hence, the subspace J¥(\g)*
is the (maximal) common subspace for all spaces J*(\), i € I, A € 4 and the whole differential-
geometric information on the extended Jacobi curve A + {J*(\)}icr, A € 7, is contained in the
curve of flags A — {J*(\)/J"(Xo)* Yicr, A € 7) in the conformal symplectic space J¥(Ag)/J" (Ao)*.

4. FLAG SYMBOLS OF JACOBI CURVES AND JACOBI SYMBOLS OF DISTRIBUTIONS

4.1. Flag symbols of Jacobi curves. Now we are ready to define the flag symbol of the (ex-
tended) Jacobi curve at a point. Informally speaking, the flag symbol at a point represents the
tangent line to this curve at this point. To begin with the precise definition, recall that the ve-
locity of a parametrized curve ¢t — A(t) in a Grassmannian of subspaces of a vector space L at
t = to can be naturally identified with an element of Hom(A(t), A1) (o) /A(ty)). For this, take
I € A(to) and consider any smooth section £(t) of the tautilogical bundle C(A) such that ¢(to) = I.
Then the assignment
l— jte(to) mOdA(to)

is independent of a choice of such section and defines the desired element of Hom(A(to), A (tg) /A(to)).

Using this construction and relation (3.24) one can identify the tangent line to the curve
A= {J4 (N Yier, A € v, at A with the line in the space Hom(J¢(\), J©=1(\)/J*()\)). Moreover, again
from (3.24) this line factors through the line in the space Hom(J*(\)/J*TL(N), J&=L(N) /JH(N)).

Therefore the tangent line to the (extended) Jacobi curve A +— {J*(\)}ier, A € v at A can be
identified with a line in the space

P Hom(J'(A) /TN, TN /T (N).
i€l
Now consider the following two cases separately (the reason for the difference between these
cases is explained in Remark 3.2 above):

(1) rank D is odd or equal to 2. In this case let Gr’()\) := J*()\)/JF1(N), i € I, and Gr()\) =
@Gri()\) be the graded space corresponding to the filtration {J*(\)};c;. Here the set
i€l
I is as in (3.23). Then the tangent line to the (extended) Jacobi curve A — {J*(\)}ier,
A € v at A can be identified with a line in the space of degree —1 endomorphism of the
graded space Gr(\), which will be denoted by dy.

. . . 1
(2) D has an even rank greater than 2. In this case let Gr*(\) := J’()\)/J”%()\), i€ §Z,
and Gr(\) = @ Gr’(\) be the graded space corresponding to the filtration {Ji()‘)}z’E%Z'
i€iZ
By relation (3.24) for any i € 37 the line in the space Hom(.J'(X)/JH(X), JI71(A) /JE(N)),

representing the tangent line to the curve A {J{(N)}ier, A € 7, at A, factors through the
line in the space Hom(Gr’(\), Gr'~*()\)), which will be denoted by 6. Note that passing
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from the line in Hom(J*(\)/J* (X)), J©=1(A)/J4())) to the line 6%, some information about
the tangent line to the curve A — {J*(\) }ier, A € 7, at ) is lost, however it is not important
for our purposes. Let ) be the degree —1 endomorphism of the graded spave Gr(\) such
that 6)\|Gri()\) = 5;

In both cases the degree —1 endomorphism Jy of the corresponding graded space Gr(A) is
defined. Further note that the conformal symplectic structure on A(7y), represented by the sym-
plectic form o, induces the conformal symplectic structure on the space Gr(A) represented by the
following symplectic form &: if € Gr'(\) and § € Gr/(\) with i 4+ j = 0, then &(z,7) = o(z,y),
where x and y are representatives of Z and 7 in J*(\) and J7(\) respectively; if i 4+ j # 0, then
a(z,5) = 0.

By construction the line of endomorphisms dy belongs to conformal symplectic algebra csp (Gr()\))
(with respect to the conformal symplectic structure generated by the form 7). The group of con-
formal symplectic endomorphisms of Gr(\), preserving the grading, acts on the lines of degree —1
endomorphisms by the conjugation. The orbit of the line Jy is called the symplectic flag symbol
of the (extended) Jacobi curve A+ {J*(A) }icr, A € 7, at \.

Two flag symbols act in general on different graded spaces endowed with conformal symplectic
structures. They are called isomorphic, if they are conjugated by a conformal symplectic iso-
morphism between these spaces (preserving the grading). Therefore, we can fix a model graded

space X = @X ¢ with conformal symplectic structure, where , as before, I = Z, %Zodd7 or %Z,
1€l

such that the symplectic product of elements of X? and X7 with i + j # 0 are equal to zero.
The graded space X with these properties will be called the graded conformal symplectic space.
Further, one can look on the flag symbol as an orbit of a line of degree —1 endomorphisms from
csp(X) with respect to the action of the subgroup of degree 0 endomorphisms from csp(X) by the
conjugation. Such object will be called a symplectic flag symbol. In the sequel we usually refer to
the flag symbol as to a line of degree —1 endomorphisms from csp(X) representing this orbit.

4.2. Classification of flag symbols of Jacobi curves. Symplectic flag symbols can be easily
classified. This classification is a little bit finer than the Jordan classification of nilpotent endo-
morphisms of a vector space. One has to take into account the presence of the grading and of
the symplectic structure. When I = Z or %Zodd7 all symplectic flag symbols were classified in [20,
subsection 7.2] and this classification includes as particular case all possible flag symbols of Jacobi
curves in the case of distribution of odd rank or rank 2. The classification of flag symbols of Jacobi
curves in the case of distributions of even rank can be done similarly. In all cases symplectic flag
symbols can be described by means of skew Young diagrams as described below.

Let ;1 and 2 be symplectic flag symbols of the symplectic spaces X1 and X», which are graded
by sets I; and I respectively (here in general we do not assume that Iy = I3). The direct sum
X1 & Xs, graded by I U Is, is equipped with the natural symplectic grading such that its ¢th
component is the direct sum of ith components of X; and X5 and the symplectic form on X; ® Xs
is defined as follows: the restriction of this form to X; coincides with the symplectic form on X;
for each ¢ = 1,2 and the spaces X; and X, are skew-orthogonal in X; & X5. The direct sum
01 @ do is the degree —1 endomorphism of X7 ® Xo such that the restriction of it to X; is equal to
d; for each ¢ = 1,2. A symplectic flag symbol of a graded conformal symplectic space X is called
symplectically indecomposable if it cannot be represented as a direct sum of two symplectic flag
symbols acting on (nonzero) graded conformal symplectic spaces.

Any sympletic flag symbol is a direct sum of a finite number of symplectically indecomposable
flag symbols. Therefore, in order to describe all symplectic flag symbols, it is enough to describe
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all symplectically indecomposable ones. Let us consider the same three cases as in the previous
section separately:

(1) In the case of Z-graded conformal symplectic spaces (i.e., when I = Z) symplectically

(4.1)

(4.2)

indecomposable symbols can be described as follows [20, subsection 7.2]): Given a non-
negative integer s and an integer [ such that 0 < [ < 2s let X, ; be a linear symplectic
space with a basis {es_j,...,€s, fosy- -y fi_s}s

Xs,l - Span{esfla ..., Eq, f—57 o 7fl75}7

such that o(e;,e;) = o(fi, fj) = 0, o(ei, f—i) = (=1)*7% and o(e;, fj) = 0 if j # —i. We
turn the space X, ; into the symplectic graded spaces by defining the subspaces of degree
i to be equal to the span of all vectors with index ¢ appearing in the tuple (4.1). Then
denote by d5; a degree —1 endomorphism of X,; from the symplectic algebra such that
(5371(60 =€;—1 fors—I1+1 < ) < S, 5s,l(€s—l) = 0, (53’1(]0,') = fi—l for —s+1 < 1 < l—S, and
d51(f=s) = 0. Then any indecomposable symplectic flag symbol of a Z-graded conformal
symplectic space is isomorphic to the symplectic flag symbol represented by the line Réy;
for a nonnegative integer s and an integer | such that 0 <1 < 2s. Moreover, symplectic
flag symbols corresponding to different pair (s,l) are not isomorphic.

It is convenient to visualize a symplectically indecomposable symbol on Z-graded con-
formal symplectic spaces via the following skew Young diagrams, consisting of two rows,
having central symmetry and with the most left box in the first row being located either
above or from the left to the most left box in the second row:

(I o [T
] HEN

The left diagram in (4.2) corresponds to the case s <1 < 2s. In this case the first 2s —1
columns from the left consist of one box (situated at the top row), the next 2(l — s) + 1
columns consist of two boxes, and the last 2s — | columns consist of one box (situated at
the bottom row). The right diagram in (4.2) corresponds to the case s > [. In this case
the first [ + 1 columns from the left consist of one box (situated at the top row), next
2(s —1) — 1 columns are just void, and the last [ + 1 columns consist of one box (situated
at the bottom row).

Remark 4.1. Note that in both cases the middle part (of columns with two or no boxes)
consist of odd columns.

In order to assign to a diagram of type (4.2) the symplectic flag symbol one fills out
the boxes of the diagram by vectors of the bases (4.1) such that the top row is filled from
the left to the right with eg,...es_1,...,es_; and the bottom row is filled from the left to
the right with f;_s, fi_s—1,..., f—s. For example, in the case s <[ the diagram is filled as
follows:

€g v Bl—s+1| €l—s [

fl—s fs—l fs—l—l ffs
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Then the endomorphism d,; corresponds to the right shift in the obtained skew Young
tableaux (4.3) i.e. a vector in the basis (4.1) is sent either to the vector located in the
box to the right to it in the tableaux or to zero if there is no such box. Also note that the
skew Young diagram (4.2) contains all information on the grading of the corresponding
vector spaces: the subspaces of the same degree are spanned by the vectors situated in the
same column. Finally, the (conformal) symplectic structure is encoded by the skew Young
diagram as well: the symplectic product of the vectors situated in the boxes which are
not centrally symmetric is equal to zero; it is equal to +1 for the vectors situated in the
boxes which are not centrally symmetric such that it is equal to 1 for two vectors situated
in the most left and the most right boxes of the diagram, i.e. vectors e5 and f_g), and it
alternates signs when we took symmetric pairs by moving with the same speed from the
those boxes toward the middle of the diagram.

Now let us discuss what symplectic flag symbols may appear at regular points of Jacobi
curves of a distribution D of odd rank. From the relation (3.17), the fact that the subspaces
J4()\) are obtained by osculations of the curve A + J()), regularity, and the inequalities
(3.27) it follows that a symplectic flag symbol at a regular point of Jacobi curves of a
distribution D of odd rank is isomorphic to a direct sum of %(rankD— 1) of indecomposable
flag symbols with s <1 < 2s, i.e. given by skew Young diagrams as in the left of (4.2).

In particular, for rank 3 distributions a symplectic flag symbol at a regular point A of
a Jacobi curve is isomorphic to an indecomposable one given by a skew Young diagrams
as in the left of (4.2), i.e. 05y with s <1 < 2s. If, in addition, A is a point of maximal
class and the dimension of the ambient manifold M is equal to n, then the number of
boxes in this skew diagram must be equal to the rank of the contact distribution A, i.e
to 2n — 6. On the other hand, if the symbol is represented by the endomorphism d,; then
the number of box in the skew diagram is equal to 2l + 2. Consequently, in the considered
case | =n — 4 and ”T_Zl <s<n-—4.

Remark 4.2. Note that a rank 3 distribution D has the Jacobi symbol 65; with s <1 < 2s
if and only if its square D?(q) is 6-dimensional at a generic point q, dim D?(q) = 6. It
easily follows from the expression (2.20) for the characteristic rank 1 distribution. Also
from this one can show that rank D? = 4 if and only if the Jacobi symbol of D is equal to
Réo o, i.e. its Young diagram consists of one column with two boxes and rank D? =5 if
and only if the Jacobi symbol of D is equal top Ros s with s > 0.

In the case of %Zodd—graded conformal symplectic spaces (i.e., when I = %Zodd) there
are two types of symplectically indecomposable symbols. First type is represented by an
endomorphism ds; as in the previous item with s being positive and belonging to %Zodd
and [ being integer and satisfying 0 < [ < 2s — 1. It is encoded again by a skew Young
diagram consisting of two rows as before.

Second type can be described as follows: Given a positive m € %Zodd let

Ln= & E
—m <i<m,
i€ %Zodd
be a symplectic graded spaces such that dim F; = 1 for every —m < ¢ < m and let
Tm be a degree —1 endomorphism of £,, which sends F; onto E;_; for every admissible
—m < i < m and 7,,(E_,,) = 0. An indecomposable symplectic flag symbol of second
type on a %Zodd—graded conformal symplectic space is isomorphic to the symplectic flag
symbol represented by the line R for a positive m € %Zodd-
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It is convenient to visualize the symplectically indecomposable symbol, which is iso-
morphic to the symbol represented by the endomorphism 7,,, via the Young diagrams
consisting of one row with 2m + 1 boxes (note that 2m + 1 is even, because m € %Zodd).
By analogy with the previous case the endomorphism 7, corresponds to the right shift
in this diagram where the boxes from the left to the right are filled by vectors generated
lines E;, i.e.

Em |[Em—-1| -+ [E1=m| E=m

,  where E; = span{e;}

By the same arguments as in the previous item for rank 2 distributions a symplectic flag
symbol at a regular point of its Jacobi curves is isomorphic to the indecomposable symbol,
represented by the endomorphism 7, for some positive m € %Zodd. If, in addition, A is a
point of maximal class and the dimension of the ambient manifold M is equal to n, then
the number of boxes in the corresponding skew diagram must be equal to the rank of the
contact distribution A, i.e. to 2n — 6. In this case all symplectic flag symbol at regular
points are isomorphic to the symbol represented by the endomorphism Tp1-

Now consider the case of %Z—graded symplectic space X. Obviously, this space is the direct
sum of its Z-graded component Xy and its %Zodd—graded component X1, . Therefore,
2 O

any symplectic flag symbol 6 on V' is the direct sum of a symplectic flag symbol on é7 on Xz
and of a symplectic flag symbol d1, b on X1, e the classification of symplectic flag
2 %o 2o

symbols in the considered case is reduced to the classification of symplectic flag symbols
described in the previous two items. The flag symbols 7 and 12 0ad will call the Z-graded

and %Zodd—graded component of the flag symbol §, respectively.

Now let us discuss what symplectic flag symbols may appear at regular points of Jacobi
curves of a distribution D of even rank greater than 2. From item (3) of Proposition 3.2
it follows that dim Gr%()\) = 1 (where Gr%()\) = J%(A)/Jl()\)). This implies that the
%Zodd—graded component of a symplectic flag symbol at regular points of its Jacobi curves
is isomorphic to the indecomposable symbol, represented by the endomorphism 7, for
some positive m € %Zodd. Besides, by the same arguments as in item (1) the Z-graded
component of symplectic flag symbol at a regular point of Jacobi curves is isomorphic to
a direct sum of %(rankD — 2) of indecomposable flag symbols with s <1 < 2s, i.e. given
by skew Young diagrams as in the left of (4.2). In other words, in the considered case the
symplectic flag symbol at a regular point of Jacobi curves of a distribution D of even rank
greater than 2 is the direct sum of a symplectic flag symbol appearing at regular points
of of Jacobi curves of distributions of rank equal to rank D — 1 and of a symplectic flag
symbol appearing at regular points of Jacobi curves of rank 2 distributions.

Remark 4.3. As a matter of fact all three cases considered separately can be unified in item (3):
the case of item (1) corresponds to X%Zodd = 0 and the case of item (2) corresponds to Xz = 0.

Remark 4.4. To an arbitrary symplectic symbol 6 we can assign the skew Young diagram Diag(d)
of § by attaching the skew Young diagrams of its indecomposable components such that the boxes
corresponding to elements of the same degree are located in one column. Obuviously, Diag(d) is
defined up to a permutation of sub-diagrams corresponding to indecomposable components. Note
that by our convention in the Diag(Rds;) the most left box of the upper row is located from the
left or above of the most left box of the bottom row. Filling the boxes of the skew Young diagrams
by vectors of the model graded symplectic space X as in (4.3) and (4.5) (for each undecomposable
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component) one gets a skew Young tableaux Tab(d) of §. In this way to any row of Tab(d) we
can assign the invariant subspace of 6 in X, spanned by the vectors appearing in the boxes of this
row.

4.3. Jacobi symbols of distributions. In all three cases above the set of symplectic flag sym-
bols is discrete. Moreover, by construction the symplectic flag symbol §, of the extended Jacobi
curve A — {J*(\) }ier, A € 7y is determined algebraically by the jets of the (non-extended) Jacobi
curve A — {V(A\) C J(A)}, A € 7. This implies that for any point ¢ € M there is a Zariski open
subset of the fiber of the bundle PWp(q) — M over the point ¢ such that the symplectic flag
symbols of the extended Jacobi curves at all points of this subset are isomorphic to one symplectic
flag symbol §. In this case we will say that ¢ is the Jacobi symbol of a distribution D at the point
q.

Moreover, in contrast to Tanaka symbols, Jacobi symbols of distributions are always locally
constant, i.e. in a neighborhood of a generic point they are isomorphic one to each other. This
leads to the following new formulation: to construct canonical frames for distributions with given
constant Jacobi symbol.

Note that for a point Ag of nonmaximal class the symplectic flag symbol of the Jacobi curve
at A\ consists of the endomorphisms acting on the graded conformal symplectic space Gr(\g) of
dimension less than the rank of the contact distribution A. Thereby, it will be more convenient
in the sequel to modify the definition of the Jacobi symbol as follows. Let v € I be the maximal
index for which the osculating subspaces of the Jacobi curve stabilize, i.e. such that J" /()\0) =
J"(A) € A(y) for all v/ € I such that v/ < v. This implies that Gr*'(\g) = 0 for all v/ < v
and v’ > ¢ — v, where ¢ = 1 if D has odd rank and & = % if D has even rank. In other words,

Gr(No) = @ Gr’(Ng). Assume that Ao belongs to the regular abnormal extremal v and
el v<i<e—v
define the graded conformal symplectic space

Gr(Xo) = A()/J”(h0) @ Gr(Xo) @ J*(\o)*

such that A(y)/J"(A\o) has weight preceding v in I and J”(A\g)* has the weight ¢ — v. The
modified symplectic flag symbol of the extended Jacobi curve at A is represented by the line

of endomorphisms dy,0q4 from csp <C/\4}()\0)> such that the restrictions of these endomorphisms to

Gr(Ao) form the line of endomorphisms of csp <Gr()\0)>, representing the symplectic flag symbol

of the extended Jacobi curve at A9 and the restriction of the endomorphisms d,,,4 to the added
spaces A(7)/JY(X\g) and J¥()\g)“ is equal to zero. In other words the modified symplectic flag
symbol is the direct sum of the original flag symbol with dim .J*(\g)“ copies of the symbol Réc—v:0-
Note that for the points of maximal class (and only for them) the modified symbol coincides with
the original one. Finally note that in the same way one defines the modified Jacobi symbol of a
distribution D at a point. In the sequel the Jacobi symbol of a distribution will be denoted by §
and the modified Jacobi symbol by dp04-

4.4. Symplectically flat distributions with given Jacobi symbols. We finish the section
with an example of a distribution with given Jacobi symbol §. For this fix a skew Young tableaux
Tab(d) and consider the subtableuax Tab_(d) consisting of all columns with vectors of weight not
greater than % Consider the Lie algebra f; spanned by the vectors in the boxes of Tab_(d) and
two additional vectors, denoted by x and z, such that the only nonzero Lie brackets in the product
table of the Lie algebra fs with respect to the chosen basis come from the following properties:
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(1) The operator ad z acts as the right shift in the tableaux Tab_(d);

(2) For any subtableaux of Tab(d), corresponding to an indecomposable symbol represented
by 05, (if exists), the Lie brackets of two vectors situated in the column corresponding to
weight 0 is equal to +2;

(3) For a subtableaux of Tab(d), corresponding to an indecomposable symbol represented by
Tm (if exists), the Lie brackets of two vectors in the box of weight % and —% is equal to
+z.

Then consider the distribution sz which is the left invariant distribution on the connected
simply connected Lie group with the Lie algebra fs such that at the identity e of the group the
subspace Dgp(e) is equal to the span of x and the vectors from the tableaux Tab_(d) with the
nonnegative weights (or ,equivalently, with weight 0 or %) it can be shown by direct computations
that the distribution DZp has Jacobi symbol & and is of maximal class. The distribution Dgp is
called the symplectically flat distribution with Jacobi symbol 6. The reason for this name is that
these distributions play the same role in local geometry of distribution with fixed Jacobi symbol,
as flat distribution of fixed tyoe in the local geometry of distributions with given Tanaka symbol
(see the last sentence of Theorem 5.2 below).

Let us describe the symplectically flat distributions of indecomposable symbols more explicitly

Example 4.1. Assume that § = Rés; with nonnegative s and an integer | satisfying s <1 < 2s.
Also assume that the Young tableauz Tab(Rds;) is as in (4.3). Then the Lie algebra fgrs,, is
spanned by eq, ..., es_1, fo,- -, [—s, T, 2 (in particular it is |+4-dimensional) and the only nonzero
Lie brackets in the product table of the Lie algebra frs,, with respect to the chosen basis are

[z,e;] =€i—1, Viis—1+1<i<0,i€Z;
(4.6) [z, fi] = fic1, Vj:—s+1<5<0,5€Z
[e[)vf()] =z

The symplectically flat distribution DE@I}S; with Jacobi symbol Rég; is the left invariant rank 3
distribution on the connected simply connected Lie group with the Lie algebra frs,, such that

D;@%S‘l (6) = Span{xa €0, fO}

We can introduce another grading by negative integers on the Lie algebra fgs,, such that fﬂg;s,z =
span{z, eg, fo} and the Lie algebra frs,, s fundamental with respect to this grading, i.e. it is
generated by fﬂgg&l. In other words, the distribution D%%S,l is the flat distribution in the Tanaka
sense for the fundamental Tanaka symbol given by frs,, with the new grading.

Similarly to Example 4.1 symplectically flat distributions of odd rank are flat in Tanaka sense
for the corresponding Tanaka symbol.

Example 4.2. Assume that 6 = Rrt,, where m is positive, belongs to %Zodd and the Young
tableauxr Tab(R7,,) is as in (4.5). Then the Lie algebra fr,,, is spanned by E1see s Eom, T, 2 (in

particular it is m + %—dimensional} and the only nonzero Lie brackets in the product table of the
Lie algebra fr,,, with respect to the chosen basis are

. o1 1
(4.7) [x,6i] =¢ei—1, Vi:i—-m+1<i< 5,2 € §Z°dd;
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The symplectically flat distribution D%me with Jacobi symbol Rr, is the left invariant rank 2
distribution on the connected simply connected Lie group with the Lie algebra fg.,, such that
Dy (e) = span{z, e%}.
As in the previous example, we can introduce another grading by negative integers on the Lie
algebra fr,,, such that fﬂgi = span{z,e1 and the Lie algebra fr,,, is fundamental with respect to
m 2

this grading. In other words, the distribution D%%sl is the flat distribution (in the Tanaka sense)
for the fundamental Tanaka symbol given by fr.,, with the new grading.

Example 4.3. Assume that 6 = R (d5; ® 7pn) where s is a nonnegative integer, | is an integer
satisfying s < 1 < 2s, and m is positive and belongs to %Zodd . Also assume that the Young tableaux
Tab(d) is the union of Young tableaux appearing in (4.3) and (4.5). Then the Lie algebra fs is
spanned by ey, ... €s—1, fo,--s fos, €1,y Eom, Ty 2 (in particular it is | +m + %—dz’mensional}
and the only nonzero Lie brackets mQ) the product table of the Lie algebra fs with respect to the
chosen basis are as in (4.6) and (4.7). The symplectically flat distribution D5¥ with Jacobi symbol
0 is the left invariant rank 4 distribution on the connected simply connected Lie group with the
Lie algebra {5 such that

(48) DP(e) = span{z. e fo.<1 ).

An interesting phenomenon here is that in contrast to previously discussed cases of distributions of
odd rank and rank 2 the symplectically flat distribution Dgp 18 not the flat distribution in Tanaoka
sense for a fundamental Tanaka symbol. Indeed, if it was the case all vectors appearing in (4.8)

must have weight —1. From this, on one hand, z = [eg, fo] has weight —2, but on the other
hand, €1 = [33,5%] has weight —2 and therefore z = [5%,5_%] must have weight —3. We got a
contradiction.

However, we can take another grading of the Lie algebra §fs by negative integers such that the
Lie algebra §5 is generated by f(s_l @ f(s_Z and the distribution D(SSp is the left invariant distribution

with D (e) = f5 ' @ f5>. For this set
fé_l = span{sé}, f(s_Q = span{z, eg, fo}.

Note that the same phenomenon holds for all symplectically flat distribution of even rank greater
than 2.

5. CANONICAL FRAME FOR DISTRIBUTIONS WITH GIVEN JACOBI SYMBOLS

To construct the canonical frame for a distribution D with given Jacobi symbol we use the
general theory of curves of flags developed in [20] (with a slight modification in the case of
distributions of even rank greater than 2) and the prolongation procedure for flag structures
developed in our previous paper [21] . By a flag structure we mean a manifold endowed with a
distribution and a submanifold of a flag variety of each fiber of this distribution. In our case the
flag structure associated with the distribution D is obtained as follows: the ambient manifold is
the space of regular abnormal extremals N of D as in (3.15), the distribution on N is the contact
distribution A and the submanifold of flags on the fibers A(y) are the extended Jacobi curve
A= {J"\)}ier, A € 7. Note that although A may not be a manifold in general we can always
overcome this issue by restricting ourselves to local considerations on Wp. Besides, in the case of
distributions of odd rank or rank 2 the symplectic flag symbols of the modified extended Jacobi
curves are exactly the flag symbols of this flag structure in the sense of [21].
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Assume that the modified Jacobi symbol d,,0,q of the distribution D is represented by a line d,,04

of degree —1 endomorphisms from ¢sp(X) , where X = @X * is a graded conformal symplectic
el

space, dim X = rank A. Note that the grading on X induces the natural filtration {X;};er with

(5.1) X; = Px*.
k>i

Furthermore, the grading and the filtration on X induce the natural grading and filtration on

csp(X). It is important to stress that the graded space gr X = @Xi/Xn(i) associated with this
i€l

filtration, where n(i) is the index next to the index i in I with respect to the natural order, is

canonically identified with X via the canonical identification of X;/X,,;) with X".

The grading on csp(X) is defined as follows: csp(X) = @ csp? (X), where
JjeJ

esp/(X) ={A € csp(X): AXY) e X' Viel}

1 1 1
and J = {iy —ig : 41,00 € [}, ie. J=2Z,if I =7 or §Z0dd and J = §Z, if I = §Z. The filtration
on csp(X) is defined as follows: {csp;(X)}jes, where
esp;(X) = {A € esp(X) : A(X)) € Xiy; Vi€ I} = Pesp(X).
k>j

Now the filtration on ¢sp(X) induces the filtration on any its subspace L: {L;};cs with L; =

LNcesp;(X). Let gr L be the corresponding graded space, gr L = @Lj/L

jedJ
above, n(j) is the index next to the index j in J with respect to the natural order. Note that we
have the following canonical identifications:

(5.2) gresp(X) = esp(gr X) = esp(X).

n(j)> Where, similarly to

The first identification is standard, in the last identification we use the identification of gr X with
X described above. Using these identifications the space gr L can be seen as a subspace of ¢sp(X),
i.e. of the same space as the original subspace L. Note that in general gr L differs from L.

Further note that the Tanaka symbol of the contact distribution A is isomorphic to the Heisen-
berg algebra of the corresponding dimension that will be denoted by 1 with the natural grading
n=n"1@®n"2. The model graded conformal symplecic space X can be identified with n~'. Then
the algebra g%(n) of all derivations of 7 preserving the grading is equal to ¢sp(X).

As in Remark 1.1 denote by P%(n) the principal bundle over N such that the fiber P(n)., over
a point v € N consists of all isomorphisms between the conformal symplectic spaces X and A(v),
i.e. linear isomorphisms preserving the conformal symplectic structures on X and A(+). In other
words, P%(n) is the bundle of conformal symplectic frames of each fiber of the contact distribution
A.

At the first step of our constructions, following [20], we would like to encode the presence of the
Jacobi curves on the fibers of the contact distribution A by adopting to them a fiber subbundle
of PY(n) of the minimal possible dimension in a canonical way. In contrast to Tanaka structures
of Remark 1.1 such subbundle cannot be chosen in general as a principal reduction of the bundle
PY(n). However, this subbundle belongs to more general class of fiber subbundles of P° that we
call quasi-principal bundles.
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To define the latter notion first note that, since the tangent spaces to the fibers of P%(n)
are canonically identified with the Lie algebra csp(X), the tangent space to a fiber subbundle
P% of P%(n) at a point 1 is identified canonically with a subspace Ly of csp(X). If P?is a
principal reduction of PY(n) these subspaces are the same for different points ¥ and equal to
the Lie subalgebra of the structure Lie group of P. In general these subspaces vary when one
varies the points . However, we can weaken the assumption of constancy of these subspaces by
assuming that the corresponding graded space gr Ly, seen again as the subspace of ¢sp(X) under
the identifications (5.2), is independent of ¢ and equal to a subalgebra g° of csp(X). In this case
we say that the fiber subbundle P of P%(n) is a quasi-principal bundle of type (n, g°).

In our case the algebra g° can be described purely algebraically in terms of the modified Jacobi
symbol dp0q, namely in terms of the universal algebraic prolongation u* (8m0d) 0f dmod (in csp(X)),
which plays the same role in the geometry of curves of flags as the Tanaka universal algebraic
prolongation on the geometry of filtered structures [20]. This is by definition the largest graded
Lie subalgebra of the Lie algebra csp(X) such that its negative part coincides with dp,0q4. The
algebra uf' (6moq) can be explicitly constructed by induction.

1
First let us describe this inductive construction in the case when I = Z or —Zgqq (corresponding

to the cases when the original distributions D is of odd rank or of rank 2, respectively). Set
uf (8mod) := 6mod and define by induction in k € Z, k > 0

(5.3) Ul (6mod) := {v € csp®(X) : [0, Omoa] € uk_1(8)}.
The space ug(émod) is called the kth algebraic prolongation of the symbol dnoq. Then
(5.4) W (Omoa) = B 4k (Bmod)
k€Z, k>—1
In the case when I = §Zodd (corresponding to the cases when the original distributions D is

of even rank greater than 2) the following modification is needed: Set u’;(6moq) := dmoa and

u!

1
Omod) := 0 and define uf (§,,0q) as in (5.3) where k are nonnegative and belong = Zoqq. Then
k 2

=

1
the algebra ukF (0mod) satisfies (5.4) with Z replaced by §Zodd in the summation of the righthand

side.

As in the theory of Tanaka structures, one can define the flat curve with given symplectic
flag symbol, which is in a sense the simplest (the most symmetric) curve among all curves of
symplectic flags with this flag symbol. In our case consider the filtration/ the flag {X;};c; on the
graded conformal symplectic space X, where subspaces X; are as in (5.1) .

Definition 5.1. Then the flat curve F5 ., of flags with flag symbol 61,04 7, up to the action
of the conformal symplectic group csp(X) on the corresponding flag variety, the closure of the
orbit of this filtration under the action of the one-parametric subgroup generated by the line dmod,
namely the closure of the curve x +— {e*X;}icr, * € dmod-

It can be shown by direct computations that for the symplectically flat distribution DZp the
germ of Jacobi curves at a generic point are germs of flat curves with flag symbol §. Moreover,
the corresponding flag structure is locally isomorphic to the left-invariant flag structure on the
Heisenberg group of dimension equal to dim N (where N is the space of regular abnormal ex-
tremals) such that at the identity of the group the curve of flags in the corresponding fiber of the
contact distribution is the flat curve with flag symbol §.



On local geometry of vector distributions with given Jacobi symbols 31

The building blocks for a more geometric description of flat curves of flags with given flag
symbol are rational normal curves in projective spaces. Recall that a rational normal curve in
r-dimensional projective space P" is a curve represented as

tes (Lot t? .47
in some homogeneous coordinates. If d,,04 = Ry, for some positive m € %Zodd (as in the case of
(2, 2”12+7)-distributions of maximal class), then the flat curve Fg,,, is the curve of complete flags
such that the curve of one dimensional subspaces of the flags in Fg,,, is a rational normal curve
in the (2m + 1)-dimensional projective space PX and all other subspaces of the flags in Fg.,, are
obtained by osculation of the rational normal curve.

For a general symplectic flag symbol .04 fix a skew Young tableaux Tab(0y04q) 0f dmod, assume
that this tableaux consists of k rows (recall that k = rank D — 1), and let Ei, 1 < i<k, be the
subspaces of X spanned by the vectors appearing in the boxes of the ith row of Tab(dyoq). Then

intersecting the subspaces of flags of the flat curve Fy

with the subspace L; one gets again the

mod

curve of osculating subspaces of a rational normal curve in the projective space PL;. Informally
speaking, the flat curve Fs__, is a direct sum of k curves of osculating subspaces sitting in L; of
rational normal curves such that the grading is taken into account.

Remark 5.1. (Geometric interpretation of the universal algebraic prolongation in terms of flat
curves) Finally note ([14]) that the algebra ut (8,0q) is isomorphic to the algebra of infinitesimal
symmetries (in csp(X)) of the flat curve Fs,_ .

Theorem 5.1. To a germ of distribution D with constant Jacobi symbol § one can assign in
a canonical way a quasi-principal subbundle of P°(n) of type (n,uF(émod)), where Omeq 15 the
modified Jacobi symbol.

Note that the assignment in Theorem 5.1 is uniquely determined by a choice of a so-called
normalization condition for the structure equation of the moving frames associated with the
extended Jacobi cirves. The normalization conditions are given by a subspace W complementary
to the subspace u (dmod) + [6mod, ¢sp (X)] in csp, (X) , where csp, (X) is the nonnegative part
of the graded algebra csp(X) and uf (6moa) = u’ (dmoa) M ¢sp (X). This theorem is a direct
consequence of [20, Theorem 4.4] applied to the extended Jacobi curve of each regular abnormal
extremal « in the case of distributions of odd rank or rank 2 and a straightforward generalization
of this result in the case of distributions of even rank greater than 2. As was already mentioned
in Remark 3.2 the latter case does not satisfy the compatibility with respect to differentiation
assumption. However the constructions in this case are literally the same as in the proof of
Theorem 4.4 of [20].

The result of Theorem 5.1 can be seen as the zero step of the prolongation procedure for the
construction of the canonical frame for the distribution D if compared with the prolongation
procedure for Tanaka structures (as in Remark 1.1 and Theorem 1.1). In [21] we have shown that
the analog of Theorem 1.1 is valid for quasi-principle bundle as well. This implies the following

Theorem 5.2. Assume that D is a distribution with constant Jacobi symbol § and dyeq s the mod-
ified Jacobi symbol of D. Assume that the universal algebraic prolongation u(n,uF(dmod)) of the
pair (N, u (0mod)) 48 finite dimensional and k > 0 is the mazimal integer such that u¥ (n, uF((SmOd))
is not zero. Then to the distribution D one can assign, in a canonical way, a sequence of bundles
{P? f:o such that PY is as in Theorem 5.1 and P for i > 0 is an affine bundle over P! with
fibers being affine spaces over the linear space of dimension equal to dim u’ (n,uF(émod)) for any
i=1,...k and such that P* is endowed with the canonical frame. In particular, the dimension
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of the algebra of infinitesimal symmetries of a distribution D with Jacobi symbol § is not greater
then dim u(n, uF((Smod)). This upper bound is sharp and is achieved if and only of a distribution is
locally equivalent to the symplectically flat distribution D(Ssp for which the algebra of infinitesimal
symmetries is isomorphic to u(n,uF(émod)).

Note that the statement of this Theorem about sharpness of the bounds and uniqueness of
maximally symmetric model up to an equivalence does not directly follow from Theorem 2.3 of
[21] but it can be proved without difficulties using the arguments of existence of so-called grading
element in the algebra u(n, uf (dmoa)) similarly to [33],[42].

6. JACOBI SYMBOLS § WITH FINITE DIMENSIONAL ALGEBRA u(7, 4! (0y0d))

Now the natural question is for what Jacobi symbols § is the algebra u(n,uf (6m0q)) finite
dimensional?

Theorem 6.1. Assume that D is a distribution with constant Jacobi symbol § and dmeq s the
modified Jacobi symbol of D.

(1) Ifrank D is odd then u(n, uF(émod)) is finite dimensional if and only if dmeq 1S isomorphic
to the direct sum of symplectically indecomposable symbols generated by ds; with s <1 <
2s, 8,1 are positive integers. In other words, each symplectically indecomposable component
of Omod has the skew Young diagram consisting of two rows as in (4.2) and having at least
three columns with two boxes;

(2) If rank D = 2 then u(n,uF(émod)) is finite dimensional if and only if dmoq @S is0MOTPhic

1
to the symbol generated by T, with m > %, m € §Zodd. In other words, the skew Young

diagram of dmoa consists of one row with at least 4 bozes.

(3) Ifrank D is even then u(n, uF((SmOd)) is finite dimensional if and only if dmeq is tsomorphic
to the direct sum of symplectically indecomposable symbols generated by d,; with s <1 <
2s, s,l are positive integers, and of exactly one symplectic symbol generated by T, with
m > %,

dmod have the skew Young diagrams consisting of either two rows as in (4.2) with at least

3 columns with two boxes or of one row and the latter component appears exactly ones.

m € §Z0dd' In other words, the symplectically indecomposable components of

Note that in item (3) of this theorem, in contrast to item 2, the Young diagram of the sym-
plectically indecomposable component consisting of one row may have 2 boxes.
As a direct consequence of Theorem 6.1 we get the following

Corollary 6.1. If u(n,uF(émod)) is finite dimensional then § = Omoq, i-€. the distribution D is
of mazimal class.

Also as a direct consequence of item (1) of Theorem 6.1 and Remark 4.2 one has the following

Corollary 6.2. For rank a 3 distribution D the algebra u(n,uF(dmOd)) is finite dimensional if
and only if D is of maximal class and dim D?(q) = 6 for generic point q.

Using Remark 4.1, Theorem 6.1 can be equivalently reformulated in the following shorter way:

Theorem 6.2. Assume that D is a distribution with constant Jacobi symbol § and dmoq s the
modified Jacobi symbol of D. Then the algebra u(n,uF(émod)) is finite dimensional if and only if
the skew Young diagram Diag(dmoed) of dmod Satisfies both of the following two conditions:
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(1) It does not contain two rows such that the most left box of one of the rows is located in
the same column or from the right to the most right box of another row;
(2) It does not consist of one row with two bozes.

Proof of Theorem 6.2 The proof is based on two general criteria for finiteness of prolongations
of Tanaka and Spencer, respectively, and on some theory of representation of sls.
Let us first describe these criteria in general setting. Let as before t = @ g’ be a graded
j<—1
nilpotent Lie algebra, g°(t) be the algebra of differentiations of t preserving the grading, and g°
be a subalgebra of g°(t). Tanaka criterium reduces the question whether the Tanaka prolonga-
tion u(t,g") of a pair (t,g°) is finite-dimensional or not to the same question for the standard
prolongation (as described, for example, in [26, 38]) of the following subalgebra t(g°) of g.

(6.1) t(g®) = {f € g°|f(z) =0forall z € g',i < —2}.

Recall that g¥(t) (and hence t(g”)) can be considered as a subalgebra of gl(g~!). The standard
prolongation of t(g") is nothing but the Tanaka prolongation of the pair (g~!,v(g”)), where g=*
is considered as a commutative graded Lie algebra with the trivial grading, i.e. such that all
elements of g~! have degree —1. Note that the standard prolongation can be defined not only for
a subalgebra but for any subspace of gl(g~!) ([26, 38]). Tanaka criteruim can be formulated as
follows:

Theorem 6.3. Tanaka criterium ([32]). The Tanaka prolongation u(t,g°) of the pair (t,g") is
finite-dimensional if and only if so is the standard prolongation of t(g°).

Remark 6.1. In the case when t = n(=n~1®n~?), the Heisenberg algebra, g°(n) is the conformal
symplectic algebra csp(n™') of n~1, and the t(go(n)) is equal to the symplectic algebra sp(n=1).

This implies also that the algebra t(uF(6mod)) is equal to the universal algebraic prolongation
of the symbol § in the algebra sp(n~'), i.e. the largest graded Lie subalgebra of the Lie algebra
sp(n~1) such that its negative part coincides with 6. Obviously,

(6.2) U (0moa)) = t (W (6moa)) B R Id, -1 .

In its turn, Spencer criterium provides a computationally efficient method of detecting whether
the standard prolongation of a linear subspace A C gl(Y) of a vector space Y over the field k is
finite-dimensional or not. Let k be the algebraic closure of the field k and by A* be the subspace
in gl(Y*) obtained from A by field extension.

Theorem 6.4. Spencer criterium ([37,_23, 31]) The standard prolongation of a subspace A C
al(Y) is finite-dimensional if and only if A* C gl(Y*) does not contain endomorphisms of rank 1.

The universal algebraic prolongations of symplectic flag symbols in the symplectic algebra (and
therefore, according to (6.2), in the conformal symplectic algebra) were described quite explicitly
in [20, section 8] using the theory of sly representation. Let us briefly list the main features of
this algebras in context of the Spencer criterium.

We start with some terminology. We say that a graded space X which is also slp-module is a
nice sla-module, if the corresponding embedding of sl into gl(X) is spanned by endomorphisms of
degree —1, 0, and 1. Let Y7 and Y5 be two nice sly-modules. Then Hom(Y7,Y2) = Y2 ® Y{* is the
sla-module and a graded space in a natural way. Denote by n(Y7, Ys) the maximal sla-submodule
of Hom(X,Y") concentrated in the non-negative degree part. If Y = Y5 we simply will write n(Y?)
instead of n(Y1, Y2).
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Further, assume that X is a graded conformal symplectic space which is also a nice slo-module
such that the corresponding embedding of sly into gl(X) belongs to sp(X). In this case we will
say that X is a nice symplectic sla-module. The conformal symplectic algebra csp(X) is a slo-
module and a graded space in a natural way. Denote by [(X) the maximal sly-submodule of sp(X)
concentrated in the non-negative degree part. From the maximality assumption it follows that
[(X) is a subalgebra of sp(X).

Given a symplectic flag symbol p on a graded conformal symplectic space X we can make X to
a nice symplectic slo-module with p being degree —1 component of the corresponding embedding
¢, of sly into sp(X). Moreover, if one fix a skew Young tableaux Tab(p) of p (as described in
Remark 4.4), then each row in Tab(p) defines an irreducible sly-submodule. From [20, subsection
8.3] it follows that the universal algebraic prolongation t(u’'(p)) of the symbol p in csp(X) is
equal to the semidirect sum of the constructed embedding ¢, of sly into sp(X) and the algebra
(X),

(6.3) t(uf(p)) = [(X) %y, slo.

Remark 6.2. By Remarks 5.1 and 6.1 the algebra t(uF(p)) is isomorphic to the subalgebra of
sp(X) consisting of all infinitesimal symmetries of the flat curve F, with the symbol p. Hence,
to any element of t(uF(p)) we can assign the vector field on the curve F,. It turns out that the
ideal (X)) consists of all elements of t(uF(p)) for which the corresponding vector fields on F, are
identically zero. In other words, [(X) is the subalgebra of sp(X) consisting of the infinitesimal
symmetries of the flat curve F, considered as a parametrized curve. This implies that A € (X)
if and only if

(6.4) A(e"(X;)) C e(X;), Vaxep, iel,
where {X; }ier is the filtration of X as in (5.1).

Remark 6.3. Note that analogous statements are true if we forget about the presence of symplectic
structure on X and consider curves of flags with respect to the action of GL(X). In all definitions
and statements the algebras csp(X) or sp(X) should be replaced by gl(X) , the algebra [(X) is
replaced by w(X) and the latter satisfies relation (6.4).

1. Rank 1 elements in [(z) Our first goal is to prove the following

Proposition 6.1. In the case when p = dymeq the algebra 1(X) contains elements of rank 1 if and
only the corresponding skew Young diagram Diag(dmeq) does not satisfy condition (1) of Theorem
6.2, i.e. it contains two rows such that the most left box of one of the rows is located in the same
column or from the right to the most right box of another row

Proof. In this case p is isomorphic to the direct sum of N(s,l) copies of the indecomposable
symbols Rd,; for some finite number of pairs (s,1) with s > 0 and 0 <1 < 2s and of at most one

1
copy of R, for some m € §Z0dd. Then we can split X as

(6.5) X = @Lia

for some k € N, where N(s,1) of subspaces L; are isomorphic to X,; and at most one subspace
L; is isomorphic to L,,, where spaces X,; and L,, are as in (4.1) and (4.4), respectively. The
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restriction of p to L; is isomorphic to the indecomposable symbols Rd,; in the first case and to
R7,, in the second case. Further, the restriction o|r, to L; of the symplectic form o of V' defines
natural identification between L; and its dual space L. Here o denotes the symplectic form on
X. Splitting (6.5) defines the following (in general non-canonical) splitting of gl(X) :

k
(6.6) gl(X) = €5 Hom(L;, L;).
ij=1

An endomorphism A € gl(V), having the decomposition A = Zﬁj:l A;j with respect to the

splitting (6.6), belongs to sp(X) if and only if A;; € sp(L;) for all 1 < i < g and 4;; = -4,
for all 1 < i # j < q (here the dual linear map A%, is considered as a map from L; to L; under

the aforementioned identification L; ~ L7 and L; ~ L;‘) Therefore the map A — Zf’:l A +
> 1<i<j<q Aij defines the identification

k
(6.7) sp(X)=Psp(L)® @ Hom(L;, Lj).
=1

1<i<j<gq
This implies that
k

(6.8) (X)=PuL)e @ nLiL)).

i=1 1<i<j<q

Note that by constructions the space [(X) is an invariant subspace with respect to the projec-
tions on each component of the decomposition (6.7). Therefore the question of the existence of
rank 1 elements in [(X) can be reduced to the same question regarding each component of the
decomposition (6.8). Moreover, let us show that in the question of existence of rank 1 elements
in [(X) one can get rid of multiple copies of X ; in the splitting (6.5) of X.

Lemma 6.1. The algebra | (X) contains rank 1 elements if and only if at least one of the following
algebras does:

(1) n(Xs, 10, Xsp10)s if Xy 0y and X, 1, appear as components in the splitting (6.5);
(2) n (L, Xs1), if L and X appear as components in the splitting (6.5);

(3) U(Xsy), if X5 appears as a component in the splitting (6.5);

(4) U(Ly), if L appears as a component in the splitting (6.5);

Proof. Applying formula (6.7) to the graded conformal symplectic space Xs; @ RY (s:) instead of
X it is easy to get the following natural identification:
(6.9) sp(X,y @ RYD) 2 (5p(X,) 9 RYED) @ (gl(X,0) @ RN D),
where A2RN (5D denotes a skew-symmetric square of RV Consequently,
(6.10) (X, RN = ([(Xs,z) ® RN(S’D) ® (n(Xs,l) ® AQRN(S’D).
Besides, for any two nice sls-modules X; and Xs
(6.11) n(X1 @ RV, X5 @ RM) 2 n(X7, Xo) ® Hom (]R{Nl , RN2>.

Combining (6.10) and (6.11) with (6.8), one obtains the statement of the lemma. O
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Now analyze the algebras appearing in Lemma 6.1 separately:

a) Algebras from the first two items of Lemma 6.1
The calculation of algebras n (X, 1,, Xs,.1,) and n (L, X;;) from the first two items of Lemma
6.1 is reduced to the calculation of n(Y7,Y2) where Y7 and Ys are two disjoint irreducible nice

1
slo-modules graded by the sets I7 and Io, where each I; is either Z or §ZOdd (note that I; and

I might be different). For each i € {1,2}, let r; and s; be the lowest and the highest weights
of element of Y; respectively and let I; = s; — r; (= dim Y; — 1). Recall that the corresponding
slp-submodule Hom(Y7,Y2) = Y2 ® Y;* is decomposed into the irreducible sly-modules as follows:

min{ly,la}

(612) HOHl(Yl,YQ) = @ Hl1+l2—2i7
=0

where II; denotes an irreducible sly-module of dimension j +1 (see, for example, [22]). Note that
the following lemma immediately follows from the construction of the decomposition (6.12)

Lemma 6.2. The only submodule in the decomposition (6.12) containing rank 1 elements is the
submodule I1;, 1, of the largest dimension.

Furthermore, the following formula can be easily verified (see [20, subsection 8.2]) using the
decomposition (6.12):

@ Iy 4,2, S22 81 and rg > 1
(613) Il(Yl, Y'Q) = § i€ZN [max{O,sl7T2},min{ll,l2}]

0, otherwise.

From this formula and Lemma 6.2 it follows that n(Y1, Y2) contains elements of rank 1 if and
only if n(Y1,Y2) = Hom(Y1,Y2) or, equivalently, all elements of Hom(Y7,Y2) have nonnegative
degrees, or, equivalently, s;1 < ro, i.e. the maximal degree of elements of Y7 does not exceed
the minimal degree of elements of Y5. Consider the skew Young diagram consisting of two rows
with [1 + 1 and l» + 1 boxes, respectively, such that the columns of it are indexed by the set
I in the decreasing order from left to right and for any ¢ € I; U Iy the number of boxes in the
column indexed by i is equal to the dimension of the subspace of degree i in Y7 @ Ya. Then the
conditions above are equivalent to the fact that the obtained skew Young diagram does not satisfy
condition (1) of Theorem 6.2.

b) Algebras from item (3) of Lemma 6.1 Now consider the algebra [ (X ;) from item (3)
of Lemma 6.1. The space X ; is the sum of two irreducible nice sla-submodules

(6.14) Eg; = span{e;}s_i<i<s, Fsy = span{ fi} _s<i<i—s,

where {e;}s_i<i<s and {fi}=s<i<i—s are as in (4.1). Note that E,; and F,; are two transversal
Lagrangian subspaces of X ;. Therefore the symplectic form on X ; defines the following natural
identifications: Eg; = (F,;)* and Fy; = (Fs;)*. Keeping in mind these identifications, an endo-
morphism A € gl(V'), which has the decomposition A = Ay + Age + A1z + Az with respect to
the splitting

(615) g[(Xs,l> = g[(Es,l) S g[<Fs,l) @ Hom(Fs,la Es,l) @ Hom(Es,b Fs,l)a
belongs to sp (Xs,l) if and only if
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(6.16) AT2 = Alg, A;l = A21, and A22 = —ATl.
Therefore the map Fy;: A+ Aj1 + Aog + Aqo defines the following identifications
(6.17) sp(Xsy) =2 gl(Eqy) @ S*(Esy) @ S*(Fyy).

Here SQ(ESJ) is a subspace of Hom(F , E ;) and SQ(FS,Z) is a subspace of Hom(Fj , Fy ;). Keeping
this in mind, we define s(E; ;) as the maximal sly-submodule of S?(Fj ;) concentrated in the non-
negative degree part of S?(Fj;). Similarly, let 5(Fy;) be the maximal sly-submodule of S?(Fy;)

concentrated in the non-negative degree part of S%(Fy).
Then from (6.17) it follows that

(6.18) [(XSJ) = n(Es’l) D E(ESJ) D E(FS,Z)

Obviously, [(X;) contains an element of rank 1 if and only if at least one of the spaces s(E; ),
s(Fy;) or F~1(n(Es;)) contains an element of rank 1. Now analyze each of this spaces. Start
with s(Es;). By analogy with (6.12), slp-module S?(Ej;) is decomposed into the irreducible
slp-modules in the following way ([22]):

(3]
(6.19) S*(Es1) = P Mar—si-
i=0

Using the last decomposition, the following formula can be easily verified (see [20, subsection
8.3.1]):

[1]
(6.20) s(Fqy) = @ 4,

i=max{0,l—s}

From this formula and the obvious analogues of Lemma 6.2 it follows that [;l contains element
of rank 1 if and only if s(Es;) = S?(Es,) or, equivalently, all elements of S?(E; ;) have nonnegative
degrees or ,equivalently, | > s, i.e. the maximal degree of elements of Fy; does not exceed the
minimal degree of elements of E;. The latter condition in turn is equivalent to the fact that the
corresponding skew Young diagram as in (4.2) does not satisfy condition (1) of Theorem 6.2.

Further, the sly-module S?(Fs;) has the decomposition to irreducible submodules similar to
(6.19). However, the grading on these irreducible submodules is different from the case of S*(Es),
because it is induced from Hom(FEs, Fy;) instead of Hom(Fy;, Fs;). One can easily show [20,
subsetion 8.3.1] that
29

(6.21)

s(Fyy) = R ifis even and s = .
st = 0 otherwise.

and it contains a rank 1 element if and only if s = = 0, i.e. when the corresponding Young
diagram consists of one column and two rows. The latter condition trivially does not satisfy
condition (1) of Theorem 6.2. Note that the first option in (6.21) is equivalent to the fact that
the corresponding Young diagram is rectangular.

Finally, note that from (6.13) applied to the case Y7 = Y5 it follows that

(622) n(Es,l) = HO =R IdEs,l
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and, taking into account the last relation of (6.16), it follows that the space (Fy;)~*(n(Es;)) has
no element of rank 1 or, equivalently, elements A in [(X ;) of the form A = Ay + Aoy with respect
to decomposition (6.15) are never of rank 1.

Remark 6.4. As the matter of fact (Fs;)~'(n(Esy)) is spanned by the endomorphism Z such
that Z|g,, = 1d|g,, and Z|p,, = —1d|g,,.

c) Algebras from item (4) of Lemma 6.1 Note that [(£,,) C n(L,) = RIdg,,, but
Id ¢ sp(L,,). Therefore [(L,,) = 0.

Combining results of items a), b), and ¢) above with Lemma 6.1 we obtain the Proposition 6.1.
O

2. Subspaces a, 3, and p. If we consider the embedding ¢;__.(sl2) of sly into sp(X) appearing
in the decomposition (6.3), then from the basic representation theory of sl it follows immediately
that ¢, (sl2) has a rank 1 element if and only if the skew Young diagram of dy,0q does not satisfy
condition (2) of Theorem 6.2, i.e. it consists of one row with two boxes. Note that this and the
“only if” part of Proposition 6.1 implies the “only if” part of Theorem 6.2. However, this together
with the “if” part of Proposition 6.1 is not enough to finish the proof of the “if” part of Theorem
6.2.

For this goal, we need a decomposition of t(uf(moq)), which is finer than (6.3). Let a be the
subalgebra of t(uf (dmoa)) consisting of those elements of v(uf (dmoa)) for which any irreducible
sly-submodule of the slp-module X is an invariant subspace. The embedding ¢s__,(sl2) clearly
belongs to a, which also implies that a is an sly-submodule of t(uF ((5m0d)). Therefore, there exists
the unique sly-module p which is complementary to a in t(uF (5mod)),

(6.23) t(u (6mod)) = a @ p.

Note that by the construction p is a subspace of [(X). Also, let
(6.24) 3=anli(X).

Then

(6.25) H(X)=3@p, a=ps,,(sk)®s

Let us describe the introduced subspaces a, 3, and p in more detail. For this fix, as before, a skew
Young tableaux Tab(dpoq) Of dmod. Assume that this tableaux consists of k rows (recall that

k=rankD — 1) and let L;, 1 <i < l;:, be the subspaces of X spanned by the vectors appearing
in the boxes of the ith row of Tab(dy0q4). We have the following decomposition:

k
(6.26) xX=@PL,
i=1
i;: ~ ~ ~
(6.27) gl(X) = P ol(Li) © @ Hom(L;, Ly).
i=1 i#j
k
Denote by 71 and 79 the projections from gl(X) to @ g[(ii) and to @ Hom(fi, Ej), respectively,
i=1

7]
with respect to decomposition (6.27). Then by constructions

(6.28) 3=m(I(X)), p=m(I(X)).
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Now prove that if the skew Young diagram of d,,0q satisfies condition (1) of Theorem 6.2 and
the algebra t(uF (5mod)) contains an element of rank 1, then a must contain an element of rank 1.
Indeed, if t(uF (6mod)) contains an element of rank 1 with nonzero p component with respect to
the decomposition 6.23 then, using the second relation of (6.28) and the fact that the space p is

an invariant subspace of the projection from gl(X) to g[(Zi, E]) with respect to the decomposition
(6.27), the subspace p contains a rank 1 element, which contradicts Proposition 6.1.

Finally, assume that there exists an element A € a of rank 1. Since each subspace L; is an
invariant subspace of A then there exist ig, 1 < ip < k such that A| Lig has rank 1. Assume that A
splits as A1 + Ay with respect to the second decomposition in (6.25) so that A; € ps__,(sl2) and
Ay € 3. On one hand, since Eio is an irreducible sle-module, the spectrum of the endomorphism
A L constitute an arithmetic progression centered at (symmetric with respect to) the origin.

On the other hand, As is either a multiple of the identity by the formula of type (6.22),

Iz,
if L;, is indexed by Z (or, equivalently, L;, is a (Lagrangian) subspace of the domain of the
indecomposable symbol of type Rd, ;) or equal to zero by item c) of the proof of Proposition 6.1,

~ 1 -
if L;, is indexed by §ZOdd (or, equivalently, L;, is the domain of the indecomposable symbol of
type R7,,) . Therefore A| 7. may have rank 1 if an only if dim Eio < 2.
20

If dim Eio = 1 then the Young diagram of §,,,q contains two rows with one box each, which
contradicts condition (1) of Theorem 6.2. If dim L;, = 2, then there are two possibilities:

(1) L, is indexed by Z. Then Diag(dmod) contains 2 rows with 2 boxes which contradicts
either Remark 4.1 or condition (1) of Theorem 6.2.

1
(2) L;, is indexed by EZOdd' Let us prove that in this case Diag(dmoq) must consist of one

row with two boxes (in contradiction to condition (2) of Theorem 6.2). Otherwise, the
condition A|z = 0 for all 4 # ig, 1 < i < k holds and it is not void. This implies that

Arlz =0 forall i # i, 1 <7 < k, which yields that A; = 0. Besides, As|; = 0 for all

1 #£10, 1 << k and by item c) of the part 1 of the current proof As|; = 0. Therefore
io

As = 0 and hence A = 0, contradicting the assumption that A has rank 1.

This completes the proof of “if” part of Theorem 6.2. U

7. REDUCTION OF CALCULATION OF ALGEBRA (1, 4 (6y04)) TO STANDARD PROLONGATION
OF p

Next natural task is to describe the algebra u(n, uf (0;0q)) as explicit as possible.
First of all consider the case of rank 2 distributions, which is important as a building block for
the case of distributions of arbitrary even rank.

Theorem 7.1. A (2,n)-distribution of maximal class has a modified Jacobi symbol dyoq is0-
morphic to RTn—2, i.e. its Young diagram consists of one rows with 2(n — 3) bozes, the algebra
2

u (Omoa) is equal to an embedding of an irreducible representation of gly into csp(n™') and the
algebra w(n, uf (6,m0q)) satisfies the following:

(1) [42] If n = 5, then u(n,ul (6moq)) is isomorphic to the split real form of the exceptional
Lie algebra Go (as also expected from the classical Cartan work [9]);
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(2) [15, 16] If n > 5, then the first prolongation u'(n,u (6mea)) of the pair (n,u’ (dmod))
vanishes, i.e. w(n,ul (0moq)) is isomorphic to the semidirect sum of the above mentioned
embedding of an irreducible representation of gly into csp(n~t) with n.

It turns out that for more general Jacobi symbols with sufficiently long rows of their Young
diagrams the subspace p introduced in the previous section (see the decomposition (6.23)) plays
the crucial role in the description of the algebra u(n, u"(6,,04)). First, note that since n=! (& X)
generates 7, for every i > 0 any element of ith Tanaka algebraic prolongation u’ (n,uF (5mod) of
the pair (n, uf’ (5mod) is uniquely determined by its restriction to X.

Let ¢ € u! (77, uF(émod)). Then by definition for any vy, v € X = n~! we have
(7.1) P(v1)v2 — d(v2)vr = ¢([v1, v2]).

Fix a symplectic form o, representing the conformal symplectic structure on X. Then there exists
the unique y € 2 such that [v1,ve] = o(v1,v2)y for any vy, ve in X. Let v = ¢(y). Note that
v € X. Using this and relation (7.1), we obtain another characterization of u'(n, u® (6moa)):

¢ € Hom (X, u" (6moa) ® Hom(n™2, X) belongs to u' (1, u”(6moa)) if and only if the restriction of
¢ to X satisfies the following condition: there exists v € X such that for any vi,v9 € X

(7.2) P(v1)v2 — ¢(v2)v1 = o (v, v2)v.

On the other hand, by definition ¢ € Hom(X,uf (d,,04) belongs to the standard prolongation
u (6moa) M if and only if for any vy, vy € X

(7.3) qb(vl)vg — gb(vg)vl =0.

Relations (7.2) and (7.3) imply that the standard prolongation (u’ (5m0d))(1) can be considered
as the subspace of the space u! (77, uf’ (5mod)) corresponding to v = 0 in (7.2). The same statement
with the same proof is true for the higher order prolongations, i.e.

(7.4) (4 (Bmoa))” C (1,17 (Bimoa)), i > 0.
Theorem 7.2. Assume that the skew Young diagram of the modified Jacobi symbols dmeq satisfies
both conditions (1) and (2) of Theorem 6.2 and in addition the following two conditions hold:

(3) The number of bozes in every row indexed by Z is at least 4;
1
(4) The number of bozes in the row indexed by QZodd (if it exists) is at least 6.

Then for any i > 0 the ith Tanaka algebraic prolongation u’ (77, uF(émod)) of the pair (77, uF(émod))
coincides with the standard ith prolongation p of the subspace p of gl(X) defined in (6.28).

Remark 7.1. Note that condition (3) in Theorem 7.2 is equivalent to the fact that in the decom-
position of dmea into the indecomposable symbols all components of type Ros; satisfy | > 3 and
condition (4) is equivalent to the fact that in the same decomposition the component Rr,, , if it

3
exists, satisfies m > —. Also, conditions (1) and (3) are equivalent to condition (1) and the fact
that in the decomposition of dmoq nto the indecomposable symbols there is no symbol of the type
Ré1 2, t.e. the indecomposable symbol with rectangular Young diagram of size 2 x 3.
Before proving Theorem 7.2, note that since p C [(X), one has that p® C ([(X))(i). On the

other hand, from (7.4) it follows that ([(X))(i) C u'(n,1(X))) C u'(n,uf (6moa)), which implies
the following
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Corollary 7.1. Under assumptions of Theorem 7.2 for any ¢ > 0 the ith Tanaka algebraic
prolongation u* (77, uF((Smod)) of the pair (77, uF((Smod)) cotncides with the standard ith prolongation
([(X))(Z) of the algebra (X)) of the infinitesimal symmetries of the flat curve Fy
Omod considered as a parametrized curve.

with flag symbol

mod

Proof of Theorem 7.2 First, let us prove our theorem for ¢ = 1, i.e. for the first prolongation.

Our theorem will be proved if we will show that for such ¢ we have that ¢(vy) € p for any
v1 € X and that v = 0.

We can always assume that in the diagram Diag(dmq) the Young subdiagram of the indecom-
posable component of type R7,,, if exists, is situated at the very bottom. Fix again a skew Young
tableaux Tab(dmod) and let 7 = [J(rank D — 1)]. For any i such that 1 < i < r let E; be the span
of the vectors located in the boxes of the (2i — 1)st row of Tab(dy,0q4) and F; be the span of the
vectors located in the boxes of the 2ith rows of Tab(dy,0q). Finally, if rank D is even, let £ be
the span of the vectors located in the last box of Tab(dm0q)-

Let us fix a basis in the subspace 3 defined by (6.24). For any i, 1 < i < r, let Z; € ¢sp(X)
such that Z;|g, = Id|g,, Zi|lr, = —Id|F,, and Z; equal to zero on all vectors of Tab(dmeq) that
are not located in the boxes of the (2i — 1)st and 2ith row of Tab(dod). Then using Remark 6.4
and item c) of the proof of Proposition 6.1 one can show that

(7.5) 3 =span{Z}i_;.

Now assume that v1,va € E;. Let E; be the span of all vectors located in the boxes of Tab(dmod)
which are not in the (2i — 1)st row and let II; be the projection from X to E; parallel to F;. Let
IT; o uf (Omoa) = {ljo A : A € uF(6y0a)}. Consider the subspace <Hi o uF(émOd))|Ei of gl(E;)
such that it consists of the restrictions of elements of IT; o uf’ (0mod) to ;. Then from the second
identity of 6.25 and Remark 6.4 it follows that the space <HZ- oul’ (5mod)) |E, is 4-dimensional and

it is generated by the restrictions of elements of ¢;__, to E; and Id |g,, i.e. it is equal to the image
of the irreducible embedding of gly(R) into gl(E;).

As the restriction of the symplectic form to E; vanishes, we get ¢(vi)va = ¢(va)vr. Con-
sidering this equation mod E; we get exactly the equation for the standard prolongation of

(HiouF (5m0d)> |E; = gly(R). According to the result of Kobayashi-Nagano [27], the first prolonga-
tion of the irreducible embedding of gly(R) is non-zero only if the dimension of the representation
space does not exceed 3, which contradicts assumption (3) of our theorem. Thus, we see that
é(v1)vg = 0 mod E; for all v1, vy € E;. In particular, this implies that

(7.6) S(E) €p+R(Z +1d) + > Z;.
J#i

Absolutely analogous analysis of the cases vy, vy € F; implies that

(7.7) O(F) €p+R(Z —1d) + > Z;.
J#

In the case when vy,vy € L, using similar arguments, one can get from condition (4) of the
theorem under consideration and item (2) of Theorem 7.1 that

(78) o) Ep+) 7
j=1
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From relations (7.6)-(7.7) it follows that if 2 € X decomposes as z = >0, (zg; + 7F,) + 2r,
where zp; € Ej, xp, € Fj, and z, € L, then there exist functionals a; € X*, 1 <14 <, such that

T T
(7.9) ¢(x) = ¢'(2) + Z(Oéi(iBEi)(Zz‘ —1d) + ai(zr,)(Zi + 1d)) + Z @ (Z(fﬁE] +ap,) +ac)Zi,
i=1 i=1 i
where ¢ takes values in p. Now assume that v; = vg, € E; and vy = vp, € F;. Then by (7.2) we
get:
(710) ¢(UE1')UF¢ - QS(UFi)’UEi = U(UEi’ UFz‘)U‘
Also let E; ® F; = E; N F;. Consider equation (7.10) modulo F;.
(1) Assume that the subdiagram of Diag(dmoa) consisting of the (2i — 1)st and 2ith row is not
rectangular. Then by (6.21), the second line there, the restriction of an element of p on

FE; takes valges in F; @ F;. Taking into account this fact, the fact that an element of p
sends Fj to F; , and relation (7.9), we get from (7.10) that

—20;(vg,)vp, = o(vg,,vE,)v mod F;, for any vg, € E;,vr, € F;.

As the dimensions of E; and F; are at least 4 by assumption (3) of the theorem, for any
vg, € E; we can find a non-zero vector vp, € F; such that o(vg,,vr,) = 0. Hence, we see
that

(7.11) Oéi’E,- =0.

In particular, we also see that v € Fj.

(2) Now assume that the subdiagram of Diag(dmed) consisting of the (2i — 1)st and 2ith row
1s rectangular. The difference with the previous case is that the restriction of an element
of p on E; takes values in E; but not in E; @ F; in general, because the considered case
corresponds to the first line of (6.21). Assume that the considered rectangular diagram
has size 2 x (2s + 1), the boxes of the upper row of the corresponding subtableaux are
filled by vectors es, es_1,...,e_s from the left to the right, and the boxes of the lower row
of the corresponding subtableaux are filled by vectors fs, fs—1,..., f—s from the left to the
right. Recall that by constructions

(712) U(eja ek) = U(fjv fk) = 07 U(eja f-]) = (_1)Sij
for all integers j, k such that —s < j,k < s. Then from the first line of (6.21) it follows
that there exists ; € F}" such that

(7.13) V—s<k< s,vE; € I, (ﬁ/(vpi)ek = /Bz<sz)fk mod E; & F;.

Taking into account this fact, the fact that an element of p sends F; to F;, and the
relation (7.9), we get after substitution of vg, = e into (7.10) that:

(7.14) —Bi(vr,) fr — 2ci(ex)vr, = o(ex,vr,)v mod Fy, for any vg, € Fj, —s < k < s.
Taking vp, = f; with j # —k and using (7.12) we obtain
(7.15) —5@(f])fk - 2ai(ek)fj =0 modfi.

Since s > 1 by assumption (3) of Theorem 7.2, we can always take j # —k such that
in addition j # k. Using this j in (7.15) we get that a(eg) = 0 . As the latter relation is
valid for arbitrary k such that —s < k < s, the relation (7.11) holds in the considered case
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as well. Moreover, combining (7.11) and (7.15) one also gets that 5; = 0, which together
with (7.13) implies that

(7.16) Im(¢'(vi)|g) =0 mod E; @ F;.

Let us now fix an arbitrary vg, € E;. From (7.9) and (7.11) we have ¢(vg,) = ¢'(vg,) mod E; & F;.
Let us prove that ¢'(vg,) = 0 mod E; ® F;. Indeed, by (7.9), (7.10), and (7.16), when the
subdiagram of Diag(d0q) consisting of the (2i — 1)st and 2ith row is rectangular, we have

(7.17) &' (vg,)vr, = o0(vE,, vE,)v + 20;(vE, )vg, mod E; & F;, for any v, € Fj.
The splitting

T

(GB@M%EO if rank D = 2r + 1,
(7.18) X =<7t

<@y@@30@£ if tank D = 2r + 2

i=1

induces the natural splitting of gl(X) asin (6.6). Let 3; be the projection from gl(X) to gl(F;, E;)
with respect to the latter splitting. Equation (7.17) and the fact that ¢/ (vg, )vr, takes values in F;
imply that the rank of the linear map *J3; (qﬁ/(in)) is not greater than 2. On one hand, J; ((ﬁ’(in))
must belongs to 5(E;) C S?(FE;) considered as a subspace of Hom(F}, E;) as in item b) of the proof
of Proposition 6.1.

On the other hand, from the condition (1) of Theorem 6.2 (which is also assumed in the
formulation of the present theorem and which is equivalent to conditions (1) or (3) of Theorem
6.1 depending on rank D) and decomposition (6.20) it follows that the subspace s(E;) does not
contain nonzero elements of rank not greater than 2 . Below (Corollary to Lemma 8.6) we will
give the proof of this using the description of the latter decomposition via geometry of rational
normal curve. This and relation (7.17) imply that vectors v and v, are collinear mod E; & F;.
As vg, can be arbitrary and the dimension of the subspace E; is at least 4, this implies that

(7.19) v=0modE; & F,
(7.20) a;|p, = 0.

Since relation (7.19), holds for an arbitrary ¢,1 < i < r, we have
(7.21) veL.

Now assume that vy, vy € £ and let £ denotes the span of all vectors in Tab(dpoq) located in
the boxes which are not in the last row of Tab(d0q). Consider equation (7.2) modulo £. Using
the definition of the space p, the fact that Z;|z = 0, and the relation(7.9), one gets from (7.1)
that

(7.22) (7(’1)1,’1)2)1] eL.

Since |z # 0 (actually o], is a symplectic form on L), we get from (7.22) that v € £, which
together with (7.21) implies that

(7.23) v =0.
Further, let v1 = vg, € E;, and vy = vg,, € Ej,. where i1 # i3. Then from (7.1) and the fact
that o(vg, ,vg,) = 0 it follows that ¢(vg, )vE, = ¢(vE,)vE, . Considering the latter equation

modulo E;, and using (7.9) one gets that

(7.24) ¢'(vg, JvE, = i (vE,) )VE, mod E;,
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As before, the splitting (7.18) induces the natural splitting of gl(X) as in (6.6). Let B;, i, be the
projection from gl(X) to gl(E;,, E;,) with respect to the latter splitting. Equation (7.24) implies
that the rank of the linear map B;, ;, (qﬁ’(th )) is not greater than 1.

On one hand, B;, i, (gb’(vE )) must belongs to n(E;,, E;,). On the other hand, from our as-
sumptions it follows that n(ElQ,E ) does not contain elements of rank 1. This implies that
By io (QS/(UEH)) = 0 and thus by (7.24) «;, (vE,,)ve, = 0. As vg, € Ej can be arbitrary this
implies that
(7.25) (075 ‘EiQ = 0, ’il 7é iQ.

In completely analogous way (taking v1 € E;; and vy € Fj, or v; € E; and vy € L) one can get
that a;, |k, = 0, i1 # i2 and ;| = 0. Combining this with relations (7.11), (7.20), and (7.25)
we get that

(7.26) a; =0, 1<i<r.

Therefore, by (7.9) ¢ = ¢, i.e. ¢ takes values in p. This together with (7.23) completes the
proof of the Theorem 7.2 in the case of the first prolongation.

Now we are going to establish the induction step for proving our theorem for prolongations of
higher order. For this first let us consider the following more abstract situation:

Let Y be a vector space endowed with a skew-symmetric (possibly degenerate) form w. Similarly
to symplectic case (i.e. when the form is degenerate) consider the graded nilpotent Lie algebra
h=n"'®n?, where 77! =Y, dim#7 =2 = 1, 772 belongs to the center of 7, and if a vector z

generates 72 then [y, ya] = w(y1, y2)z for any yi,ys € n-1.
Let W be a subspace in t(go(n)). As in Remark 1.1, W can be considered as a subspace of

gl(Y). Let W) be the standard prolongation of W and W{?) be the first prolongation of the
pair (7, W) (in our previous notation W) =yl (5, W). Note that both W) and W1*) can be
considered as subspaces of Hom(Y, W) that in turn can be naturally identified with the subspace
of gl(W x Y) as follows: that assigns to a map ® € Hom(Y, W) the map ® € gl(Y”) as follows:

(7.27) ®(w,y) = (2(y),0).
Further, assume that the space Y decomposes as follows

k
(7.28) Y =PV,
=1

where subspaces Y; satisfy the following properties:

(Y1) For any integer j such that 1 < j < [%} there exist vectors vy € Ya;_1 and vy € Ya; such
that w(vy,v2)v # 0;

(Y2) In the case of odd k the restriction of the form w to the subspace Y7 is nonzero identically
zero.

As before, splitting (7.28) of Y induces the splitting gl(Y @ Hom(Y;,,Y;,). Let m;, 4, :
i1,t2=1

gl(Y) - Hom(Y;,, Y;,) the canonical projection with respect to this splitting.
Lemma 7.1. With all notations as above, assume that the space W satisfies the following two
properties:
(W1) W C €D Hom(Y;,,Y3,);
i17i2
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(W2) For every iy,iz € {1,...,k} which are distinct (i.e. iy # iz) the subspace m;, i,(W) of
Hom(Y;,,Y;,) does not contain elements of rank 1.
Then the following two statements hold:

(1) wse) = )
(2) Consider the space

V' = @ i1 iz (W)
i1#i42
endowed with the symplectic form W' which is the pullback of the form w with respect to
the canonical projection from Y’ toY (note that W xY C Y’ by condition (W1)). Take
the following splitting of Y':

k
(7.29) Y =PV,
i=1
where

(7.30) Y/ = P mw) | <V
{g:#i1<5<k}
Then the space Y' satisfies conditions (Y1) and (Y2) and the space W' = W) = W) | consid-

ered as the subspace of gl(Y") (under the natural identification as in (7.27)), satisfies conditions
(W1) and (W2) with respect to the splitting (7.29).

Proof. Take ® € W), Similarly to (7.2), there exists a vector v € Y such that
(7.31) O (vy)vg — P(v2)vy = w(vr,v2)v, Yoi,v2 €Y
The first part of the lemma will be proved if we will show that v = 0.
Similarly to the previous considerations, let Y; = @YJ and V;, @Y, = @ Y, =Y, N
) J#i Jé{irsiz}
Y;,. Fix integer j such that 1 < j < [%} and take vq € Ya;_1, vo € Ys;. By property (W1)

®(v2)v1 € Yaj_1. Therefore, from (7.31) it follows that ®(v1)ve = w(v1,v2)v modYa;_1. Hence,
the linear map ®(v1)vy has rank not greater than 1. From this and assumption (W2) it follows
that 7723-72]-_1((1)(1)1)) =0, i.e. w(vy,v2)v € Yy;_1 for any v; € Y1, va € Y3;. By assumptions
(Y1) there exists v1 € Ya;_1 and vy € Ya; such that w(vy,v2)v # 0, which implies that

(7.32) Ve Yéj,l_
By the same arguments, exchanging the role of v; and vy, one gets that
(7.33) v € Yaj.

Asjedl,..., [%}} is arbitrary, we get from (7.32) and (7.33) that v = 0 if k is even or

(7.34) v € Yy if k is odd.

In the latter case take v; and vy in Yj. Then by assumption (W1) ®(vi)vy — ®(v2)v; € Y.
Hence, using (7.31), we get that w(vy, ve)v € ?,; By assumption (W2) there exist vectors v; and
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v in Y7 such that w(vy,v2) # 0, which implies that v € ?,; Combining this with (7.34) we get
that v = 0 for odd k as well. This proves the first part of the lemma.

Now let us prove the second part of the lemma. First it is clear from definition of the form w’
that the splitting (7.29) satisfies conditions (Y1) and (Y2).

Let us prove that the space W' satisfies condition (W1) with respect to the splitting (7.29).
Let m; ;, : gl(Y’) = Hom(Y}|,Y])) be the canonical projection with respect to the splitting of
gl(Y”’) induced by the splitting (7.29) of the space Y. We actually have to prove that 7; ,(¥) = 0
for any U € W’ and any integer i, 1 <14 < k.

If ;1 Y — Y, denote the canonical projection with respect to the splitting (7.28), then directly
from definition (7.30) of subspaces Y/ for any ¥ € Hom(Y, W) C gl(Y’) we have the following
relation:

(7.35) 7 (0)(y) = my 0 (U(mny)), VyeY.

In the righthand side of the last equation o means the composition of two linear maps: V(m;,y) €
W C gl(Y) and m;, € Hom(Y, Y;,).
IfUeW (=WW), then ¥(y)z = U(z)y for any y, z € Y. Therefore, by (7.35)

(mi,: V) (y)z = Tri(‘li(my)z) = Wi(\If(z)ﬂ'iy).

Since ¥(z) € W and W satisfies condition (W1), then ¥(z)m;y € Y;, which implies that m; (¥ (2)my) =
0. So, m;;¥) = 0, hence the space W’ satisfies condition (W1).

Finally, let us prove that the space W’ satisfies condition (W1) with respect to the splitting
(7.29). Assume by contradiction that there exists ¥ € W’ and indices i1 # i3, 1 < 1,12 < k such
that the map 7, ; (¥) has rank 1. It means hat there exist wo € gl(Y) and o € Y}, a # 0 such
that

(7.36) Ty () (y) = a(mi, y)wo.
Take y1,y2 € Yi,. Then from (7.35) it follows that
(7.37) Tivin (O)(Y1)y2 = T, U (y1)y2 = a(y1)wo(ya).

In the same way,
/

Ty, (U)(2)y1 = a(y2)wo(y1).-

Since W € W = W),
Ty i () (W1)y2 = T, (Y1) yo = T W (y2)y1 = 77, 4 (9) (y2) 1.

Therefore, a(y1)wo(y2) = a(y2)wo(y1)
Since by our assumptions a # 0, there exists yo € Y;, such that a(y2) # 0, which implies that

a(y)
a(y2)
So, the map wg has rank 1. Finally, (7.37) implies that wg(y2) € Yi,, which yields that wy €

iy io(W). This means that the space m;, ;,(W) contains elements of rank 1, contradicting as-
sumption (W2) on W. O

(7.38) wo(y) = wo(y2), Yy €Yy
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Now let us explain how to use Lemma 7.1 as an induction step in proving of our Theorem 7.2
for higher order prolongations. Assume as before that 7 = n~! @ n~2 be the Heisenberg algebra,
the algebra g C csp(n~!) and for a given i € N

i—1

Y=n"egde@Pvn).
j=1

Let w be the slew-symmetric form on Y, which is the pullback of a symplectic form on =1 (defined
up to a multiplication by a constant). Take W = u’(n, g"). Note that W can be considered as
a subspace of Hom(nfl,uifl(n,go)), which in turn can be identified with a subspace of gl(Y").
Directly from the definitions of prolongations one can show that under this identification

(7.39) W) = 4, g0).

Here again u'*!(n, g°) is identified with a subspace in g[(Y @ ui(n, go)).

To finish the proof of Theorem 7.2 we proceed by induction. We proved previously that
u'(n,g°) = p'. Also, the algebra p satisfies conditions of Lemma 7.1. Hence, p(1*) = p(1),
Moreover, using the fact that (p(i))(l) = p(*1) and applying the same lemma inductively we get
that pC+1) = (p@)(1%)  Assuming by induction that u’(n,g°) = p® for some i € N and using
(7.39), we get that

W (,0%) = (i (9, 09) 1) = (p0)0) = pli+1),

which completes the induction step and therefore the proof of the theorem. [

8. DESCRIPTION OF ALGEBRA (7, 4" (6m0q)) VIA GEOMETRY OF CERTAIN PROJECTIVE
VARIETIES

In this section we make an attempt given a flag symbol satisfying conditions of Theorem 7.2
to describe the algebra u(n, uf (dmoq)) in the more explicitly way using the fact that if a subspace
in sp(X) can be identified with a space of quadratic polynomials vanishing on a given projective
variety £ in PX, then the standard prolongations of this subspace can be identified with the space
of certain polynomials vanishing on the secant variety of £ of certain order. For general Jacobi
symbols in this way we are able only to show that u’(n, uf (d,,04)) is a subspace in a space of this
kind, obtaining an upper bound for the dimension of u*(n, u" (6,0q)). However, for a large class
of Jacobi symbols the spaces u!(n, uf (0m0q)) can be identified with certain spaces of polynomials
of this kind (and not only with certain subspaces of them). In this way we get the description of
the prolongation algebra u(n, uf (6moq)) for all Jacobi symbols appearing in rank 3 distributions,
for which this algebra is finite dimensional, and also for most of such Jacobi symbols appearing
in rank 4 distributions (see Remark 8.3 below). In particular, in the case of rank 3 distributions
with Jacobi symbol having nonrectangular skew Young diagram this description is given in terms
of tangential developable and secant varieties of a rational normal curve. N

To begin with, to any A € Hom(X,Y') one can naturally assign a bilinear form A on X x Y* as
follows: A(v,p) := p(Av), v € X,p € X*. Given a subspace W in Hom(X,Y) denote by W the
corresponding subspace in the space of bilinear forms on X x Y*. Let r and s are dimensions of
X and Y respectively and x = (z1,...2,) and y = (y1, ..., ys) are coordinates on X and Y™ w.r.t.
some bases in those vector spaces. Then any bilinear form is identified with a polynomial in z
and y, which is linear in x and linear in y. The following lemma is well known and immediately
follows from definitions:
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Lemma 8.1. The ith prolongation of a subspace W of Hom(X,Y") can be naturally identified with
all polynomials F(x,y) of degree i + 1 in x and linear in y such that all their partial derivatives

in x of order i (i.e. polynomials axa?nﬁ for all multi-indices o = (o, ...,ap) with |a] = i)
T 0al

belong to the space w.

Now assume that the space X is endowed with a symplectic form o. The form o defines the
identification between X and X* given by the map v — o(v,-), x € X. Under this identification
given an endomorphism A on X the form A is a bilinear form on X x X. An endomorphism A
of X belongs to sp(X) if and only if the corresponding bilinear form Ais symmetric. In this case
Ais completely determined by the corresponding quadratic form

(8.1) v A(v,v) = o (v, Av).

Therefore a subspace W of sp(X) can be identified with a subspace of quadratic forms on X

which by analogy with the previous considerations will be denoted by W. Then in this situation
Lemma 8.1 can be reformulated as follows:

Lemma 8.2. The kth prolongation of a subspace W of sp(X) can be naturally identified with
the space of all polynomials of degree k + 2 in X such that all their partial derivatives of order k
belong to the corresponding subspace W in the space of quadratic forms.

Given a projective variety £ denote by Z(£) the ideal of homogeneous polynomials vanishing
on £. We shall also denote by Z;(£) the subspace of all polynomials of degree k in Z(&). Define
the kth secant variety S*E of £ as the algebraic closure of the union of k-planes in the projective
space passing through k + 1 points from £. By definition we set S%(&) = &.

Lemma 8.3. Assume that a subspace W of sp(X) satisfies the following property: there exists

a projective variety £ in X such that the corresponding subspace W belongs to Zo(E). Then the
kth standard prolongation of W can be identified with a subspace of Tjyo (Ské'). Moreover, if

W =T5(E), then W) =2 Ty »(S*€).

Proof. By Lemma 8.2 the kth prolongation of W can be identified with polynomials F' of degree
k + 2 such that all their partial derivatives of order k belong to Z»(€). It is clear that any such
polynomial and all its partial derivatives of degree < k lie in Z(E).

Let us prove that any such polynomial F vanishes identically at S*(&). It is sufficient to prove
that it vanishes at any secant k-plane of £. Indeed, let pg,...,pr € € be the set of k + 1 points
and let

WiB* =P fyo iy gkl = yopo + y1p1 + - - Ynpas
be the embedding of the corresponding secant k-plane, where r = dim X. Then F oW is a
polynomial of degree k + 2 on P* that vanishes at basis points ¢; € P*, i = 0,...,k, and, in

addition, all its derivatives of degree < k also satisfy this property. This immediately implies that
F oW =0. Hence, F vanishes identically at S*(&), i.e. it belongs to Zyo (Ské').

Finally, if W= Z5(€) by make the arguments in the reversed order one gets that if a polynomials

F of degree k + 2 vanishes on S*& then all its derivatives of order k vanishes on £ and hence F
belongs to W),

O

The question now is what varieties can be taken as £ for subspaces p or [(X)? Throughout the
rest of the section we assume that the symbol d,,0q satisfies all assumptions of Theorem (7.2).
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As in the beginning of the proof of Theorem (7.2) assume that in the diagram Diag(dy0q) the
Young subdiagram of the indecomposable component of type R7,,, if exists, is situated at the
very bottom. Fix again a skew Young tableaux Tab(dyoq) and let r = [%(rankD —1)]. For any i
such that 1 <14 <r let E; be the span of the vectors located in the boxes of the (2i — 1)st row of
Tab(dmod) and F; be the span of the vectors located in the boxes of the 2ith rows of Tab(dmed)-
Finally, if rank D is even, let £ be the span of the vectors located in the last box of Tab(dm0q)-

Let jo be the minimal index in I (with respect to the natural order) such that the subspace
X}, is isotropic. Note that in fact jo is the minimal positive index in I, i.e. jo = 1 if I = Z and

1 1 1
Jjo = 3 if I = izodd or I = §Z. Let A be a subset {1,...,r} of all i such that the subdiagram of

Diag(dmod) consisting of the (2i—1)st and 2ith row is not rectangular. Assume that the restriction
of the symbol dmoq to E; @ F; is isomorphic to the symbol Rd,; and fix the skew Young tableaux
for this restriction as in (4.3). Given i € A let £; be the linear span of X, and the vector ey from
the skew Young tableaux (4.3) corresponding to of the symbol dy,0q to E; @ F;. If i ¢ A we set
£i = Xj,.

Let & (dmod) be the algebraic closure of the curve & — €*£;(dmod), T € Omod- Ei(dmod) can be
considered as algebraic varieties in the projective space PX (by taking the closure of the union of
all lines belonging to spaces €*£;(0moq) for all z € dpoq)-

Lemma 8.4. If A € p, then the corresponding quadratic form A wvanishes on Ei(dmoa) for every
i such that 1 < ¢ <7, ifrank D is odd, and 1 < i <r+ 1, if rank D is even. In other words,

(8.2) E C IQ (gi((;mod))-

Proof. If A € p then (6.4) implies that A(e*(X;)) C €*(X;) V& € Gmoa. Since by the definition
of jo all subspaces e”(X},) are isotropic, from this and (8.1) it follows that the quadratic form A
vanishes on e”(X,). This completes the proof in case i ¢ A.

L .
Now assume that i € A. Since e'zg; C (e’”(Xj )) , then A(vi,v2) = 0 for any v; € e*(Xj,)

and vy € elxg;. Finally, in case by (6.21), the second line there, Aey belongs to E; & F; C Ef,
where eq is as in (4.3), considered as the skew Young tableaux for the restriction of the symbol
Omod t0 E; @ F;. This implies that the quadratic form A vanishes on e”£; and completes the proof
of the lemma. O

As a direct consequence of Corollary 7.1 and Lemmas 8.3 and 8.4, we get the following

Theorem 8.1. Assume that the flag symbol dmoq satisfies all assumptions of Theorem 7.2. Then
for every i such that 1 <1i <r, ifrank D is odd, and 1 < i <r+1, if rank D is even and for any
positive integer k the kth Tanaka algebraic prolongation u¥ (n,uF((Smod)) of the pair (77, uF(émod))
can be identified with a subspace of the space Ly o (Sk&-(émod)) of all polynomials of degree k + 2
on X that vanishes on the kth secant variety of the variety £ (dmod)-

Note that under assumptions of this theorem on the flag symbol d,,q certain osculating sub-
space of the curve z — e* X, T € dyod, is equal to the whole ambient vector space X at any
point. Besides, by construction X;, C £; for any i. Therefore, Sk Ei(Omoda) = PX for sufficiently
large K and by Theorem 8.1 the spaces u€ (n,uF (6m0d)) vanishes for such K. This gives more
constructive proof of the finiteness type result for distributions with Jacobi symbols satisfying
assumptions of Theorem 8.1 without referring to the Spencer criterium. In addition, this gives
some estimate from above on the size of the spaces u* (17, wF (6mo0a))-
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The space 7y (&;((5mod)) is usually larger than the space p, so Theorem 8.1 gives only an
estimation from above for the size of uF (n,uF (5mod))- If the quadratic form A belongs to
I (Ei(émod)), then by polarization the corresponding bilinear form A satisfies A(vq,v2) = 0 for

every vi,vy € €°(£;) and = € dpoq. Hence, if A € sp(X) is related to the form A by (8.1), then
o(v1, Avg) = 0 for every vy, v2 € €*(£;), which is equivalent to the following inclusion

(8.3) A(ezﬂz) C (61/81')4, Va € dmod

/
If i € A, then (e”” (,8,)) is equal to the linear span of all element of nonnegative degree in

_ z
E; ® F; and vector e, while if i ¢ A then (ex (21)) is equal to the linear span of element of

nonnegative degrees in X. So, condition (8.3) does not ensure that any A € 7, (5Z~(5mod)) is
concentrated in nonnegative degrees. It is guarantied only in the case r = 0 (corresponding to
rank 2 distributions of maximal class), because in this case the subspaces X, is Lagrangian, but
this case is not interesting since here all subspaces involved such as p, [(X), and Z3(&;(dmoa)) are
equal to zero, as follows from above arguments and part c) of the proof of Lemma 6.1.

Now we give a class of flag symbols 6,04 for which the spaces u(n, uf" (0moq)) can be identified
with spaces of polynomials of this kind ( and not only with subspaces of them). Continuing the
numeration of assumptions Theorems 6.2 and 7.2 assume that

(5) In a decomposition of the symbol d,,0q into indecomposable components there is no in-
decomposable symbols of the type Rd; s, i.e. symbols with rectangular Young diagram
consisting of two rows. Equivalently, the introduced above set A coincides with {1,... r}.

(6) For any two indecomposable symbols Rd,, ;, and Rds, ;, in the decomposition of the symbol
dmod into indecomposable components we have

(8.4) 81+ S2 > max{ll, lz}.

Remark 8.1. Note that assumption (6) formally implies assumption (5) if one takes the same
indecomposable component as R, 1, and Rds, 1,. However, we would like to emphasis assumption
(5) as a separate one.

The key point of assumption (5) is that under this assumption
(8.5) s(F;) =0, vV1I<i<nr,

where, as in the part b) of the proof of Lemma 6.1, (F;) is the maximal sly-submodule of S?(Fj ;)
concentrated in the non-negative degree part of S?(F,), considered as the subspace of Hom(E;, F;)
under the identification of E} with F; via the symplectic form (see also (6.21), second line).

The key point of assumption (6) is that

(8.6) n(E;, Fi,) =0, V1<ip#ip <,

where as in the part b) of the proof of Lemma 6.1, n(E;,, F;,) is the maximal sly-submodule
of Hom(FE;,, F;,)) concentrated in the non-negative degree part of Hom(E;,, F;,)). Identity (8.6)
can be obtain easily from (6.13).

Further, let £ be equal to the linear span of all spaces £; with 1 <4 < r, if rank D is odd, and
1<i¢<r+1,ifrank D is even.

Remark 8.2. Note that under assumption (5) the space £ is Lagrangian.
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Now let £(dmoq) be the algebraic closure of the curve z — €*£(dm0d), T € Omod. Again €(dmod)
can be considered as algebraic varieties in the projective space PX (by taking the closure of the
union of all lines belonging to spaces e*£(0,,04) for all € diod)-

Lemma 8.5. Assume that Jacobi symbols satisfies conditions of Theorem 6.2 and in addition

satisfies assumptions (5) and (6) above. If A € p, then the corresponding quadratic form A
vanishes on E(dmod). In other words,

(8.7) P C Zo(E(moa))-

Proof. We proceed exactly as in the proof of Lemma 8.4. The only difference is in the final step:
here we need to show that o(v, Av) = 0 for any v € £ which has degree 0. Indeed, from (8.5) and
(8.6) it follows that Av € £N@;_ E;. Then by Remark 8.2 o(Av,v) = 0. O

Further, using the same arguments as ones leading to relation (8.3) we get that A € T, (€ (Omod)
if and only if

Z
(8.8) A(e"g) € (¢"8) = "L, Vo € Boa.

The last equality follows again from the fact that £ is Lagrangian. The next important obser-
vation is that if the symbol ;04 satisfies assumption (1) of Theorem 6.2 then the whole flat curve
Fs,.., can be uniquely recovered from the curve z +— e*£, € dp0q by osculation and taking the
skew-orthogonal complement. This together with (8.8) and Remark 6.2 implies that A € [(X).
In other words,

(89) Iy (5(5m0d) - [(X)

Combining inclusions (8.7) and (8.9) with Theorem 7.2, Corollary 7.1, and the last statement of
Lemma 8.3, we get the following

Theorem 8.2. Assume that the flag symbol dymoq satisfies all assumptions of Theorem 7.2 and
in addition assumptions (5) and (6) above. Then for any positive integer k the kth Tanaka
algebraic prolongation uF (n,uF(émod)) of the pair (n,uF(émod)) can be identified with the space
Tito (Ské’(émod)) of all polynomials of degree k + 2 on X that vanishes on the kth secant variety
of the variety &(dmod)-

Remark 8.3. Note that if r <1, i.e. in the case of Jacobi symbols of distributions of rank 2,3,
or 4 of mazimal class condition 6 is void (if one considers distinct indecomposable symbols in the
decomposition of dmoq) and therefore can be omitted in Theorem 8.2. Consider each of these ranks
separately:

(1) In the case of rank 2 distributions we already have Theorem 7.1, so Theorem 8.2 does not
add anything.

(2) In the case of rank 3 distributions by the first sentence of this remark and Corollary 6.2 all
assumptions in Theorem 8.2 can be replaced by the assumption that the symplectically flat
distribution is of maximal class, has 6-dimensional square, and the corresponding skew
Young diagram is not rectangular.

(3) In the case of rank 4 all assumptions in all assumptions in Theorem 8.2 can be replaced
by the assumption that the symplectically flat distribution is of maximal class, the skew
Young diagram of Z-graded component of its symbol is nonrectangular and has at least
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1
3 columns with 2 boxes and the skew diagram of =Z.qq-graded component is a row with
at least 6 boxes. Note that the minimal dimension of the ambient space M, when such

situation happens is 11 and it corresponds to the Jacobi symbol R (5372 &) T;).
2

Now, following the same line, we show that in the case of Jacobi symbols of rank 3 distributions
of maximal class with 6-dimensional square and non-rectangular skew Young diagram one can
obtain more simple description of spaces u” (77, uf’ (5mod)) in terms of a space of certain polynomials
vanishing on some projective variety in a projective space of smaller dimension.

In the considered case r = 1, X = E; @ Fy, and 6 = dmoqa = R, for some positive integer
sand s <l < 2s. We also fix the skew Young tableaux as in 4.3 Recall that F} is an invariant
subspace of §. Let € be the (regular) rational normal curve in PF;, which is the closure of the
orbit of the line represented by the vector f;_s under the one-parametric group €. The jth
tangential developable 77€ is by definition (the algebraic closure of) the union of ¢/ of the j
osculating subspaces € of the curve €. Obviously 7°¢ = €. Note that in our case ig = 1. Also
by constructions we have the following relation

(8.10) T le=FinF

Lemma 8.6. In the case 0moq = Ros; with s < | < 2s the subspace p can be identified with
the space To(T'571€) of all quadratic forms on Fy that vanishes on the (I — s — 1)st tangential
developable T'=571¢ of the rational normal curve €.

Proof. Following part b) of the proof of Lemma 6.1, we consider S?(E1) as a subspace of Hom(F}, E;)
after identification of F}* with F; via the symplectic form o and let s(E) be the maximal slo-
submodule of S%(Ej) concentrated in the non-negative degree part of S?(Ej). From the same
part b) of the proof of Lemma 6.1 the subspace p coincides with the subspace s(E;). Then,
using the same arguments as in the proof of Lemma 8.2 and the relation (8.10), we get that
pCL(T1e).

On the other hand, by the same arguments as in the proof of inclusion (8.3) we get that the
space Io(T'~571€) can be identified with the maximal sly-submodule of S?(E;) concentrated in
the degrees greater or equal to —1. However, from decomposition (6.19) of S?(E;) into irreducible
slo modules it follows that the part of this decomposition concentrated in nonnegative degree is
equal to the part of this decomposition concentrated in degree greater or equal than —1. This
completes the proof of the lemma. O

As a direct consequence of Theorem 7.2, the last sentence of Lemma 8.3 and Lemma 8.6, we
get the following

Theorem 8.3. Assume that the flag symbol dymoq = Rds; with s <1 < 2s. Then the kth Tanaka
algebraic prolongation uF (n,uF((Smod)) of the pair (n,uF(émod)) can be identified with the space
T2 (SH(TI571€)) of all polynomials of degree k + 2 on Fy; that vanishes on the kth secant

variety of the | — s — 1st tangential developable T'=571¢ of the regular rational normal curve € on
PF;.

Remark 8.4. In order to prove Theorem 8.3 we can also proceed as follows: prove that p C
To(T=571¢), as in the first paragraph of the proof of Lemma 8.6. Then observe that the space
To(T571¢) can be naturally embedded into the space Ty (5(6mod)) by extension of a quadratic
form from Fy to X such that Ey is the kernel of this extension. Then from (8.9) we have that
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To(T'=571¢) C (X) and Theorem 8.3 follows from Theorem 7.2, Corollary 7.1, and the last
statement of Lemma 8.3.

Let us consider the case [ = s 4 1 in more detail. First note that dimPFs 11 = s+ 1. Let
(x1,...xs42) are coordinates in Fs 1 with respect to the basis (fi, fo,...,f-s). We have a
well-known description of k-secant varieties of the rational normal curve €:

Lemma 8.7 ([24]). The ideal Z(S*€) is generated (as an ideal) by I o(S*€). The space
I;2(S*Q), in its turn, is generated (as a linear space) by all rank k + 2 minors of the matriz:

1 x2 T3 cor Tst2—a
x2 xs3 T4 coe Ts43—a
9
Lo+l La+2 Lat+3 --- Ls+2

where « is an arbitrary integer between k+ 2 and s — k — 1.

In particular, we see that in the considered case the space p**), k > 0 coincides with the space
I;4+2(S*€) and is described explicitly by Lemma 8.7.

Finally, in order to complete the case of rank 3 distributions of maximal class with 6-dimensional
square consider the case of Jacobi symbol with rectangular Young diagram:

Theorem 8.4. If a (3,n)- distribution of mazimal class with 6-dimensional square has Jacobi
symbol with rectangular diagram , then the following statements hold:

(1) The dimension n of the ambient manifold M is even and the (modified) Jacobi symbol is
n—4
isomorphic to Rds 25 with s = —

(2) The algebra u¥ (8,,04) is isomorphic to the direct product sly x gly acting on X = E; @ R?
componentwise such that sly acts irreducibly on Ey and the action of gl on R? is standard.

(3) [42] If n = 6, then u(n,ul’(R&y2) is isomorphic to the algebra so(4,3) (as also expected
from [4, 51);

(4) If n is even and greater than 6, then the first prolongation u' (n,uF(RénTﬂl,n%)) of the

pair (n,uF(Réﬂ n_4)) vanishes, i.e. u(n, ut" (Rén_s n_4)) is isomorphic to the semidirect
2 2
sum of sly x gly and X = E1 ®R? (with the action of sly x gly, on By @R? described above).

Proof. For item (1) as was already discussed in section 4, paragraph before Remark 4.2 a (3,n)-
distribution of maximal class has Jacobi symbol isomorphic to Rd, ,—4 with nonnegative integer
s satisfying "T74 < s < n — 4. This symbol has rectangular diagram if s = ”774, which implies
that n = 2s + 4, i.e. n is even.

Item (2) follows from part b) of the proof of Lemma 6.1 applied for the case of rectangular
Young diagram: take equations (6.22) and (6.21), first line there) and plug then into formulas
(6.3) and (6.2).

For item (3) we refer to [42], where all cases of semisimple universal algebraic prolongations
are considered, including our case here.

Let us prove item (4). The flag symbol in the considered situation satisfies all assumptions of
Theorem 7.2: we are in the case of Z grading and each row of the corresponding Young diagram
consist of at least 5 boxes. Therefore to prove item (4) it is enough to show that

(8.11) pM =0.
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Note that from part b) of the proof of Lemma 6.1 it follows that p is 2-dimensional and, if the
Young tableaux of our symbol is as in (4.3) then p is spanned by endomorphisms p; and ps of X
defined as follows:

p1(fi) = e, p2(ei) = fi, V—5<i<sp1|e, =0,p2|m =0.
In the terminology used in item (2) of the Theorem p; and py are the endomorphisms induced by

the action of (0, <O 0)) and <0 <0 1>> (considered as element of sls x gly) on X = F; @ R?.

10 "\0 0
Keeping this in mind, the relation (8.11) can be checked directly from the definition of the first
standard prolongation and this check is left to the reader. O
REFERENCES

[1] A.A. Agrachev, Feedback-invariant optimal control theory - II. Jacobi Curves for Singular Extremals, J. Dy-
namical and Control Systems, 4(1998), No. 4 , 583-604.
[2] A.A. Agrachev, R.V. Gamkrelidze, Feedback-invariant optimal control theory - I. Regular extremals, J. Dy-
namical and Control Systems, 3(1997), No. 3, 343-389.
[3] D.V. Alekseevsky, A. Spiro, Prolongations of Tanaka structures and regular CR structures, Selected topics in
Cauchy-Riemann geometry, 1-37, Quad. Mat., 9, Dept. Math., Seconda Univ. Napoli, Caserta, 2001.
[4] R. Bryant, Conformal geometry and 3-plane fields on 6-manifolds, Proceedings of the RIMS symposium “De-
velopments of Cartan geometry and related mathematical problems” (24-27 October 2005).
[5] R. Bryant, Some aspects of the local and global theory of Pfaffian systems, PhD thesis, University of North
Carolina, 1979.
[6] R.L. Bryant, S.S. Chern, R. B. Gardner, H.L. Goldschmidt, P. A. Griffiths, Ezterior Differential Systems,
Mathematical Sciences Research Institute Publications, vol. 18, Springer-Verlag.
[7] A. Cap and H. Schichl, Parabolic geometries and canonical Cartan connection, Hokkaido Math. J. 29 (2000),
453505.
[8] A. Cap and J. Slovak, Parabolic Geometries I: Background and general theory, Mathematical Surveys and
Monographs, vol. 154, American Mathematical Society, Providence, RI, 2009
[9] E. Cartan, Les systemes de Pfaff a cing variables et les equations aux derivees partielles du second ordre,
Oeuvres completes, Partie II, vol.2, Paris, Gautier-Villars, 1953, 927-1010.
[10] Y. Chitour, F. Jean, E. Trélat, Genericity results for singular curves, J. Differential Geom. Volume 73, Number
1 (2006), 45-73.
[11] B. Doubrov, Contact trivialization of ordinary differential equations, Differential Geometry and Its Applica-
tions, Proc. Conf., Opava (Czech Republic), 2001, Silestian University, Opava, pp. 73-84.
[12] B. Doubrov, Generalized Wilczynski invariants for non-linear ordinary differential equations, In: Symmetries
and Overdetermined Systems of Partial Differetial Equations, IMA Volume 144, Springer, NY, 2008, pp. 25-40.
[13] B. Doubrov, Projective parametrization of homogeneous curves, Arch. Math. (Brno) 41 (2005), no. 1, 129-133.
[14] B. M. Doubrov, B. P. Komrakov, Classification of homogeneous submanifolds in homogeneous spaces,
Lobachevskii J. Math., 1999, Volume 3, Pages 19-38.
[15] B. Doubrov, I. Zelenko, A canonical frame for nonholonomic rank two distributions of maximal class, C.R.
Acad. Sci. Paris, Ser. I, Vol. 342, Issue 8 (15 April 2006), 589-594, (see also arxiv math. DG/0504319)
[16] B. Doubrov, I. Zelenko, On local geometry of nonholonomic rank 2 distributions, Journal of London Mathe-
matical Society, (2) 80 (2009), no. 3, 545-566.
[17] B. Doubrov, 1. Zelenko, Equivalence of variational problems of higher order, Differential Geometry and its
Applications , Volume 29, Issue 2, March 2011, 255-270.
[18] B. Doubrov, I. Zelenko, On local geometry of rank 3 distributions with 6-dimensional square, submitted,
arXiv:0807.3267v1[math. DG],40 pages.
[19] B. Doubrov, 1. Zelenko, Geometry of curves in parabolic homogeneous spaces, arXiv:1110.0226 v1 [math. DG],
20 pages, submitted.
[20] B. Doubrov, I. Zelenko, On geometry of curves of flags of constant type, Cent. Eur. J. Math., 2012, 10(5),
1836-1871.
[21] B. Doubrov, I. Zelenko Prolongation of quasi-principal frame bundles and geometry of flag structures on man-
ifolds, preprint, arXiv:1210.7334 v2 [math.DG], 49 pages.
[22] W. Fulton, J. Harris, Representation theory: a first course, Springer—Verlag, NY, 1991.



23]

On local geometry of vector distributions with given Jacobi symbols 55

V. Guillemin, D. Quillen, S. Sternberg, The classification of the irreducible complex algebras of infinite type, J.
Anal. Math., 18 (1967), pp. 107112.

J. Harris, Algebraic geometry: a first course, Springer—Verlag, NY, 1997.

N. Jacobson, Lie algebras, Intersci. Tracts in Pure and Appl. Math., 10, New York-London: John Wiley and
Sons, 1962.

S. Kobayashi, Transformation Groups in Differential Geometry, Classics in Mathematics, Springer, 1995, 182
pages.

S. Kobayashi, T. Nagano, On filtered Lie algebras and geometric structures III, J. Math. Mech., v. 14, 1965,
pp. 679-706.

B. Kruglikov, Finite-dimensionality in Tanaka theory, Ann. Inst. H. Poincar Anal. Non Linaire 28, no. 1, 7590
(2011).

B. Kruglikov, Symmetries of filtered structures via the filtered Lie equations, accepted to Journal of Geometry
and Physics, arXiv:1401.6599v2 [math.DG].

O. Kuzmich, Graded nilpotent Lie algebras in low dimensions, Lobachevskii Journal of Mathematics, Vol.3,
1999, pp.147-184.

A. Ottazzi, B. Warhurst, Algebraic prolongation and rigidiry of Carnot groups, Monatsh Math (2011), 162:
pp. 179-195.

N. Tanaka, On differential systems, graded Lie algebras and pseudo-groups, J. Math. Kyoto. Univ., 10 (1970),
pp. 1-82.

N. Tanaka, On the equivalence problems associated with simple graded Lie algebras, Hokkaido Math. J.,6(1979),
pp 23-84.

R. Montgomery, A Tour of Subriemannian Geometries, Their Geodesics and Applications, Mathematical Sur-
veys and Monographs, Volume 91, (2002) American Mathematical Society.

T. Morimoto, Geometric structures on filtered manifolds, Hokkaido Math. J.,22(1993), pp. 263-347.
Pontryagin, Boltyanskii, Gamkrelidze and Mischenko, The Mathematical Theory of Optimal Processes. New
York, Interscience Publishers, 1962.

D.C. Spencer, Overdetermined systems of linear partial differential equations, Bull. AMS, 75 (1969), pp. 179239.
S. Sternberg, Lectures on differential geometry, Prentice Hall, Englewood Cliffs, N.J., 1964.

N. Tanaka, On nondegenerate real hypersurfaces, graded Lie algebras and Cartan connections, Japan. J. Math.
(N.S.) 2 (1976), no. 1, 131190.

N. Tanaka, On affine symmetric spaces and the automorphism groups of product manifolds, Hokkaido Math.
J. 14 (1985) 277-351.

E. B. Vinberg, Classification of homogeneous nilpotent elements of a semisimple graded Lie algebra, Sel. Math.
Sov., v. 6, 1987, 15-35.

K. Yamaguchi, Differential Systems Associated with Simple Graded Lie Algebras, Adv. Studies in Pure
Math.,22(1993), pp.413-494.

1. Zelenko, Nonregular abnormal extremals of 2-distribution: existence, second variation and rigidity, J. Dy-
namical and Control systems , 5(1999), No. 3, 347-383.

1. Zelenko, On Tanaka’s prolongation procedure for filtered structures of constant type , Symmetry, Integrability
and Geometry: Methods and Applications (SIGMA), Special Issue ”Elie Cartan and Differential Geometry”,
v. 5, 2009, doi:10.3842/SIGMA.2009.094, 0906.0560 v3 [math.DG], 21 pages

BELARUSSIAN STATE UNIVERSITY, NEZAVISIMOSTI AVE. 4, MINSK 220030, BELARUS; E-
MAIL: DOUBROV@QISLC.ORG

DEPARTMENT OF MATHEMATICS, TEXAS A&M UNIVERSITY, COLLEGE STATION, TX 77843-
3368, USA; E-MAIL: ZELENKOGQMATH.TAMU.EDU



