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JACOBI EQUATIONS AND COMPARISON THEOREMS FOR CORANK 1
SUB-RIEMANNIAN STRUCTURES WITH SYMMETRIES

CHENGBO LI AND IGOR ZELENKO

ABSTRACT. The Jacobi curve of an extremal of optimal control problem is a curve in a Lagrangian
Grassmannian defined up to a symplectic transformation and containing all information about the
solutions of the Jacobi equations along this extremal. In our previous works we constructed the canonical
bundle of moving frames and the complete system of symplectic invariants, called curvature maps, for
parametrized curves in Lagrange Grassmannians satisfying very general assumptions. The structural
equation for a canonical moving frame of the Jacobi curve of an extremal can be interpreted as the
normal form for the Jacobi equation along this extremal and the curvature maps can be seen as the
“coefficients”of this normal form. In the case of a Riemannian metric there is only one curvature
map and it is naturally related to the Riemannian sectional curvature. In the present paper we study
the curvature maps for a sub-Riemannian structure on a corank 1 distribution having an additional
transversal infinitesimal symmetry. After the factorization by the integral foliation of this symmetry,
such sub-Riemannian structure can be reduced to a Riemannian manifold equipped with a closed 2-form
(a magnetic field). We obtain explicit expressions for the curvature maps of the original sub-Riemannian
structure in terms of the curvature tensor of this Riemannian manifold and the magnetic field. We also
estimate the number of conjugate points along the sub-Riemannian extremals in terms of the bounds
for the curvature tensor of this Riemannian manifold and the magnetic field in the case of an uniform
magnetic field. The language developed for the calculation of the curvature maps can be applied to more
general sub-Riemannian structures with symmetries, including sub-Riemmannian structures appearing
naturally in Yang-Mills fields.

1. INTRODUCTION

Let D be a vector distribution on a manifold M, i.e., a subbundle of the tangent bundle T'M. Assume
that an Euclidean structure (-, -) o 18 given on each space Dy smoothly w.r.t. ¢. The triple (M,D,{-,-))
defines a sub-Riemannian structure on M. Assume that M is connected and that D is completely
nonholonomic. A Lipschitzian curve v : [0,7] — M is called admissible if ¥(t) € D), for a.e.
t. It follows from the Rashevskii-Chow theorem that any two points in M can be connected by an
admissible curve. One can define the length of an admissible curve v : [0,7] — M by fOT |7 ()] de,

where [[7(t)[| = (¥(2),7(£))* .

1.1. Sub-Riemannian geodesics. The length minimizing problem is to find the shortest admissible
curve connecting two given points on M. As in Riemannian geometry, it is equivalent to the problem of
minimizing the kinetic energy 3 fOT |%(t)||2dt. Indeed, by Schwartz inequality any curve minimizing the
kinetic energy is the shortest one and, conversely, an appropriate reparametrization of a shortest curve
is an energy minimizer.

The problem can be regarded as an optimal control problem and its extremals can be described by
the Pontryagin Maximum Principle of Optimal Control Theory ([9]). There are two different types of
extremals: abnormal and normal, according to vanishing or nonvanishing of Lagrange multiplier near the
functional, respectively. Sub-Riemannian energy (length) minimizers are the projections of either normal
extremals or abnormal extremals.

In the present paper we will focus on normal extremals only. To describe them let us introduce some
notations. Let 7™M be the cotangent bundle of M and ¢ be the canonical symplectic form on T*M, i.e.,
o = —dg, where ¢ is the tautological (Liouville) 1-form on T*M. For each function H : T*M — R, the
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Hamiltonian vector field % is defined by izo = dh. Given a vector u € T;M and a covector p € Ty M we
denote by p - u the value of p at u. Let

A 1 1 * *
L) )L max(eu— S[ul®) = 2lpln, B A= (0) € TM, g€ M, pe TN,

where p|p, is the restriction of the linear functional p to D, and the norm |[|p|p, || is defined w.r.t. the

Euclidean structure on D,. The normal extremals are exactly the trajectories of A(t) = h()).

1.2. Jacobi curve and conjugate points along normal extremals. Let us fix the level set of the
Hamiltonian function h:
H, 2 {\ e T*M|h(N\) = c},c> 0
Let II) be the vertical subspace of ThH., i.e.,
I\ = {€ € T\H. : m.(§) = 0},

where 7 : T*M — M is the canonical projection. With any normal extremal A(-) on H., one can
associate a curve in a Lagrange Grassmannian which describe the dynamics of the vertical subspaces IIy
along this extremal w.r.t. the flow e, generated by h. For this let

~ A 4R 7
(1.2) t— 3a(t) = e (W, ) /{RA(N)}.
The curve Ja(t) is the curve in the Lagrange Grassmannian of the linear symplectic space Wy =
T\H./ Rﬁ()\) (endowed with the symplectic form induced in the obvious way by the canonical symplectic

form o of T*M). It is called the Jacobi curve of the extremal e® )\ (attached at the point \).

The reason to introduce Jacobi curves is two-fold. On one hand, it can be used to construct differential
invariants of sub-Riemannian structures, namely, any symplectic invariant of Jacobi curve, i.e., invariant
of the action of the linear symplectic group Sp(W,) on the Lagrange Grassmannian L(W)), produces
an invariant of the original sub-Riemannian structure. On the other hand, the Jacobi curve contains all
information about conjugate points along the extremals. Then a natural question arises: how do the
symplectic invariants effect the appearance of the conjugate points?

Recall that time g is called conjugate to 0 if

(1.3) eI, N, 7, # 0.

and the dimension of this intersection is called the multiplicity of ¢ty. The curve w(A(-))|j0,¢ is W -optimal
(and even C-optimal) if there is no conjugate point in (0,¢) and is not optimal otherwise. Note that (L3)

can be rewritten as: e;toﬁl'letogA N II # 0, which is equivalent to
Ialto) NJIA(0) # 0.

1.3. Statement of the problem. In our previous papers ([1I], [10]), we constructed the canonical
bundle of moving frames and the complete system of symplectic invariants for parametrized curves in
Lagrange Grassmannians satisfying very general assumptions. As a consequence, for any sub-Riemannian
structure defined on any nonholonomic distribution on a manifold M one has the canonical (in general,
non-linear) connection on an open subset of the cotangent bundle, the canonical splitting of the tangent
spaces to the fibers of the cotangent bundle and the tuple of maps, called curvature maps, between
the subspaces of the splitting intrinsically related to the sub-Riemannian structure. We give a brief
description of these constructions in section 2. The structural equation for a canonical moving frame of
the Jacobi curve of an extremal can be interpreted as the normal form for the Jacobi equation along this
extremal and the curvature maps can be seen as the “coefficients”of this normal form. In the case of
a Riemannian metric the canonical connection above coincides with the Levi-Civita connection and the
splitting of the tangent spaces to the fibers is trivial. Moreover, there is only one curvature map and it
is naturally related to the Riemannian sectional curvature tensor.

However, for the proper sub-Riemannian structures (i.e. when D # TM) very little is known about
the curvature maps, except that they depend rationally on points of fibers of 7% M. In order to interpret
better these invariants, to understand their role in optimality properties of sub-Riemannian extremals
and other qualitative properties of flows of extremals, we suggest to study them for a special class of
sub-Riemannian metrics having sufficiently many symmetries such that after an appropriate number
of factorizations one gets a Riemannian metric. Such sub-Riemannian structures appear naturally on
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principal connections of principal bundles over Riemannian manifolds (including Yang-Mills fields as a
particular case): the sub-Riemannian structure is given by a pull-back (with respect to the canonical
projection) of the Riemannian metric of the base manifold to the distribution defining the connection.

How the above-mentioned curvature maps are expressed in terms of the Riemannian curvature tensor
of the base manifold and the curvature form of the principal connection? How to estimate the number
of conjugate points in terms of the bounds of the Riemannian curvature tensor of the base manifold and
the curvature form of the principal connection? We answer these questions in the case when principal
bundles have one-dimensional fibers. It is well known that such geometric structures describe magnetic
fields on Riemannian manifolds, where the connection form is seen as the magnetic potential. The main
results of the paper are the explicit expressions of the curvature maps (Theorems [BII53] below) and
the estimation of the number of conjugate points along sub-Riemannian extremals (Theorem below)
in terms of the Riemannian curvature tensor of the base manifold and the magnetic field (the latter is
done in the case of the uniform magnetic field). We also believe that the coordinate-free language we
introduced in sections 3 and 4 for calculation of these invariants will be useful in the treatment of the
more general situations mentioned above.

2. DIFFERENTIAL GEOMETRY OF CURVES IN LAGRANGE GRASSMANNIAN

In this section we briefly describe the construction of the above-mentioned curvature maps. The details
can be found in [11], [I0]. Denote by L(W) the Lagrangian Grassmannian of an even dimensional linear
symplectic space W endowed with a symplectic form w. Given A € L(W), the tangent space T L(W)
of L(W) at point A can be naturally identified with the space Quad(A) of all quadratic forms on linear
space A C W. A curve A(+) is called monotonically nondecreasing (monotonically nonincreasing) if the
velocity is nonnegative definite (nonpositve definite) at any point.

2.1. Young diagrams. Denote by C(A) the canonical bundle over A: the fiber of C(A) over the point
A(t) is the linear space A(t). Let T'(A) be the space of sections of C(A). Define the ith extension of A(-)
(or the i-th osculating space) by

AO (1) = Span{%em LU(7) € C(A),0 < j <i}.

The flag A(t) € A (t) € A®)(t) C ... is called the associated flag of the curve A(-) at point t. Assume
that the following two conditions hold:

(1) dim A®(t) — dim AC=1(t) is independent of ¢ for any i;
(2) A®)(t) =W for some p € N.

Remark 1. Both of the assumptions are not restrictive: the first holds in a neighborhood of generic
point and the second holds after the appropriate factorization.

It follows from the first assumption above that
dim AGFY(2) — dim A (¢) < dim AD () — dim A (2).

Therefore, using the flag, to any A(-) we can assign the Young diagram in the following way: the number
of boxes of the ith column is equal to dim A®(¢) — dim AC~1(t). Assume that the length of the rows
of D be p; repeated r; times, po repeated ro times, . . ., pg repeated ry times with p; > ps > ... > pg. In
this case, the Young diagram D is the union of d rectangular diagrams of size r; X p;, 1 < ¢ < d. Denote
them by D;,1 < i < d. The Young diagram A, consisting of d rows such that the ith row has p; boxes,
is called the reduced diagram or the reduction of the diagram D. The rows of A will be called levels. To
the jth box a of the ith level of A one can assign the jth column of the rectangular subdiagram D; of D
and the integer number r; (equal to the number of boxes of D in this subcolumn), called the size of the
box a.

2.2. Normal moving frames. As usual, by A x A we will mean the set of pairs of boxes of A. Also
denote by Mat the set of matrices of all sizes. The mapping R : A x A — Mat is called compatible
with the Young diagram D, if to any pair (a,b) of boxes of sizes s1 and so respectively the matrix R(a,b)
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is of the size s2 X s1. The compatible mapping R is called symmetric if for any pair (a,b) of boxes the
following identity holds
(2.1) R(b,a) = R(a,b)T.

Denote by T; the ith level of A. Also denote by a; and o; the first and the last boxes of the ith level T;
respectively and by 7 : A\{o;}&; — A the right shift on the diagram A. The last box of any level will
be called special. For any pair of integers (i,7) such that 1 < j < i < d consider the following tuple of
pairs of boxes

(aj, ai), (aj, r(ai)), (r(aj), r(ai)), (r(aj),r2(ai)), cl, (rpi*l(aj), P ay)),
(r’” (aj), P ay)), ..., (ij_l(aj), rpi_l(ai)).

Definition 1. A symmetric compatible mapping R : A x A — Mat is called normal if the following
three conditions hold:

(2.2)

(1) For any 1 < j < i < d, the matrices, corresponding to the first (pj — p; — 1) pairs of the tuple
22), are equal to zero;

(2) Among all matrices R(a,b), where the box b is not higher than the box a in the diagram A the
only possible nonzero matrices are the following: the matrices R(a,a) for all a € A, the matrices
R(a, r(a)), R(r(a), a) for all nonspecial bozes, and the matrices, corresponding to the pairs, which
appear in the tuples Z2), for all 1 < j <i<d;

(3) The matriz R(a,r(a)) is antisymmetric for any nonspecial boz a.

Note that this notion depends only on the mutual locations of the boxes a and b in the diagram A.
Now let us fix some terminology about the frames in W, indexed by the boxes of the Young diagram
D. A frame ({ea}aen, {fataen) of W is called Darbouz or symplectic, if for any «, 3 € D the following
relations hold

(2'3) w(ea,eg) =0, W(foufﬁ) =0, w(eavfﬁ) = 501,57

where d,, 3 is the analogue of the Kronecker index defined on D x D. In the sequel it will be convenient
to divide a moving frame ({eq(t)}aep,{fa(t)}acp) of W indexed by the boxes of the Young diagram D
into the tuples of vectors indexed by the boxes of the reduction A of D, according to the correspondence
between the boxes of A and the subcolumns of D. More precisely, given a box a in A of size s, take
all boxes aq, ..., as of the corresponding subcolumn in D in the order from the top to the bottom and
denote

Ea(t) = (ear (t),-- - €0, (1), Fa(t) = (far (1), -, fa (1))

Definition 2. The moving Darbouz frame ({Eq(t) }aen, {Fa(t)}aca) is called the normal moving frame
of a monotonically nondecreasing curve A(t) with the Young diagram D, if

A(t) = span{ Eq(t) }aea

for any t and there exists an one-parametric family of normal mappings Ry : A x A — Mat such that
the moving frame ({Eq(t) }aea, {Fa(t)}aca) satisfies the following structural equation:

E(t) = Eyay(t) if a€A\Fy
E/(t) = F(t) if ae R
(2.4) Fl(t) = — ZA Ey(t)Ri(a,b) — Fray(t) if a€A\'S
be
F!(t) =— bZAEb(t)Rt(a,b) if aeS

where Fy is the first column of the diagram A, S is the set of all its special bozes, and | : A\F; — A,
r: A\ § — A are the left and right shifts on the diagram A. The mapping Ry, appearing in (2.4), is
called the normal mapping, associated with the normal moving frame ({Eq(t)}aea, {Fa(t)}taca).

Theorem 2.1. For any monotonically nondecreasing curve A(t) with the Young diagram D in the
Lagrange Grassmannian there exists a normal moving frame ({Eq(t)}aca, {Fu(t)}aca). A moving frame

({Ba(D)}oeas {Fa(t)aea)
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is a mormal moving frame of the curve A(-) if and only if for any 1 < ¢ < d there exists a constant
orthogonal matriz U; of size r; X r; such that for all t

(2.5) Eo(t) = E,()U;, Fo(t) = Fo(t)U;, VaeT,.

As a matter of fact, normal moving frames define a principal O(r;) x O(r2) X ... X O(ry)-bundle of
symplectic frame in W endowed with a canonical connection. The normal moving frames are horizontal
curves of this connection.

Relations (Z3]) imply that for any box a € A of size s the following s-dimensional subspaces

(2.6) Va(t) = span{E,(t)}, V.05 (¢) = span{F,(t)}

of A(t) does not depend on the choice of the normal moving frame. In particular, there exists the canonical
splitting of the subspace A(t) defined by

(2.7) A(t) = EP Va(t), dim V,(t) = size(a)
a€EA

and the canonical complement A*™35(t) to A(t) defined by

(28) Atrans(t) — @ Vatrans(t).

a€A

Moreover, each subspace V, (¢)(and V}rans(t)) is endowed with the canonical Euclidean structure such
that the tuple of vectors E,(and F,(t)) constitute an orthonormal frame w.r.t. to it. Taking the canonical
Euclidean structures on all V, () and assuming that subspaces V,(t) and Vj(¢) with different ¢ and b are
orthogonal, we get the canonical Euclidean structure on the whole A(t).

The linear map from V,(¢) to V;(¢) with the matrix R;(a,b) from (24) in the basis {E,(¢)} and {Ep(¢)}
of V,(t) and V,(t) respectively, is independent of the choice of normal moving frames. It will be denoted
by R:(a, b) and it is called the (a, b)-curvature map of the curve A(-) at time t. Finally, all (a, b)-curvature
maps form the canonical map R: : A(t) — A(t) as follows:

(2.9) Ryvg = Ri(a,b)va, Vo, € Vo(t),a € A
beA

The map fR; is called the big curvature map of the curve A(-) at time t.

2.3. Consequences for sub-Riemannian Structures. Let (M, D, (-,-)) be a sub-Riemannian struc-
ture. Note that the Jacobi curve associated with an extremal in M is monotonically nondecreasing. A
point A € T*M is called a D-regular point if the germ of the Jacobi curve Jx(¢) at ¢ = 0 has the Young
diagram D. Assume that for some diagram D the set of D-regular point is open in Hy and let A be
the reduced diagram of D. The structural equation ([24) for the Jacobi curve Jx(¢) can be seen as the

intrinsic Jacobi equation along the extremal e/? )\ and the (a,b)—curvature maps are the coefficients of
this Jacobi equation.

Since there is a canonical splitting of J»(t) and taking into account that J(0) and II can be naturally
identified, we have the canonical splitting of IIy:

Iy = P Va(N), dim (Va(N)) = size(a),
acA
where V,(X) = V,(0).
Moreover, let Ry (a,b) : Vo(A) — Vy(A) and the Ry : Iy — IIy be the (a, b)-curvature map and the big
curvature of the Jacobi curve J,(-) at ¢ = 0. These maps are intrinsically related to the sub-Riemannian

structure. They are called the (a,b)-curvature and the big curvature of the sub-Riemannian structure at
the point A. Also, the canonical complement 5§\ran5(t) at t = 0 give rise a canonical complement of II,

in Wy, where W) = TAH%/RE, as before. For any a € A, denote

(2.10) PITans () = yirans g),

It turns out that @Vsrans(/\) @ Rh defines the canonical (non-linear) connection of T*M.
a€EA
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Let A € T*M and let A(t) = ethX. Assume that (EXMt), F2(t))aea is a normal moving frame of the
Jacobi curve J,(t) attached at point A. Let € be the Euler field on T* M, i.e. the infinitesimal generator

of the homotheties on its fibers. Clearly Tx(T*M) = TaxHj,-1(n) ® RE(A). The flow ' on T*M induces
the push-forward maps (eth)* between the corresponding tangent spaces T\T*M and T ,;,T* M, which

in turn induce naturally the maps between the spaces TA(T*M)/RE()\) and TetgAT*M/Rﬁ(e“;)\). The
map K* between T»(T*M)/Rh()) and T..;:,T*M/Rh(e™\), sending E}(0) to (™)) EX(t), F2(0) to
(e"), F(t) for any a € A, and the equivalence class of €()) to the equivalence class of E(e)), is
independent of the choice of normal moving frames. The map Kt is called the parallel transport along
the extremal e'?\ at time t. For any v € T5(T*M)/Rh()), its image v(t) = K'(v) is called the parallel
transport of v at time t. Note that from the definition of the Jacobi curves and the construction of
normal moving frame it follows that the restriction of the parallel transport KC; to the vertical subspace
TA(T;(/\)M ) of Tx(T*M) can be considered as a map onto the vertical subspace T,z ( M) of

T i\ (T*M). A vertical vector field V' is called parallel if V(eth)) = Kt (V(N).
In the Riemannian case, i.e., when D = T M, the Young diagram of the Jacobi curve A(-) consists of
only one column and the corresponding reduced diagram consists of only one box. Denote this box by a.

The structure equation for a normal moving frame is of the form:
B, (t) = Fu(t)
210 L e,

Remark 2. Note that from (ZII) it follows that if (Ea(t),Fa(t)) is a Darboux moving frame such

that E,(t) is an orthonormal frame of A(t) and span{F,(t)} = A™"(t). Then there exists a curve of
antisymmetric matrices B(t) such that

E'(t) = B (t)B(t) + Fy(t)
(2.12) { FI(t) = —Eo()Ry(a,a) + F,(t)B(t),

T:(etﬁ A)

where Ry(a,a) is the matriz of the curvature map Ry(a,a) on A(t) w.r.t. the basis Eq(t).

In [2] and [I] it was shown that in the considered case the canonical connection coincides with the
Levi-Civita connection and the unique curvature map Ry (a, a) : V,(A) — V,(A) (where V,(A) = II) was
expressed by the Riemannian curvature tensor. In order to give this expression let RV be the Riemannian
curvature tensor. Below we will use the identification between the tangent vectors and the cotangent
vectors of the Riemannian manifold M given by the Riemannian metric. More precisely, given p € T M
let ph € T,M such that p-v = (p",v) for any v € T,M. Since tangent spaces to a linear space at any
point are naturally identified with the linear space itself we can also identify in the same way the space
TA (T:(A)M) with Tﬂ.()\)M.

(2.13) Ri(a,a)v = RY (p",v")p", VA= (q,p) € Hu-100),9 € Myp e Ty M, v ell,.

Given a vector X € T, M denote by Vx its lift to the Levi-Civita connection, considered as an Ehresmann
connection on T*M. Then by constructions the Hamiltonian vector field h is horizontal and satisfies
h = V,. Take any v,w € I and let V be a vertical vector field such that V(A) = v. From @2I3) ,
structure equation (ZI1)), and the fact that the Levi-Civita connection (as an Ehresmann connection on
T*M) is a Lagrangian distribution it follows that the Riemannian curvature tensor satisfies the following
identity:

(2.14) (RY (p", v")p", w") = —a ([Vpn, Vyn](A), Vi ) -

For the nontrivial case of sub-Riemannian structures, i.e., when D ; T M, let us consider the simplest
case: the sub-Riemannian structure on a nonholonomic corank 1 distribution. Fix dim M = n(n > 3).
Recall that our considerations are local, thus we can select a nonzero 1-form wy satisfying wo|p = 0.
Then dwg|p is well-defined nonzero 2-form up to a multiplication of nonzero function. Therefore, for any
q € M, the skew-symmetric linear map J, : Dy — D, satisfying dwo(q)(X,Y) = (J, X, Y)q VXY € Dy
is well-defined up a nonzero constant. Let

DY = {(pq) €T*M :p-v=0, Yo € D}, DF =D T, M.
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Besides, one has the following series of natural identifications:

''D

(2.15) T M/DE ~ D %
where Dy C Ty M is the dual space of Dy. According to this identification, J, can be taken as the linear
map from the fiber T; M of T*M to T; M/Dy (in this case, Jy|ps = 0).

Let D be the Young diagram consisting of two columns, with (n — 2) boxes in the first column and 1
box in the second column. Then the set of D-regular points coincides with {(p,q) € Hy : Jgp # 0} (see

qs

step 1 of subsection 3.3 Proposition Bl below for the proof in the particular case with symmetries) .
In the case of n > 3, the reduced Young diagram consists of three boxes: two in the first column and
one in the second. The box in the second column will be denoted by a, the upper box in the first
column will be denoted by b and the lower box in the first column will be denoted by c¢. Note that
size(a) = size(b) = 1 and size(c) = n — 3. When n = 3, the reduced Young diagram consists of two boxes,
a and b as above and the box ¢ doesn’t appear. All formulae for n > 3 will be true for n = 3 if one
avoids the formulae containing the box c¢. In this case, the symmetric (Darboux) compatible mapping
(with Young diagram D) is normal if and only if R;(a,b) = 0 and the canonical splitting of Iy has the
form: IIy = V,(A) & Vo (A) & Ve(N), where V,(X), Vi (N) are of dimension 1 and V,()) is of dimension n — 3.
These subspaces can be described as follows. As the tangent space of the fibers of T*M can be naturally
identified with the fibers themselves (the fibers are linear spaces), one can show that

Va(A) = D#_(A)-
Using the fact that V,(A) @ V.(\) @ Rp is transversal to Dj-, one can get the following identification
(2.16) V(N) & Ve(A) @ Rp ~ TXM/D,,
Finally, combining (2T5]) and (2I6]), we have that
(2.17) Vo(A) ©Ve(N) @ Rp ~ Dy ~ Dy,
Under the identifications, one can show that (see step 1 in subsection below):
(2.18) Vo(\) = RJp,  Ve(\) = (span{p, Jp})*.

Regarding the (a,b)—curvature maps, even in the considered case it is difficult to get the explicit
expression in terms of sub-Riemannian structures without additional assumptions. Here we calculate them
in the special case of sub-Riemannian structures on corank 1 distribution, having additional infinitesimal
symmetries. After an appropriate factorization, such structure can be reduced to a Riemannian manifold

equipped with a symplectic form (a magnetic field) and the curvature maps can be expressed in terms of
the Riemannian curvature tensor and the magnetic field.

3. ALGORITHM FOR CALCULATION OF CANONICAL SPLITTING AND (a,b)-CURVATURE MAPS

We begin with the discussion of sub-Riemannian structures with additional symmetries and show that
they can be reduced to a Riemannian manifold with a symplectic form. Then we describe the algorithm of
finding of normal moving frames for the Jacobi curves of the extremals of such structures. As a result, we
write down the canonical complement V218()\) using the symplectic form o, Lie derivatives w.r.t. / and
the tensor J. Further, we establish certain calculus relating Lie derivatives and the covariant derivative
of the reduced Riemannian structure. As a result, we can characterized sub-Riemannian connection in
terms of Levi-Civita connection and the tensor .J.

3.1. Corank 1 sub-Riemannian structures with symmetries. As before, assume that D is a non-
holonomic corank 1 distribution. Assume that the sub-Riemannian structure (M, D, (-,-)) has an addi-
tional infinitesimal symmetry, i.e., a vector field X such that

eiXDD =D ) (etXD)* <'7 > = <'7 > :
Assume also that X, is transversal to the distribution D, RXy @ D, = T,M,Vq € M. In this case,

the 1—form wy, defined by wp|p = 0, as before, can be determined uniquely by imposing the condition
wo(Xo) = 1. Therefore dwy|p and the operator J; are also determined uniquely. Let £ be the 1-foliation

generated by Xy. Denote by M the quotient of M by the leaves of £ and denote the factorization map by
pr: M — M. Since our construction is local, we can assume that M is a manifold. The sub-Riemannian
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metric (-,-) induces a Riemannian metric g on M. Also dwy and J,; induce a symplectic form €2 and a
type (1,1) tensor on M, respectively. We denote the (1,1) tensor by J as well. Actually, Q can be seen as
a magnetic field and J can be seen as a Lorenzian force on Riemannian manifold M. The projection by
pr of all sub-Riemannian geodesics describes all possible motion of a charged particle (with any possible
charge) given by the magnetic field €2 on the Riemannian manifold M (see e.g. [1, Chapter 12] and the
references therein).

Define ug : T*M — R by ug(p, q) 2 p-Xo(q), (p,q) € T*M,q € M,p € TyM. Since X is a symmetry
of the sub-Riemannian structure, the function wy is the first integral of the extremal flow, i.e., {h,ug} = 0,
where {-,-} is the Poisson bracket.

3.2. Algorithm of normalization. First let us describe the construction of the normal moving frames
and the curvature maps for a monotonically nondecreasing curve A(t) with the Young diagram D as in
subsection The details can be found in [II]. In this case, the structural equation for the normal
moving frame is of the form:

Eq(t) = Ep(t)
Ey(t) = Fy(t)
- E(1) = F()
' F!(t) = —E.(t)R¢(a,c) — Eq(t)Ri(a,a)
F/(t) = —E.(t)Ri(b,c) — Ep(t)Ri(b,b) — F,(t)
Fl(t) = —E.(t)Ri(c,c) — Ep(t)Re(c,b) — Eu(t)Re(c, a).

Assume that each element of the set {E,(A), Ev(N), Ec(N), Fa(A), Fu(N), Fe(A)} is either a vector field
or a tuple of vector fields, depending on the size of the corresponding box in the Young diagram such
that

(Ea(€N), Ex(€N), Ec(€N), Fale™N), Fo(e™N), FoleN))
= ’Ct(ga()‘)vgb()‘)agc()‘)v}—a()‘)v}—b()‘)afc()‘))a

where K is the parallel transport, defined in subsection 2.3. Recall that for any vector fields X,Y one
has the following formula: % tXY = adxY. So, the derivative w.r.t. ¢ on the level of curves can be

o €x
t=0 "%
substituted by taking the Lie bracket with h on the level of sub-Riemannian structure. The normalization
procedure of [IT] can be described in the following steps:

Step 1 The vector field £,(\) can be characterized , uniquely up to a sign, by the following conditions:

E.(\) €10y, adh &,()) € II, and
o(adhE,(N), (adh)?E,(N)) = 1.
Then by the first two lines of @&I) &(A) = adh&(N) and Fp(N) = (adh)2E,(N).
Step 2 The subspace V. is uniquely characterized by the following two conditions:
(1) V.(X) is the complement of V,(A) & Vy(A) in IIy;
(2) Vo(A) lies in the skew symmetric complement of
Va(A) @ Vy(N) @ R(adh)?E,(\) @ R(adh)E,(N).

It is endowed with the canonical Euclidean structure, which is the restriction of J A(0) on it.
Step 3 The restriction of the parallel transport K! to V.(\) is characterized by the following two
properties:

(1) K is an orthogonal transformation of spaces V.()\) and V. (etﬁ)\);
(2) The space span{% ((e"").(K'v))|,_, : v € Ve(\)} is isotropic.
Then Virans(\) = span{%((e’tﬁ)*(lCtv))h:O cv € Ve(N)}
Step 4 To complete the construction of normal moving frame it remains to fix F, (). The field F,(X)
is uniquely characterized by the following two conditions (see line 4 of [B.1])):

(1) The tuple {E,(A), En(AN), Ec(N), Fa(N), Fu(N), Fe(A)} constitutes a Darboux frame;
(2) a(ad hF,(N), Fp(N)) =0.
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In order to find F,(\), one can choose any .7?,1()\) such that {Ea()\),Eb()\),SC()\),fa()\),fb()\),fc()\)}
constitutes a Darboux frame. Then

(32) }_a(/\) = -%a()‘) - U(adﬁﬁa()‘)afb(/\))ga(/\)

3.3. Preliminary implementation of the algorithm. In order to implement the algorithm for the
corank 1 sub-Riemannian structure with symmetries, let us analyze the relation between 7™M and 7™M
in more detail. The canonical projection 7 : T*M — M induces the canonical projection 7 : T*M — M.
Let = be the 1-foliation such that its leaves are integral curves of . Let PR : T*M — T*M/E be the
canonical projection to the quotient manifold.

Fix a constant c¢. The quotient manifold {ug = ¢}/Z can be naturally identified with T*M. Indeed, a
point A in {ug = ¢}/= can be identified with a leaf PR™*()) of Z which has a form ((e~*X0)*p, e!Xog),
where A\ = (p,q) € PR71(5\), q € M and p € Ty M. On the other hand, any element in T*M can be
identified with a one-parametric family of pairs (e!*°q, (e=*%°)*(p|p)). The mapping I : {ug = c}/= —
T*M sending (e!X0q, (e=tX0)*p) to (e!Xoq, (e~*X0)*(p|p)) is one-to-one (because p(Xo) = ug is already
prescribed and equal to ¢) and it defines the required identification. Therefore, for any vector field X on
T*M, we can assign the vector field X on T*M s.t. PR, X = (I71),X and 7. X € D.

Let ¢ be the standard symplectic form on T*M. Note that (I oPR)*s is a 2-from on {ug = c}. Let,
as before, o be the standard symplectic form on T*M. Let wg be the 1-form as in subsection BIl Then
o and 7 dwy induce two 2-forms on {ug = ¢} by restriction. The following lemma describes the relation
between these 2-forms.

Lemma 3.1. The following formula holds on {ug = c}.
(3.3) o= (I o PR)*¢ — upm*dwo.
Proof. First define a 1-form ¢y on T*M by
So(v) = uowo(msv), v € TXM, A= (p,q) € T*"M,q € M,p € T; M.

Let ¢ and < be the tautological (Liouville) 1—forms on T*M and T*M respectively. Then on the set
{up = ¢} one has ¢ = (I oPR)*¢ +¢y. Therefore, by definition of standard symplectic form on a cotangent
bundle, we have

(3.4) 0= (I oPR)"¢ —dgy = (I oPR)*¢ — dug A m*wo — ugm*dwy.

We complete the proof of the lemma by noticing that dgy = ugm*dwy on {ug = c}. O

Before going further, let us introduce some notations. Given v € T\T; M (~ Ty M), where ¢ = m()), we
can assign a unique vector v" € Tor(q)M to its equivalence class in T M /V, () by using the identifications

@I6) and @TI7). Conversely, to any X € Tpr(q)]Tj one can assign an equivalence class of Tx(Ty M)/V,()).
Denote by X € T)\T; M the unique representative of this equivalence class such that dug(X") = 0.

Lemma 3.2. For any vectors X,V € ThT*M with 7,V = 0 we have o(X,v) = g(m.X,V").

Proof. Let A = (p,q) € T*M, p € TyM,q € M and < be the tautological (Liouville) 1-form on T*M as
before. Extend the vector X to a vector field and V to a vertical vector field in a neighbourhood of A. It
follows from the definition of the canonical symplectic form and the verticality of V' that

o(X,V) = —de(X,V) = V(<(X)) +<([X,V]) =

Vip - mX)—p m[V,X]|=V -m.X
In the last equality here we use again the identification between Th\T;M and Ty M. Finally, V - m. X =
g(V" m.X) by the definition of V". O

Lemma [3]] implies that the sub-Riemannian Hamiltonian vector field can be decomposed into the
Riemannian Hamiltonian vector field and another part depending on the tensor J.
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Lemma 3.3. The following formula holds.
(3.5) h(N) = Vpn —uo(Jph)?,

where A = (p,q) € T*M,q € M,p € T;M and V. is the lift of " to T*M w.r.t. the Levi-Civita
conmnection.
Proof. Denote by h the Riemannian Hamiltonian function on T*M. Since the Hamiltonian vector field /

is horizontal w.r.t. the Levi-Civita connection and its projection to M is equal to p", we have h = V.
Further, it follows from the definition of I that (I o PR)*h = h and (I o PR).(V,n) = Vn. Thus, for any
vector X tangent to {ug = ¢}, we have

o(Vyn,X) = (({oPR)"¢ — ugm™dwo)(V,n, X)
= 5(Vpr, (I oPR).X) — updwo(p", m. X)
dh((I o PR).X) — ugdwo(p", 7. X)

= (I oPR)*dh(X) — updwo(p", 7. X)

= d((o PR)*}NL)(X) —uog(Jp", T X)

= dh(X) + upo (TP, X)
It follows that E(A) and V,n — up(Jp")? are equal modulo Ry, which is the symplectic complement of
the tangent space to {ug :—c} But m,A()), 7. (V,n) € Dy and m.iig = Xo ¢ Dy, which implies 35). O

Now we give more precise description of normal moving frames following the steps as in subsection
Assume that VErens(X), Vfrans(\), Virans()) are defined by (2.10).

Step 1 First define the vector field E; on T*M by
(3.6) E.(\) €11y, E,(N) € DE, dug(Ea(N)) = 1.

For further calculations it is convenient to denote :5': by Ou,, because to take the Lie brackets of :5': with
h is the same as to make “the partial derivatives w.r.t. uo” in the left handside of (). Indeed, by (B3)
adh 0y, = (Jp")” € II and then m, ((adh)? d,,) = —Jp". Then from Lemma B2 it follows immediately
that

o(adR Dy, (adF)? ,y) = [[T5"2.

As a direct consequence of the last identity we get
Proposition 3.1. A point A = (p,q) € T*M is a D—regular point if and only if Jyp # 0.

Remark 3. Note that if D is a contact distribution the operators J, are non-singular, and all points of
T*M out of the zero section are D-regular.

Further from step 1 of subsection [3.2] we have that

Oy,
3.7 ga, A) = —07
(37 N =
- (Jp")" ~< 1 )
3.8 Ev(A) = adh E,(N) = +h Oug s
(38) v N =10 e
o 1 - - 1 - 1
3.9 Fo(\) = adh &(N) = ———[h, Jp’”+2h(—) Jp™) + h2<—>auo.
By direct computations,
(3.10) molh, (Jp")Y] = —Jp".

Step 2 Let us characterize the space V.(\). For this let IIy = {v € IIy : dug(v) = 0} and let
7o : Iy — II be the projection from II, to I, parallel to &(A). Note that mo(v) = (v")*. Since
Ve(\) € Iy and V.()) lies in the skew symmetric complement of (adk)2&,()), we have, using (@I0) and
Lemma [3.2] that

(3.11) Ve(\) = (span{(ph), (Jph)}l)” mod RE,(A).
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Further, let Vo(A) = mo(V.). Using the condition that V(A) is in the skew symmetric complement of
(adh)3E,(N), we have

(3.12) VeA) = {v+ AN 0)EN) = v e V.(N)}
where A(\, v) is the linear functional on the Whitney sum T*M & T*M over M, given by
(adh)? (Jp")*

(3.13) AN v) = o (v, 170"

Step 3 Since the normal moving frame is a Darboux frame, the space VIFaUS()) lies in the skew
symmetric complement of V,()). Besides, its image under 7, belongs to D(m())). Then, using Lemma
we obtain that

(3.14) PT, O Ty (Vctrans()\)) = span{p", Jp"}* mod Rp",

where, as before, pr : M — M is the canonical projection. Recall that VIFANS()) € Ty (T*M)/Rh(N).
As a canonical representative of VIT1S()\) in Ty (T*M) one can take the representative, which projects
exactly to span{p”, Jp"}* by 7. In the sequel, this canonical representative will be denoted by VEFans( )
as well.

Further, given any X € span{p", Jp"}+ denote by V5 the lift of X to VIF1S()): ie. the unique
vector VS € VIAS()) such that pr, o 7,V = X. Then there exist the unique B € End(V.()\)) and
a, B € V.(A\)* such that
(Jp")"

(3.15) Vi = Vi + B(mo(v)) 4 a(v) [Tp" |2

+ B(v)Duy, Vv €V,

where, as before, V stands for the lifts to the Levi-Civita connection on T*M. Let us describe the
operator B and the functionals o and 3 more precisely. First we prove the following lemma, using the
property (1) of the parallel transport K listed in subsection 3.2t

Lemma 3.4. The linear operator B is antisymmetric w.r.t. the canonical Euclidean structure in Ve(N).
Proof. Fix a point A € T*M and consider a small neighborhood U of A. Let £ = {£:}7-}* be a frame of
V.) (i-e. Ve(A) =span&.(N)) for any A € U such that the following three conditions hold

(1) & is orthogonal w.r.t. the canonical Euclidean structure on V;

(2) Each vector field £ is parallel w.r.t the canonical parallel transport K, i.e. EX(eth\) = KIEL(N)

for any A and t such that )\, eth)\ e U,
(3) The vector fields (Jp")? and €] commute on U N T*

(4) The vector fields @ and £} commute on U N T*

M
(X)M .
Note that the frame &£, with properties above exists, because the Hamiltonian vector field h is transversal
to the fibers of T*M and it commutes with .

From the property (2) of the parallel transport X! (see property (2) in step 3 of subsection [3.2)) it

follows that
(316) ggi)h = —adﬁé’é

Let & =my(€}) for 1 <i<n—3and E"2 = (”JJp;h)J. Also let € = {gi}f;f. Using the above defined

identification I : {ug = ¢}/E — T*]Tj, where ¢ = ug()), one can look on the restriction of the tuple of
vector fields E to the submanifold {up = ¢} as on the tuple of the vertical vector fields of T*M (which
actually span the tangent to the intersection of the fiber of T*M with the level to the corresponding
Riemannian Hamiltonian). Then first the tuple £ is the tuple of orthonormal vector fields (w.r.t. the
canonical Euclidean structure on the fibers of T*M , induced by the Riemannian metric g). Further,
by Remark [2] the Levi-Civita connection of g is characterized by the fact that there exists a field of
antisymmetric operators B € End(span&())) such that

(3.17) [V, EXN)] = —v(

gi()\))h - Bg ()\)
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From BI6) and BI7), using @B.5),E12), and the property (3) of £, one has
Oy

c _ ot h\v ot 3
(318) o ) (Jph)v
=V, . n+ BE(N) — AN E" d R9,,.
()" FPEN T ANEN G mod K

Note that one has the following orthogonal splitting of the space span &:
(3.19) spanE(A) = V.(\) @ R(Jp")".

The operator B is exactly the endomorphism of 176(/\)) such that B is the projection of Bo to V(A) w.r.t.

the splitting (319) for any o € V¢. Obviously, the antisymmetricity of B implies the antisymmetricity
of B. The proof of the lemma is completed. U

Now we are ready to find B explicitly using the fact that V*" is isotropic. For this let ¢ be the

projection from (Rp")+ to span{p”, Jp"}+ parallel to Jp". Obviously,

Jph ~
(3.20) o(0) = © — g6, Jp") o, Vi € V..

[[Tp" ||
Lemma 3.5. The operator B satisfies
(3.21) (Bo)" = —%wo Jih, Vo eV,
or, equivalently,
J h\v .

(3.22) Bo = % (—(szh)” + g(Jo", Jp) |(|J§h|)|2) . VeV

Proof. Since V#285()\) is an isotropic subspace, we have
U(Vf){b,ijg) =0, VYov,v eV,

On the other hand, from ([3I0) and the fact that V*2"S lies in the skew symmetric complement of
V, @V, it follows that

(3.23) o(VS,, V) = a(vv? + Bi1,V, +B62),

Vg

where 0; = mo(v;), ¢ = 1,2. Then, using ([33), the fact that the Levi-Civita connection (as an Ehresmann
connection) is a Lagrangian distribution in 7*M and Lemma [3.2] we get

0=0(V5,, V5,) = ((1 o PR)*5 — uow*dwo) (2 + Biy, V. + Bf;g) _
— ugdwo (vi', vy) — g((BT1)", v5) + g((Bo2)", v}') =
- uOg(JUfa vh) - g((B’[}l)ha ’Ug) + g((B*f}l)ha ’Ug)

Taking into account that B is antisymmetric, we get identity (32I). Then, using relation ([B20) and
Lemma [B2] one easily gets identity (3:22)). O

Further we need the following notation. Given a map S : T*M & Wy — R, define a map SO :
T*M ®T*M — R by

d -
(3.24) SM (N v) = £S(et’u,/ctv) , v eT*M,
t=0
where in the second argument we use again the natural identification of T77 ) M with TA(T;( N ).

Lemma 3.6. The functionals « and B from BI0) satisfy the following identities
(1) a(v) = =o(Vyn, adh (Jp")");

) 50) =~ (b A) " @) = ~ A O 1) = F () A (9)°):
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Proof. First, from step 2 in subsection B2l it follows that for any v € V.(\), we have
(Jp")"
I7p"|?
o(Von,adh (Jp™)Y) + alv).

0=0(Ver,adh (Jp")) = (Vo + B(mo()) + a(v) + B(v)Dug, adh (Jp™)?) =

Therefore, a(v) = —o(Vn,adh (Jph)?).
Further, take the tuple of vertical vector fields £, = {£2}!'_}* as in the proof of Lemma[34l Then from
@I5),[3I06), and the fact that the vector fields & and @, commute it follows that

(3.25) B(EL) = oo, Vigiyn) = —o(tio, ad hEL) = —[h, El](ug) = —h o Ex(ug) = —h(aliiy, 7).
Then from by B12) it follows

. 1 ~
(3.26) o (o, &) = 77— A &)

17"
The item (2) of the lemma follows immediately from (325]) and (B26]). O

Step 4 According to the algorithm, described in subsection [3.2] first find some vector field F, such
that the tuple {&,, &, Ec, Fu, Fb, Fe} constitutes a Darboux frame. Let Uy be a vector in V.(A) such that

(3.27) o(Vo, Vir) = B(v), YveVe(N).

Also, let 20, be a vector in VITAIS(\) such that

(3.28) o(v,Wo) = A\, v), Yo € V().

Note that by constructions the map v — V¢, is an isomorphism between V. and yirans - et Uy be a
vector in V. such that 2y = ch?. Then from [F27) and B28) it follows that

(3.29) A, Do) = B(T).

Lemma 3.7. A vector field F. can be taken in the following form

330 Fulh) =~ o + 15" B0 o + 11 (7 ) 660 = 10 () 200

Proof. Note that such vector field ]?a is defined modulo RE, = RJ,,,. Therefore we can look for .7?,1 in
the form

(3.31) Fo =1%o + 72E + v3Fp + Ve + Ve,

where v, € V, and 0, € VIS, Then

(1) From relations o(&,, F,) = 1 and @) it follows that v, = —||Jp";

(2) From relations o (&, F,) = 0 and @R) it follows that v = —||Jp"||k (IIJ—zlﬂll\ ;

(3) From relations o(Fy, F,) = 0 and F3) it follows that v, = ||Jp"||(k)? (m);

(4) From relations o(F,,V¢) = 0 for any v € V., and the decomposition ([BIF) it follows that

o(ve, V) = || Jp"||B(v) for any v € V.. Hence v. = ||Jp"||Do;
(5) From relations o(F,,v) = 0 for any v € V. and relation (3:12) it follows that o(v.,v) = A(A,v)
for any v € V.. Hence v, = —2y.

Combining items (1)-(5) above we get (B.31)). O
The canonical F, is obtained from F, by formula (Z2).

Now as a direct consequence of structure equation (BII), we get the following preliminary descriptions
of (a,b)— curvature maps (under identification 218]).
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Proposition 3.2. Let V be a parallel vector field such that V(X) =v. Then the curvature maps satisfy
the following identities:

(3.32) g((Ra(c, o), wh) = —o(adh V$,,,VE,), Yw € Vo())

— hyv — hyv
(3.33) R (e, b)v = o(adh V.., Fo(N) Y2 = o(adh Fio(V), Ve,) T2
(3.34) (e a)v = a(adh VS, Fa(N)Ou,
(3.35) R (b, 0)(Y271) = —o(adh Fo(N), Fo(N) (Fhrr)
(3.36) R (@, )0y, = —0(adh Fu(N), Fa(N)Ou

4. CALCULUS AND THE CANONICAL SPLITTING

4.1. Some useful formulas. Constructions of the previous section show that in order to calculate the
(a,b)— curvature maps it is sufficient to know how to express the Lie bracket of vector fields on the
cotangent bundle T*M via the covariant derivatives of Levi-Civita connection on T*M. For this, we
need special calculus which will be given in Proposition 1] below. .

Let A be a tensor of type (1, K) and B be a tensor of type (1, N) on M, K, N > 0. Define a new
tensor A e B of type (1, K + N — 1) by

=

AeB(Xy, .. XkiN-1) = AXy, o, Xi, B(Xig1, - XigN), XigNt1s oo, XK4N—1)-

i

Il
o

This definition needs a clarification in the cases when either K = 0 or N = 0. If K = 0, then we
set AeB =0, and if N = 0, i.e. B is a vector field on M, then we set A e B(X1,....,XKk_1) =
Zfigl A(X1,..., Xi, B, Xit1, ..., XK —1). Also define by induction A**1 = A e A%, For simplicity, in this
section, we denote

(4.1) Ap" = A(p",p", .. "), Ap = (Ap").
— —
K

Besides, we denote by VA the covariant derivative (w.r.t. the Levi-Civita connection) of the tensor A,
i.e., VA is a tensor of type (1, K + 1) defined by

(4.2) VAX1, o X5, Xici1) = (Ve A)(Xa, o XK.
Also define by induction V1A = V(ViA).

Now we are ready to give several formulas, relating Lie derivatives w.r.t. the h and classical covariant
derivatives, which will be the base for our further calculations:

Proposition 4.1. The following identities hold:
(1) [Ap, Bp] = (B e A)p — (A e B)p;
(2) [Vaph: Bpl = =V (aepypr + ((Vapr B)p™)?;
(3) [Vaph, V] = V(v Byph—(v,,,0 apr + (RY (Ap", Bp")p")" — Q(Ap", Bp")do,
where the 2-form Q is as in subsection [T (recall that U(X,Y) = g(JX,Y)).

(4) Vp(g(Ap", Bp") = g((VA)p", Bp") + g(Ap", (VB)p").

Proof. Obviously, it is sufficient to prove all items of the proposition in the case, when the tensors A
and B have the form A = SX and B = TY, where S and T are tensors of the type (0, K) and (0, L)
respectively and X and Y are vector fields. By analogy with (@1, let
Spl = Sl p", ... p") and Tp" = T(p" p", ... p").
N——— N———

K L

Then directly from definitions we have

(4.3) (Ae B)p" = Bp(Sp")X,
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where by Bp(Sp") we mean the derivative of the function Sp” in the direction Bp. Therefore
[Ap, Bp] = [Sp" X", Tp"Y"] = Ap(Tp")Y" — Bp(Sp") X" = (B e A)p— (Ae B)p,
which completes the proof of item (1).

For the proof of the remaining items one can use the following scheme: First one shows that it is
sufficient to prove them in the case K = L = 0, i.e. when A and B are vector fields in M. Then one
checks them in the latter case. As a matter of fact, the required identities in the latter case follow directly
from the definitions of the Levi-Civita connection for items (2) and (4) and from the definition of the
Riemannian curvature tensor for item (3), where the nonholonomicity of the distribution D causes the
appearance of the additional term.

Let us prove item (2). The left handside of the required identity for A = SX and B = TY has the
form

(4.4) [Vapt, Bp] = [Vsprx, Tp"Y "] = Sp" X (Tp")Y" — Bp(Sp")Vx + Sp"Tp"[Vx,Y"]
Using ([@3)), the first term in the right handside of the required identity can be written as follows:
(4.5) V(4en)p = Bp(Sp")Vx.

Further, let us analyze the second term of the right handside of the required identity:

(4.6) (Vap B)p" = (Vs x Tp"Y)p" = Sp" X(Tp")Y + Sp"Tp"VxY

Comparing (£4) with (£0) and ([@6]) we conclude that in order to prove the item (2) it is sufficient to
show that [Vx,(Y)"] = (VxY)". The last identity directly follows from the definition of the covariant
derivative.

Let us prove item (3). The required identity is equivalent to the following one

(47) [vAphvaph] - V(VAPhB)phf(VBphA)ph = (Rv (Apha Bph)ph)v - Q(Aphv Bph)ﬁ()-

Note that both sides of the last identity are tensorial: the result of the substitution A = SX to both
of them is equal to S multiplied by the result of the substitution of A = X (and the same for the
corresponding substitutions of B). Therefore it is sufficient to prove this identity in the case when A = X

and B =Y, where X and Y are vector fields on M. Since the Levi-Civita connection is torsion-free, i.e.
VxY — VyX = [X,Y], the required identity in this case has the form

(4.8) (IV6, ¥v] = Vi) () = (RY (X, Y)p")” = Q(X, V)i (M),

Let us prove identity (Z8). For this let DL = {v € T\T*M : m.v € D,} be the pullback of the distribution
D w.r.t. the canonical projection m. Then we have the following splitting of the tangent space Th\T™*M
to the cotangent bundle at any point A:

(4.9) T\T*M = D*(\) & Rip.
Denote by 71 and 74 the projection onto DY and the projection onto Riiy w.r.t. the splitting (@3,
respectively. By definition, for any vector field Z on M, one has Vz € DE. Thus by definition of the

Riemannian curvature tensor,

(4.10) (RY(X,Y)p")" = nf ([Vx, Vy](N) = Vix (V)

It remains only to prove that
(4.11) ™5 ([Vx, Vy]) = —Q(X, Y)do.

Note that from (34)) it follows that D% is the symplectic complement of the vector field ,,. Besides, by
definition, o(iy, Oug) = 1. Therefore,

(4.12) w5 ([Vx. Vy]) = o([Vx, Vy], 9, o
Using again ([3.4) and the definition of the form  we get
o([Vax, Vy], 0u,) = wo(m:[Vx, Vy]) = —dwo(m. Vx, m.Vy) = —Q(X,Y),

where wy is the 1-form on M defined in subsection Bl This completes the proof of the formula (Z11)
and of the item (3).
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Finally, let us prove item (4). As in the proof of item (2), we can substitute into the left handside and
right handside of the required identity A = SX and B = T'X to conclude that it is sufficient to show
that

P (9(X.Y)) = g(Vp YY) 4+ g(X, V0 Y),

but the latter is actually the compatibility of the Levi-Civita connection with the Riemannian metric. 0O

Remark 4. Note that if K = 0 then item (2) has the form

(4.13) V4, By = (Van B)p")”
and if N =0 then item (2) has the form
(4.14) [VAph 5 B] = _V(A.B)ph;

4.2. Calculation of the canonical splitting. Using formulas given by Proposition I we are ready
to express the canonical splitting of W) (= T\H /Rh) in terms of the Riemannian structure and the

tensor J on M. Note that by B2 the subspace V, is already expressed in this way. To express the
subspace V;, and V™" we need the following

Lemma 4.1. The following identities hold:
(V) A (175) = ~abm eIt VI, p");

2) (b (k) = P, VI 0) — g (VI 0, VI (" )
— D" VR (0" M)+ e (9(J2p", VI (0", M) + g(Tp", VI (Tp", p"))
+g(Jp", VI(p", Jp"))).
Proof. (1) Using item (4) of Proposition @] we have

(4.15) Vo (9(Jp", Jp") = 29(V I (0", p"), Jp");
Besides,
(4.16) (Jp™)? (g(Jp", Jp")) = 29(J%p", Jp") = 0.

Combining the last two identities with (35]) we immediately get the first item of the lemma.
(2) Using item (4) of Proposition 1] we get from ([{@IH) that
V2 (g(Ip", Ip")) =2V, (9(VI(p", "), Tp")) = 29(V2I(p",p", p"), Jp")
+29(VJI (" "), VI (" "))
Further,
(Jp")" (g(VI (", "), Tp")) =
(9(VI(Ip",p"), Ip") + (9(VI ", Tp"), Jp")) + (9(VI (0", p"), T?p"))

Using the last two identities together with (@IG]), one can get the second item of the lemma by straight-
forward computations. O

Now substituting item (1) of Lemma [£1] into (3.8]) we get the expression for the subspace V,. Now let
us find the expression for V{**"S. First by (31H) and item (2) of Proposition @Il we have

(4.17) [, (Tp")"] = [V = uo(Tp")", (Jp")"] = =V pnye + (VI (0", p"))"

Substituting the last formula and the items (1) and (2) of Lemma ] into (38]) we will get the required
expression for VErans,
Further, according to (812) in order to find the expression for V. we have to express A(\,v).

Lemma 4.2. Let v € II\. Then
Uo

h 2 h
g™, Jp").
B2 )

(4.18) A\, ) (", VJ(p", ph)) —

2
= 9
17"
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Proof. Using relation (£I7) and items (2) and (3) of Proposition [L1] we get
me(adh)?(Jp")?) = =2V (p", p") + o J?p".

Then

ad?h (Jph)’) =

o( (v, =2V J (p", p") + uo J?p" + || Tp"|2p")

1 1
v, ———0
[[Tp"| [[Tp"|
2 h h _h o h 72 h
= 9w, VI ")) — =m0t J7pY),
2 AR P MR
which completes the proof of the lemma. O

In order to express V#a88()\) it is sufficient to express the operator B and functionals « and 3, defined
by (3IH). The operator B is already expressed by [322). Further, from decomposition (33), Lemma
B2 and the fact that the Levi-Civita connection is a Lagrangian distribution it follows that

(4.19) a(v) = —o(Vyn, =V + (VI@" "))
—ugdwo(v", Jp) — g(v", VI (", p"))
= uog(v", J*p") — g(v", VI (", p"))
Note that from (.22), [@I8), and [@I9) it follows by straightforward computations that

(Jp") _ wo o hy, 1 (Jp")"

4.20 B(mo(v)) + a(v)~——= = ——(Jv")" — A\, v)~————.
To derive the formula for 8 we need to study the operator AW For later use we will work in more
general setting. Let & be a tensor of type (1, K') on M. This tensor induces amap S : T*MdT*M — R

by
(4.21) S(Av) =g(&p",v"), A= (p,q) € T*M,pe M,p e T; M.
where &p" is as in ([@I)).

Proposition 4.2. Let v € V ()

1 Jph v
S““%”*:—55<*ﬁup%

Proof. Take v € Vo()) and let & = mo(v). Let V and V be parallel vector fields such that V() = v and
V(A) =v. We first show that the following identity holds.

) A0+ 06" (VO — ua( # T+ Juol + &)

p. B 1 L (IPM)Y wo, s
(422) [h,V](A) = —v;)h — §A(>\,U)W + T(J’Uh) .
For this first by (3I8]) and (3I06) we have

h = -V — B(®) — a(v M — B(v
(4.23) [h, VI(A) = =Vgn — B(0) — af )”JthQ B(0)0uq -

On the other hand from BI2) it follows that v = ¢ + A(X, 0)E,(A). Hence from B.7), (3), and the
second relation of Lemma one gets

(2, VI(A) = [B, VI(A) = [hy AN, 9)Ea(N)]

_ (Jph)Y 1 o . (JpM)Y
= A\ 0 A A, 0) 0y = AN, 0)——— — B(v)Ou, -
ooy * () (-9 = AC D)5 - 6
Therefore, by (£23)) and [@20) we have
d | e o ey oy TP (")
Gt o PO = Ve = BE) — ()5 g — AN
I I 1 KR P,
= -V 2A()\,v) T + > (Jo")

The proof of [@22) is completed.
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Further, from Lemma [3.2] and definition of S given by (£21)) it follows that
S\, v) =0a(v, Vgpn)

(4.24) SO 0) =0 (1, VO, Ve ) + (0, [, Veyr])
The first term in identity [@24]) can be calculated using the relation ([I22]) and LemmasB2and 33 Then

we apply Proposition @1 and relation B3] to get . (adﬁ(veph)) = (V&)p" — up(S e J)p" and we can

calculate the second term using again Lemma Putting all the calculations together, we completed
the proof of the proposition. O

As a straightforward consequence of the previous Proposition and lemma 1] we get

Corollary 1. Let v € V.()).

AV (A v) = ”J 7T g (v, 2V2I (", p", p") — BueV I (Jp", p")
(4.25)

h 7. h 2 13, h (Jp")"
—2uoVJ(p", Jp )+—uOJ p" ] — AN v)A | A =)
2 [[p"|]

The function 8 can be expressed by substituting (@20 and item (1) of Lemma [Tl into item (2) of
Lemma In this way one gets the required expression for the subspace Vi225(\). To summarize, we
have

1 J h\v
(4.26) Ve, = Von — =AM\ 0) (” J]; h)ll - %(Jvh)” + B(0)ug

2

To finish the representation of the canonical splitting, we find more detailed expression for V&ans()\) =
RF, () on the base of equations ([3.2)) and ([B.30)). For this we will describe the properties of vectors Uy,
0, and 2y from Step 4 of subsection which will be used in the calculations of the curvature maps
(section 5).

Lemma 4.3. Let v € V() and V be a parallel vector field such that V(X)) = v. Then the following
identities hold:
(1) mh (prom).Wo = _”J—?)hHVJ(p P )+|‘Jph||J2ph+u0||Jp ”p +||JthSg(VJ(p P ) Jph)Jph

(2) U(Qﬁo, adﬁ(v;h)): g((i)‘b\(c, c)v) ,Q]?),
(2o, adh Fy(\)) = —g((sm(c, b)u)", &ﬁ) ;

Proof.
(1) From (328)) and Lemma A2 it follows that

( h h) Ug

(prom).Wo = — + mjzpha mod span{p”, Jp"}.

2
2N
Note that by constructions (pr o 7). € span{p", Jp"}+. Let us work with the orthogonal splitting
T,M = span{p", Jp"}+ & Rp" @ RJp". Assume that the vector VJ(p",p") — T J?p" has the
following decomposition w.r.t. this splitting:

2
17" ]

2 up h h h
———VJ(p", p") — ———T%p" = —(pr o 7). Wy + y1p" + 2 Ip".
| Tp" || | Tp"||

Then
2 Uo 2 h _h
7 =g(——=VJO" p") — —= ", p" ).
(HJ dl [ Jp"||

Note that g(VJ(p",p"),p") = Vyg(Jp",p") = 0. So, v1 = uol|Jp"|.
Finally,

1 2 Uo 2 h h
Yo = g vJ(p",p") - J2p", Jp
(| Jph(| (HJth | Tp" ||
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Note that since .J is antisymmetric, we have g(J%p", Jp) = 0. Therefore, vo = ﬁg(vbf(ph,ph), Jph),
which completes the proof of item (1).
(2) Relations in this item are direct consequences of relations ([3:32) and ([B33) respectively.

5. CURVATURE MAPS VIA THE RIEMANNIAN CURVATURE TENSOR AND THE TENSOR J ON M

Let A = (p,q), ¢ € M, p € T; M be the given D-regular point, as before. Fix v € V.()). As before,
denote by RV the Riemannian curvature tensor.

Theorem 5.1. The curvature map Rx(c,c) can be represented as follows
2
h U, 1
g((%(a c)(v)) ,vh) = g(RY (p",0")p", v") + uog (v, VI (p", ") + [ J0" [ = A% (A, 0),

where A is as in ([AI])

Proof. Take v € V,(\) and parallel vector fields V' such that V(\) = v. As in the proof of Lemma 34 we
can take V' such that

(5.1) [(Jp")". VIN) =0, AeUNT;M,

where U is a neighborhood of A. For simplicity denote & = (I o PR*)&.
Recall that by Proposition B2 (relation (3:32) there)

g((Rale, c)v)h,wh) = —o(adh Vin, Vo).

Let us simplify the right-hand side of the last identity. First, from the last line of the structural
equations ([B.1) it follows that

(5.2) m.(adh(V$)) € Rh,
Then from ([@26) it follows that
(5.3) o(adh(Vin), Vin) = o(adh(Vin), Vyr)

Further, from the decomposition B3] it follows that the form wyn*dwy = o — & is semi-basic (i.e. its
interior product with any vertical vector field is zero). Besides, since v € V.()), from (BI) it follows
that 7*dwo(h, V1) = g(Jp",v") = 0. Therefore,

(5.4) g((Ra(c, )v)" ") = —G(adh Vi, V).

Also, from relation ([B32) it follows that it is enough to consider adh V¢{n modulo Va(A) @ Vp(A).
We also need the following

Lemma 5.1. Let V,W be vector fields of T*M such that 7,V = 1, W = 0. Then
(1) ("), (TVRyD" = J(((Tp")", (V)"
(2) U([(Jph)vv vVh]v VW") = _g(Whﬂ vj(phv Vh))'

Proof. (1) It is clear that if item (1) holds for vector field V' then also holds for vector field aV. Thus in
order to prove item (1) it is sufficient to prove it when V is constant on the fibers of 7*M, i.e., when V"

is a vector field on M. But in this case from item 1 of Proposition @Il for K = 1, N = 0 it follows that
both sides of the formula of our item 1 are equal to —.J2v".

(2) Both sides are linear on vector field V, thus it is sufficient to prove it when V' is constant on the
fibers of T* M, which is a direct consequence of identity (£I3) and Lemma O

Now we are ready to start our calculations:

65 adi(V5) = [Ty Tl - wll ) Ty - 502

_ h\v
v 2||Jph|| [&7 (Jp ) ]

—%[vph, (JVh)Y] + %%[(Jph)”, (JVM], mod V,(\) @ Vy(N)
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Note that the last term of (&Rl vanishes by item (1) of Lemma [5] and relation (&I). Therefore, by
G.4),

g((Rale, c)v)h,vh) = —0([Vpn, Vyn], Vyn) + o ([(Jp")?, Vyn], Vr )+

(5.6) AN v) T w )
o ” (ot (2] Yon)) + F (T, (V)] Vi)

Now we analyze the right-hand side of the last equation term by term. First, it follows from identity

@I4) that
(57) a-([vphavV"]avvh) = _g(Rv(phavh)phvvh)'

Also it follows from item (2) of Lemma [51] that

(5.8) ([(Jp")?, Vin], Von) = g(VJI(p", 0"), 0™).
Also it follows from identity (@I7) that
(5.9) F([Vpr, (JD")"], Vi) = g(0", VI (p",p")).

To analyze the fourth term of (5:6]) we need the following

Lemma 5.2. The following identity holds:

U h\v
(5.10) m ([T Vu)]) = 2 (Tt %A()\,U) (Jp")

mod Rp".
[I7p"|

Proof. First, it follows from the equations [2I2) and the identity (BIT) that m.([Vpn, Vyr)]) = —Buh,
where B is as in [I7). Further, comparing identities (3I8) and ([@28), we get B(vh) = —%(Juh)? +

2
h\v
%A(/\, v)(HJJpTL)”. The proof of the proposition is completed. O

Finally, it follows from identity (Z.I0) that

1 J h\v
(611)  o([Ty, (V)] Vur) = 0(m([Tyo, ur]), (7)) = g2 (J")° — LA ) (|| j;h)n "),
Substituting identities (&), (&8), (B9), and GII) into (G6), we get the required expression for
Ra(c, ). O

Theorem 5.2. The curvature maps Rx(c,b) and Rx(c,b) can be represented as follows
1) Ra(c,b)v = palc, b)(V)E(N), where pr(c,b) € Ve(N)* and it satisfies
pa(e,b)(v) g(RY (", Jp")p", o) — W", V2T (", p" ")

4UO
17" |

5 g
7771

uj
7271

8 4du
+ ||Jph||3g(Jph, VJ(ph,ph))g(Uh, VJ(ph7ph)) _ ||Jp}?||3g(']ph7 VJ(ph,ph))g(vh, JQph)7

1
17" |

g, VI(Jp", p") + VI (", Tp")) + g(Ju, Jph)

2) R (b, 0)Ep(N) = pa(b,0)En(N), where

1 10
b b — RV J h , h J h hy _ 2 VvVJ h . h J h
pA( ) ) ||Jph||2g( ( p,p ) p,p ) ||Jph||4g ( (p D )a p )

6 3 Qo . A
+ ——=IVI@" p")? + =5 9(Jp" VI, " ")) — =g (" VI (", Tp
e v ( D= Tapreete VI Je)

?)UQ g
[[Jp"|?

GUO
[| Jph

2
Up

Jpt vV J(Jph, ph)) —
(Jp (Jp™,p")) T2

[|.72p" |

Hzg(ﬂph, VI, ") +
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Sketch of the proof. Recall that by Proposition B2l (relations (3.33) and (333)) there)
(5.12) pale, b)v = o(adh Fy(N), VEr)
pa(b,b) = —a(adh Fy(N), Fo(N)).

First it follows from (B3] that

- ol F3(3) = T (R (") + 3 () ) )
. 72 1 h\v 7\3 1
+3(h) (”Jth)(Jp ) + (h) (HJth)auo

Note that the last two terms of (.I3]) belong to the space V, & V,, which lies in the skew-symmetric
complement of V¢, € VI w.r.t. o. Therefore

1 1 7 v c
(5.11) pale 00 =0 (e AR = S () Vi
In a similar way, since V, = R, , we have o(dy,, Fp(A)) = 0. Therefore
1 h\v _ op 1 a z v (12 1
(5:15)  pa(0) = =0 ()2 (I9")” = 3 () () () = 30 () (I8 ),

Note that (adh)(Jp")? is computed in (I7) and (ﬁ)z(m) is computed in item (2) of Lemma 1]
Furthermore, from relations (£I7) and (33), using items (1), (2), and (3) of Proposition 1] it follows
that

(adh)*(Jp")" = [V = uo(Jp")", =V pr)e + (VI 0", p"))"]
(5.16) = =2V g ph ph) T UV s2pn + | Jp" |2 a0 — (RY (p", Jp™)p")Y + V2 (p", p", p")
—ug(VJI(Jp", p"))? = 2u0(VI (D", Tp™))" + ug(JVI (", p"))?

Substituting all this into (5I4) and (5I5) and using identity (33) and Proposition 1] one can get
both items of the theorem by long but straightforward computations. [

Further, let 2U; be as in Step 4 of subsection Note that the expression for U? can be found in
item (2) of Lemma 3]

Theorem 5.3. The curvature maps Rx(c,a) and Rx(a,a) can be represented as follows

1) Ra(c,a)v = pale,a)(v) ||§;(;L||, where px(c,a) € Vo(N)* and it satisfies
(2)
pea = 1991 (7hAd) - Ovo)—a (O o) 0t) + s e e
2) Ra(a,a)0y, = pala,a)dy,, where pr(c,a) € V(A" and it satisfies
pasa) = F(pale)CD) + 1951 () Foa0,0) + palera) ()

U (g ) e D) + 1 () 0+ 10 ()
where px(c,b) and px(b,b) are as in Theorem 5.2, A is expressed in [AIS) and 2" is expressed by item
(1) of Lemma[]-3

Proof: 1) Recall that by Proposition 3.2} (relation ([3.34]) there)
(5.17) pr(c,a)v = U(athVh,f \N)

Since &, () lies in the skew-symmetric complement of F*#"5()\) w.r.t. o, then it follows from relations

B2) and (EI7) that
(5.18) palc,a)v = a(adh Vs, Fa(N)
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Further it follows from relations ([330) and (5.2)) that
- . - 1
(5.19) patea)o = 0, 5~ o — 1957 (2 ) 0

Now let us analyze the right-hand side of identity (BI8) term by term. First from identity (26]) it
follows that

(5.20) o (adhVn, o) = —h(3(V))

Substituting relation (5.20) into identity (5.18)) and using item (2) of Lemma A3, we have
e h -1

620 peas = I RGO — o Ga(ern) 0L ) + 1o b

Taking into account item (2) of Lemma [B:6] we get the item 1) of the theorem.
2) Recall that by Proposition B2 (relation ([336) there)

(5.22) pa(a,a) = —o(adhFy(N), Fu(N))
Further, from the fourth line of structural equations (B1]) it follows that
(5.23) madhF,(A) =0, mod Rp", o(adhF,(A), Fyo(N)) =0
Then it follows from relations (3:30) and ([B3.2]) that
(5.24) pala,a) = —o(adhF,(N), || Jp"||do — Wo)
Now let us analyze the right-hand side of identity ([B24]). First since [ﬁ, o] =0, we get
(5.25) o(adhF,(N), @o) = —h(o(do, Fa(N)))

Let us calculate o (i, Fq(A)). Since

Fa(N) =1, mod Vy(X) @ Ve(A) @ VIF"5(N) @ VIS ()),
we get
(5.26) o(to, Fa(N) =0
Further, it follows from relation ([3.2]) that

1 . 1 . -
(5.27) o(tp, Fa(N)) = —mo(adhfa()\),}'b()\)) = —mo(adhfb()\),}'a()\))
Furthermore, it follows from the line before last of structural equations (B1]) and relation (3:30) that
- - - /1
628 ol AN.F.N) = o (adh AN, 1"~ o L () )

Substituting it into (5.27) and using relation (5.13)), item (2) of Lemma and the second identity of
GI2), we get
- 1 1 2o 1
(5.29) o (do, Fa(N) = —(h)* (=) = 5 (€, 0) (1) + h( =) pa (b, b).
I7p"17 17" [I7p" |
Finally, we have

(5.30) o(adh Fu(N), Wo) = o (adh W, Fu(N)) = —palc, a)2W;.

Substituting identities (5.20)),(5.29) and (G.30) into (524), we obtain the required expression for
pa(a, a). O

Note that using the calculus developed in the previous section and the previous theorem, one can
express the curvature maps Ry (¢, a) and Ry (a, a) explicitly in terms of the Riemannian metric on M and
the tensor J, but the expressions are too long to be presented here. Instead we analyze in more detail the
expressions for curvature maps in the case of a uniform magnetic field, i.e. when VJ = 0. Remarkably,
the curvature maps Ry (¢, a) and Ry (a, a) vanish in this case.

Corollary 2. Assume that J defines a uniform magnetic field , i.e., VJ = 0. Then the curvature maps
have the following form
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g((% )h,vh> = g(RY (p",v")p", ") + Z—g(IIJU’LIIQ ", szh));
(2) Rale,b)v = (”Jphng(Rv(ph JpM)p", ") + ”J"—;'}LHQ(JU’L J? h)) E(N);
(3) pa(b,0) = |J,,h|‘gg(Rv(Jph P! I + e 72
(4) Rx(c,a) =
(5) Mxla,a) =

where px(b,b) is as in Theorem [52.

Proof Items (1), (2) and (3) are direct consequences of Theorems Bl and Now we will show
the proofs for items (4) and (5). We will denote by X,Y, Z, W,V the vector fields on M. Assume that
v € Ve(N\) and V is a parallel vector field such that V(A) = v. The following two propositions will be
needed.

Lemma 5.3. If VJ =0, then

(1) For any positive integer k € N, V(J*) =0, V*J = 0;

(2) J(RY(X,Y)Z) =RY(X,Y)JZ;

(3) 9g(RV(X,Y)JW, Z) = —g(RY (X,Y)W,J Z);
Proof. The item (1) is proved by definition; The item (2) is an analogy of [6, Chapter IX, Proposition
3.6 (2)]; The item (3) follows from item (2) immediately. O

Lemma 5.4. For Yv € V.()), the following identities hold:
(1) A\ 0) = — 5g(oh, T2,
(2) AV = grzma (", Jp"),

u3
(3) AP\ v) = — P g(oh, I2p") — g0, "),
Proof. The items (1) (2) are direct consequences of Lemma and Corollary [Il respectively; The item
(3) can be proved by applying Proposition 2 to AM). O
Let us prove Ry (c,a) = 0. It follows from item (1) of Lemma 1] that
/01

(5.31) h <—> = 0.

[[p"|]
Then it follows from item 1) of Theorem 53 that
(5'32) p>\(c, a)v = “4(2) ()‘7 U) -9 <(m)\ (C, c)v)h’ mT)
Further it follows from item (1) of Lemma [£3] that
(5.33) T =g - P+ ol TP "

Substituting identity (.33) into the expression of R (c, ¢), we get

g(<%<c7 c)v)hm’f) = g(RY (" ),

7 h||J2 P+ uol| Jp"|Ip")

w2
(5.34) + Zog <Jv JPp" + uol|Jp" || Tp >

p hll

1
- Wg(ﬁ)h,ﬂph)g <||J h||J2ph + uo|| Jp"||p", J? h))

From item (3) of Lemma [5.4] it is easy to see that the sum of the last two items of (5.34) is equal to
—A®) (X v). Thus

(5.35) pa(c,a)o = —g(RY (p", v")p" J2pM 4 ol Tp"Ip")

||J h||
Finally by items (2), (3) of Lemma and algebraic properties of the Riemannian curvature tensor we
conclude that px(c,a)v = 0.
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Now let us prove that Ry (a,a) = 0. First using that Ry (c,a) = 0 and relation (5.31)) we get from item
2) of Theorem 53 that

(5.36) pa(a,a) = B (px(c,b)(Tn))
Let us show that px(c,b)(01) = 0. Indeed, from item (2) of the present corollary it follows

1 Vi h 7,h\, h gih ug h 72 h
Note that the first term of the right-hand side of last identity coincides with the right-hand side of (535]),
taken with the opposite sign. Hence, it vanishes. The second term also vanishes due to relation (533) and
the antisymmetricity of J. By this we complete the proof of the Corollary.

Finally consider even more particularAb/ut important case when VJ = 0 and J? = —Id, i.e. wAllen the
tensor J defines a complex structure on M and the pair (g, J) defines a Kéhlerian structure on M. As a
direct consequence of the previous theorem, one has

(5.37) pA(c; b) (1) =

Corollary 3. Assume that J defines a complex structure on M, i.e. VJ =0 and J> = —1d. Then
u2
= g(RY(@",v")p" 0"+ Lo,

g(Rv(phvjph)phavh)gb()‘)v
g(RY (p", Jp")p", Tp") + ud,
= 0 and Ri(a,a) =0,

6. COMPARISON THEOREMS

In the present section we restrict ourselves to sub-Riemannian structures with a transversal symmetry
on a contact distribution such that the corresponding tensor J satisfies V.J = 0. We give estimation of
the number of conjugate points (the Comparison Theorem) along the normal sub-Riemannian extremals
(Theorem below) in terms of the bounds for the curvature of the Riemannian structure on M and the
tensor J. The main tool here is the Generalized Sturm Theorem for curves in Lagrangian Grassmannians
(B] and [5]), applied to our structure equation (BI).

Let, as before, A = (p,q) € T*M,q € M,p € T; M. Define the following two quadratic forms on the
space Vy(A) @ Ve(A)

(Ju", Jp")?

o
(6.1 Q) = PP =

(6.2) Qx(v) = @A(U)—Z@A(UC),

where the vector v, € V.(\) comes from the decomposition v = v, + v, with v, € V(). The quadratic
form C~2 » has the natural geometric meaning: the number é A(v) is equal to the square of the area of
the parallelogram spanned by the vectors Jv" and Jp” in Tpr(q)M divided by ||Jp"|?. In particular, the
quadratic forms @ A are positive definite. The reason for introducing the form @, is that the identities

in the Corollary [2] can be rewritten as follows, using the big curvature map Ry of the sub-Riemannian
structure:

(6.3) g((%(v))h, vh) = g(RY (p" v")p", v") + udQx(vec),

where the vector vp. € V(X)) @ Ve(A\) comes from the decomposition v = v, + vy With v, € Vi (A).

Now fix T > 0. In the sequel given a real analytic function ¢ : [0,7] — R denote by #r{¢(x) = 0} the
number of zeros of ¢ on the interval [0, 7] counted with multiplicities. Given a normal sub-Riemannian
extremal A : [0,7] — Hy denote by fr (A(+)) the number of conjugate point to 0 on (0,77]. Let

sin@(\/ﬁtcos@ - 2sin@), if w#0,
(64) Pu (t) = . ;
tt ifw=0
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(6.5)

siny/wt, if w #£0,
w(t) = .
Yul) {t ifw=20

Further, define the following integer valued function on R?:

(6.6) Zr(wnwe) < tr{ou, (01 (6) = 0}

An elementary analysis shows that

n— 3)[—T”ﬂwc] + [T Q:b)] + fr{tan( L2 z) — Yo = 0}, if wy > 0, we > 0;
T/ w w Vw _ . .
(67) ZT(wbawc) — ) b] + ﬂT{tan( b} bZE) — TbZE = 0}, if wy > 0, we < 0,

(n— 3)[T‘/‘TC], if wp, <0, we>0.

™

0, ifw, <0, w.<0.

ﬁ

Theorem 6.1. Let cy,c.,&, and €. are constants such that the curvature tensor RV of the Riemannian
metric g on M satisfies

ellop |2+ cellop|* < g(RY (0" vf + ve)p", v +0) < &llop |2 + €ellol |,
VAeHi, v € VM), ve € Ve(N).

Also let ky, ke, Ky, K. be constants such that

(6.9)  Kpllop |* + Eellol [* < Qalvy + ve) < Kallog||> + Kelof I, VA € Ha,vp € Vi(A),ve € Ve(N).

(6.8)

Let A(-) be a normal sub-Riemannian extremal on 'H% N{up =1t} Then the number of conjugate points
t7(A()) to 0 on (0,T] along A(-) satisfies the following inequality

(6.10) Zr(ep + kptid, co + keid) < tr(N(0)) < Zp (€ + Kyul, €, + Koul).

Remark 5. If the sectional curvature of the Riemannian metric g on M s bounded from below by
a constant ¢ and bounded from above by a constant €, then in (G8) one can take ¢y = ¢ = ¢ and
¢, = €, = €. DBesides, since @AM = Qxlw,, @A|Vc = iQ;JVC, and the forms Qy are positive definite,
then the constants Ky and K. are positive.

Proof. We start with some general statements. Let, as before, W be a linear symplectic space and
A :[0,T] — L(W) be a monotonically nondecreasing curve in the Lagrange Grassmannians L(W) with
the constant Young Diagram D. In this case the set of all conjugate points to 0 is obviously discrete.
Denote by £7(A(:)) the number of conjugate points (counted the multiplicities) of A(-) on (0,7]. Then
BA()) = 2 gerep dim(A(7)NA(0)). We will use the following corollary of the generalized Sturm theorems
from [5] and [3]:

Theorem 6.2. Let hr,H; be two quadratic non-stationary Hamiltonians on W such that for any
0 <7 <T, the quadratic form h, — H, is non-positive definite. Let P;, P, be linear Hamiltonian flows
generated by h,, H;, respectively:

0 — 0 ~ —= ~ ~ .

—P,=h,P,, —P.=H.P., Py=PF=1id.

or or
Further, let A(),/NX() be nondecreasing trajectories of the corresponding flows on L(W), both having
constant Young diagram D:

A(T) = P,A(0), A(r)=P,A(0), 0<7<T.
Then tr(A(-)) < tr(A()).

The detailed proof of this statement (even a in slightly general setting) can be found in [8] (see also
[]). As the direct consequence of this theorem and the structural equations ([24]) we get the following

Corollary 4. Let A,/~X : [0, T] — L(W) be two monotonically nondecreasing curves in the Lagrangian
Grassmannian L(W) with the same Young diagram D. Assume that A(-) and A(-) have normal moving
frames ({Ea(t) }aca, {Fa(t) }aeca) and ({Eq(t) }aca, {Fu(t) }aca) respectively such that if Ry is the matriz
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of the big curvature map of A(-) w.r.t. the basis ({Eq(t)}aca and Ry is the matriz of the big curvature
map of A(-) w.r.t. the basis ({E4(t)}aca, then the symmetric matric Ry — Ry is non-positive definite.
Then #r(A(-)) < #r(A()).

Now let the diagram D be as for the case of sub-Riemannian structures on corank 1 distributions. Let,
as before, Jx(:) is the Jacobi curve attached at the point A\. Given constants wy and w, let T'y,, ,,.(-) be
the curve in L(W) with the Young diagram D such that its curvature maps satisfy:

(6.11) Ri(a,a) = 0,R(c,a) = 0,Ri(c,b) = 0,R(b,b) Ep = wpEp, Re(c,c) = wld Vit
Then from the identity (6.3]), conditions ([@.8)) and (69), and Corollary @it follows immediately that
(6.12) fr (Fcb+kbag7cc+kcag(')) <t#r@a()) <ir (P¢b+Kbug,¢c+Kcug(‘))
In order to prove Theorem it remains to show that
(6.13) 87 (Cavp e (1) = Zr(we, we).-

Let us prove identity (@I3). Let (E,(t), Ep(t), Ec(t), Fu(t), Fp(t), F.(t) be a normal moving frame of
the curve Iy, .,.(-). Substituting (6.I1]) into the structural equation (3I]) we get

Ey(t) = Fy(t
o £ = )

FI(t) = —wp By(t) R (b, b) — Fa(t)
FI(t) = —w.Eu(t).

From this we obtained the following two separated equations for F, and for E., respectively:

EY +w Bl =0
(6.15)

E'+w.E.=0
Assume first that wy, # 0 and w, # 0. Then there exist vectors ay,...,aq4 and 88,85, k=1,...n—3 in
W such that

Eq(t) = eV ay + e V¥ ay + ag + tou,
(6.16) Ey(t) = ivwope Ve an — iv/ope TV ag + au,
Bolt) = (VEBL 4 e W GY || (VGRS | iR gty

Besides, by constructions vectors az, ..., a4, 81,84, ..., 672, 85 have to be linearly independent.

Introducing some coordinates in W we can look on the tuple (E,(t), Ey(t), Ec(t), Eq(0), E»(0), E.(0))
as on 2(n — 1) x 2(n — 1)—matrix, representing each involved vector as a column. Let d(¢) be the
determinant of this matrix. Obviously, ¢ is conjugate point to 0 of multiplicity [ if and only if £ is zero
of multiplicity { of function d(t). On the other hand, using expressions (6.10) it is easy to show that the
function d(t) is equal, up to a nonzero constant factor, to

V@it iy Jopetvent 1 i/ ‘ L

em VIt i fopem VIRt 1 —ifap| | eVt 1

1 0 1 0 e~ iVwet ’
0

t 1 1

which in turn is equal, up to a nonzero constant factor, to the function ¢, (t)¢£:3(t) appearing in the
definition (6.6]) of the function Zr(wp,w.). The case when one or both wy, and w, are equal to zero can
be treated analogously. This completes the proof of ([EI3) and Theorem itself. a

Now let us state separately what Theorem [G.1] says about the intervals along normal extremals of
the considered sub-Riemannian structure which do not contain conjugate points or contain at least one
conjugate point:
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Corollary 5. Under the same estimates on the curvature of the Riemannian metric g on M and on
the quadratic forms Qx as in Theorem [61] the following statement hold for a normal sub-Riemannian
extremal on Hy N {ug = to}:

il
[2
3

[4
[5

6
[7

8
[9
10

[11

(1) If & + Kpu2 > 0 and €. + K.u3 > 0, then there are no conjugate points to 0 in the interval
(0, min{ ——2Z u BE
Ve

+Kyug’ \/Cot K a2
If €& + Kpui2 > 0 and €. + K.u3 < 0, then there are no conjugate points to 0 in (0,

27 .
2) Vemm)
(3) If € + Kpui2 <0 and €.+ K u2 > 0, then there are no conjugate points to 0 in (0, \/ﬁ),
4) If & + Kbﬁg <0 and €. + Kca(% <0, then there are no conjugate points to 0 in (0,00);
27 .
( ) m])
(6)

If o + keuid > i(cb + kyid) > 0, then there is at least n — 3 conjugate points to 0 in (0, —2—]

\cetkeud

If ¢ + kpi2 > 4(c. + keuid) > 0, then there is at least one conjugate point to 0 in (0,

( at least n — 2 conjugate points in the case ¢, + kpiiz = 4(ce + keuid) > 0);

(7) If cp + kpti > 0 and c. + ki3 < 0, then there is at least one conjugate point to 0 in (0, 2n

1/ CbJrkbﬁg]
(8) If cp+kptip < 0 and c.+keu2 > 0, then there is at least n—3 congjugate points to 0 in (0, ——2—]

Veetkoud

Finally note that if in addition J2 = —Id then the quadratic forms Q5 have the following simple form:

1
Ox(ve + ) = ||vp||* + lefoz Yoy, € Vo (A), ve € Ve(A).

Therefore in this case one can take ky, = K, =1 and k., = K, = i.
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