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Abstract. In this paper we study the nilpotent 2-step, corank 2 sub-Riemannian metrics that are
nilpotent approximations of general sub-Riemannian metrics. We exhibit optimal syntheses for these
problems. It turns out that in general the cut time is not equal to the first conjugate time but has a
simple explicit expression. As a by-product of this study we get some smoothness properties of the
spherical Hausdorff measure in the case of a generic 6-dimensional, 2-step, corank 2 sub-Riemannian
metric.
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1. Introduction.

1.1. Sub-Riemannian manifolds. In this paper, by a sub-Riemannian mani-
fold we mean a triple (M, A, g), where M is a connected orientable smooth manifold
of dimension n, A is a smooth vector distribution of constant rank m < n, satisfying
the Hormander condition, and g is an Euclidean structure over A.

A sub-Riemannian manifold has the natural structure of a metric space, where
the distance is the so-called Carnot—Caratheodory distance

T
d(qo,q1) = inf { / \/ &) (¥ (t),(t)) dt | v:[0,T] — M is a Lipschitz curve,
0

Y(0) = g0, v(T) = q1, §(t) € Ayry ace. in [O,T]}.

As a consequence of the Hérmander condition d is actually a distance inducing the
topology of the manifold. This is the Rashevsky—Chow theorem; see, for instance, [3]
or [18].

Throughout this paper we assume that the structure is 2-step bracket generating,
ie.,

TyM = Ay + [A,A],  for every g € M,

and we quote a 2-step sub-Riemannian metric by its rank and its dimension, i.e., with
the pair (m,n). The quantity k =n — m is called the corank of the structure.

It is known from Mitchell [20] that the Hausdorff dimension of M, as a metric
space, is h = 2n —m > n. In this paper we focus on the case (m, m + 2).
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A sub-Riemannian manifold is left-invariant if M = G, a Lie group, and both A
and g are left-invariant over G.

Locally, the pair (A, g) can be specified by the data of a set of m smooth vector
fields spanning A, being an orthonormal frame for g, i.e.,

(1) Ag = span{Xi(q), ..., Xm(9)}, 8q(Xi(9), X;j(9)) = ds;.

In this case, the set {X1,..., X,,} is called a local orthonormal frame for the sub-
Riemannian metric.

The sub-Riemannian metric can also be expressed locally in “control form” as
follows. We consider the control system

(2) q = Z UiXi((I)a Ui € R7
i=1

and the problem of finding the shortest curve that joins two fixed points qp, ¢1 € M
is naturally formulated as the optimal control problem,

q(0) = q0, q(T) = aq.

A geodesic for the sub-Riemannian metric is a curve, parametrized by constant veloc-
ity, such that every short enough piece of it is a local minimizer of the length. For
the sub-Riemannian metrics given in control form all the geodesics can be computed
with Pontryagin’s Maximum Principle (PMP) [22]. In the 2-step bracket generating
case, it is known that there is no strict abnormal minimizer, and all geodesics are
projections on M of the trajectories of the Hamiltonian system associated with the
Hamiltonian over T* M

@ HOLG) = 53 (X))’ Ae T,
i=1

and corresponding to the level set {H = ¢} for ¢ > 0.

1.2. Nilpotent approximation. Consider a sub-Riemannian manifold (M, A, g)
and fix a point ¢ € M. The Lie bracket induces a skew symmetric tensor bilinear
mapping
(5) [ ]g: Ag x Ay = ToM/A,.

Then, for every Z* € (T,M/A,)*, we have
ZH([X, Y]+ Ag) = (Az-(X),Y)g

for some g-skew symmetric endomorphism Az- of A,.

Remark 1 (notation). We denote by L, the k-dimensional space of skew sym-
metric endomorphisms of A, obtained by taking the union of all the Az- at ¢. This
notation is used in the appendix.

The space Ly = Ay ®T,M/A, is endowed with the structure of a 2-step nilpotent
Lie algebra by setting

[(V17 Wl)ﬂ (V27 WZ)] = (07 [V17 VZ] + Aq)'

The associated simply connected nilpotent Lie group is denoted by G, and the expo-
nential mapping Exp: L, — G is one to one and onto. By translation, the metric g,
over A, allows us to define a left-invariant sub-Riemannian metric over Gy.
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DEFINITION 2. The sub-Riemannian metric on G4 defined above is called the
nilpotent approximation of (M, A,g) at q.

Any k-dimensional vector subspace Vg, of T, M, transversal to A,, allows us to
identify Ly and Gg to TyM ~ Ay @ T,M/A,.

Fix go € M. We can chose coordinates x in Ay, such that the metric g, is the
standard Euclidean metric, and for any linear coordinate system y in V,,, there are

skew symmetric matrices Lq,..., Ly € so(m) such that the mapping (5) writes
X'IY
(X, Y]+ A, = : )
X'LY

where X’ denotes the transpose of the vector X. Then the nilpotent approximation
written in control form is

;ti:ui, izl,...,m,
1
1}1 = §$/L1u,
(6)
1
yk = iﬂflLkU

The construction of the nilpotent approximation given in Definition 2 makes sense
for any sub-Riemannian metric, but it coincides with the standard one (see [6, 9]) in
the 2-step bracket generating case only.

PROPOSITION 3. The distribution is 2-step bracket generating if and only if the
endomorphisms of Aq, L;, i = 1,...,k (respectively, the matrices L; when coordinates
y in Vy are chosen), are independent.

In the 2-step bracket generating case these linear coordinates y in T, M /A, may be
chosen in such a way that the endomorphisms L;, ¢« = 1,...,k, are orthonormal with
respect to the Hilbert-Schmidt norm (L;, L;) = Ltrace(L;L;). This choice defines a
canonical Euclidean structure in T,M/A, and a corresponding volume in T,M/A,.
Then using the Euclidean structure over A, we get a canonical Euclidean structure
over Aq @ T,M/A,. The choice of the vector subspace V, induces an Euclidean
structure on T, M which depends on the choice of V;, but the associated volume on
T,M is independent on this choice.

DEFINITION 4. This volume form on M is called the Popp measure.

The Popp measure is a smooth volume form.

1.3. Statement of the results.

1.3.1. History. The main purpose of this paper is to build the optimal synthesis
for (m, m+2) nilpotent sub-Riemannian metrics, i.e., the set of all trajectories starting
from the identity of the group and realizing the minimum of the distance, with a
precise description of their cut time.

Optimal syntheses are in general very difficult to obtain. Usually the steps are
the following:

e Apply first order necessary conditions for optimality (which in the case of sub-
Riemannian manifolds are given by the PMP) to reduce the set of candidate
optimal trajectories. This first step can be very difficult since one should find
solutions of a Hamiltonian system, which is not integrable in general.
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e Use higher order necessary conditions to reduce further the set of optimal
trajectories. This step usually leads to the computation of the conjugate
locus, i.e., the set of points up to which geodesics are locally optimal.

e Prove that no strict abnormal extremal is optimal (for instance, by using
conditions such as the so-called Goh condition [6, 3]). If one fails to go
beyond this step, then one can hardly get an optimal synthesis, since no
general technique exists to treat abnormal minimizers.

e Among all solutions of the first order necessary conditions, find the optimal
ones. One has to prove that for each point of a candidate optimal trajectory,
there is no other trajectory among the selected ones reaching that point. The
first point after which a first order trajectory loses global optimality is called
a cut point. The union of all cut points is the cut locus.

As a consequence of these difficulties, optimal syntheses in sub-Riemannian geometry
have been obtained in few cases.

The most studied cases are those of left-invariant sub-Riemannian metrics. (See,
for instance, [7] for a classification in the 3-dimensional (3D) case.) The first optimal
synthesis was obtained for the Heisenberg group in [16, 17]. Then complete optimal
syntheses were obtained for the 3D simple Lie groups SU(2), SO(3), SL(2) with the
metric induced by the Killing form in [11, 12]. Impressive work was done by Yuri
Sachkov, who obtained the optimal synthesis for the group of motions of the plane
SE(2) (see [21, 25]).

In dimension larger than 3, only nilpotent groups have been attacked. The com-
plete optimal synthesis was obtained in [5] in the contact nilpotent case. Some results
were obtained by Sachkov for the Engel and Cartan groups [23, 24].

When a Lie group structure is not available there are also some results: the
optimal synthesis was obtained for a neighborhood of the starting point in the 3D
contact case in [4, 2, 15] and in the 4-dimensional (4D) quasi-contact case in [14].
The optimal synthesis was obtained in the important Martinet nilpotent case, where
abnormal minimizers can be optimal (see [8]). They also solved the problem for
certain perturbations of this case where strictly abnormal minimizers occur (see [10]).

To our knowledge, no other case has been solved.

It is interesting to notice that when the sub-Riemannian metric is invariant by
certain continuous transformation (e.g., rotations), then most of the cut points are
automatically conjugate. This happens, for instance, on the Heisenberg group, on
SU(2), and in the contact nilpotent case.

Remark 5 (notation). In the case of our nilpotent approximations, covectors in
Ty M can be identified with vectors in T; M via the Euclidean structure of T; M given
by the choice of V,. In our coordinates (z,y), these covectors/vectors are typically
denoted by (ug, ).

For nilpotent (m,m + 1) sub-Riemannian metrics that are nilpotent approxima-
tions of general sub-Riemannian metrics, the control systems can be written as

x'i:ui, i:1,...,m,
(C1)

1
j = 595’ Lu, L skew symmetric,

Denote by (L) the set of all moduli of eigenvalues of the matrix L. The following
fact is proved in [5].

THEOREM 6 (see [5]). Arclength geodesics of system (Cl), starting from the
origin, are parametrized by an initial covector Ao = (ug,r) € S™ 1 x R, and they are
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optimal until time

2
tewt(Ng) = ———————
cut(Ro) |r| max o (L)
with the understanding tey:(Ao) = 400 if 1 = 0. Moreover, teut(Ao) = teons(Mo).
The proof of this result is based on the fact that geodesics can be expressed in
terms of usual trigonometric functions and, thanks to a certain monotonicity property,
the cut locus can be explicitly computed and is exactly equal to the conjugate locus.

1.3.2. Optimal synthesis for the nilpotent (m,m + 2) case. The main
result of this paper is the optimal synthesis in the case of a nilpotent approximation
in the (m,m + 2) case. In this case the control system can be written in coordinates

q = ($1a---7$k791792) as

x'i:ui, i=1,...,m,
. 1,
(C2) =g,
1
g = 5gc’Lgu, L1, Ly skew symmetric.

Set r1 = |r| cosf, ro = |r|sinf, and Ly = cos(6)L1 + sin(0)Ls.

THEOREM 7. Arclength geodesics of system (C2), starting from the origin, are
parametrized by an initial covector Ao = (ug,r) € S™~1 x R2, and they are optimal
until time

2w 2w

tC’LL )\ - =
t(%o) maxo(riLy +r2Ls)  |r|maxo(Le)

with the understanding teu:(No) = +oo if r = 0. Moreover, in general, teut(No) #
tconj ()\O)

The last statement in Theorem 7 says that in the corank 2 case the cut and the
conjugate time coincide only in some particular cases, which we explicitly describe in
the (4,6) case (see Theorem 8).

The corank 2 case is more difficult than the corank 1 case precisely because the
cut locus is not equal to the conjugate locus. (We are not able to compute the latter
explicitly.)

Explicit expression of geodesics for this optimal synthesis is given in section 2.

1.3.3. The nilpotent (4, 6) case. In the nilpotent (4,6) case our first result is
the following.

THEOREM 8. The following properties are equivalent:

(P1) The first conjugate locus is equal to the cut locus.
(P2) The linear coordinates y in TyM/A, can be chosen in such a way that the
pair (L1, La) of 4 x 4 skew symmetric matrices belongs to the set (Q U @)2

Here @ (resp., @) denotes the set of pure quaternions (resp., pure skew quater-
nions); see Appendix 4.1.

Our second result is a continuation of the paper [5] for corank 1, where the
following result is proved for general sub-Riemannian metrics.

THEOREM 9 (see [5]). In the (m,m + 1) case the Radon—Nykodym derivative of
the spherical Hausdorff measure with respect to the Popp measure is a C* function but
is not C° in general.

Here we show the following result.
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THEOREM 10. For a generic (4,6) sub-Riemannian metric,' the Radon—Nykodym
derivative of the spherical Hausdorff measure with respect to the Popp measure is C'.

In a previous paper [5] it is shown that the Radon—Nikodym derivative of the
spherical Hausdorff measure with respect to the Popp measure is inversely propor-
tional (as a function of ¢) to the volume of the unit sub-Riemannian ball of the nilpo-
tent approximation at g. Then Theorem 10 is a byproduct of the optimal synthesis
given here.

Note that in the corank 1 case, the higher differentiability of the Radon—Nikodym
derivative is due to the fact that the conjugate locus is equal to the cut locus, which
is not the case here.

Due to the complexity of the computations even in this low dimensional case, it is
not easy to determine the real degree of differentiability of Hausdorff measure. This
is still an interesting open question.

1.4. Organization of the paper. Section 2 is devoted to the construction of
the optimal synthesis for (m,m + 2) nilpotent sub-Riemannian metrics and, as a
consequence, to the proof of Theorem 7. In sections 2.1 and 2.2 we compute the
exponential map. In section 2.3 we prove that geodesics are optimal up to f.y:.
Finally, in section 2.4 we show that the cut time does not coincide, in general, with
the first conjugate time. In section 3 we give the proofs of Theorems 8 and 10.

In the appendix we recall basic facts about quaternions, we prove a technical
lemma, and, applying an Abraham transversality theorem, we prove that generically
for the (4,6) case a certain “bad set” is made of isolated points, which permits us to
conclude about the differentiability of the Radon—Nikodym derivative (Theorem 10).

2. Exponential map and synthesis.

2.1. Hamiltonian equations in the (m,n) case. The purpose of this section
is to compute the exponential map, i.e., the set of all geodesics, parametrized by
length, starting form the origin of the control system (6), i.e., the system

T; = Uq, 1=1,...,m,

7
() th%lehu, h=1,...,/€.

Let Ly, = (bf]) for h =1,...,k. Then the control system can be written in the form
¢=>" uX(q), where ¢ = (z,y) and

1
X; =0, + 521)3%8%, i=1,...,m.
J,h
Setting Y, = 0,, for h =1,...,k, the commutation relations are
k
(8) (X, X;] = blYs,  dj=1,....m,
h=1
(9) [Xl-,Yj]:[Yj,Yh]:O, i:l,...,m, j,h:L...,k.
Define the functions on T*M that are linear on fibers,
(11) Th(A7Q): <)\3Yh(q)>a hzlvak

I'Which means for an open and dense subset of all (4, 6) sub-Riemannian metrics, endowed with
the Whitney topology.
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These functions can be treated as coordinates on the fibers of T*M to solve the
Hamiltonian system given by the PMP; see section 1.1. This Hamiltonian system is
associated with the Hamiltonian

m

(12 HOVG) = 3 S Xi(@) = 3 Y wdha),  AeTyM,
i=1 i=1
Remark 11. The geodesics parametrized by length correspond to the level set
{H = 1/2}. Notice that for systems of type ¢ = Y.~ u;X;(q) with fixed initial and
final points, the problem of finding length-parametrized curves minimizing the length
is equivalent to the problem of minimizing time with the constraint {||u| < 1}.
For a function a € C°°(T* M) we have that along the sub-Riemannian flow

(13) a={a,H} = Z{a,ui}ui,
i=1

where {a,b} denotes the Poisson bracket of two functions in T*M. The following
lemma gives a way of computing the covector A(t), a solution of the Hamiltonian
system associated with (12) in the coordinates (u,r).

LEMMA 12. If u(t) and r(t) are a solution of (13) corresponding to level set
{H =1/2}, then they satisfy

{u(t) = (rLi+ - +rlp)ult),  ul0)=uo,  fuoll =1,
7(t) = 0.
Proof. Recall that if a;(A, q) = (A, Z;(q)) for some vector fields Z;, i = 1,2, then
{ar, a2} = (A, [21, Z2]) -
Applying (13) for a = r, and using (9) we get

k
T = E {rp,u;u;i =0 = rp = const.
h=1

Similarly, using (8), one finds
fti = Z{UZ, Uj}Uj = bejrkuj. 0
i=1 i=1
Remark 13. In the following, geodesics are parametrized by the initial covector
A(0) = (p(0),7(0)) = (uo,r), since r = const and w; = (\, X;) and at the starting
point we have X;(0) = 0,,.
2.2. Exponential map in the corank 2 case. From now on we focus on the

case (m,m + 2), i.e., when the corank k is equal to 2. We can write the equation of
geodesics starting from the origin as follows:

x(t) = /Ot esmlitrala)y ds  2(0) =0,
(14) yi(t) = %/0 z(s)' Ly u(s)ds, v:1(0) =0,
yo(t) = %/0 z(s)' Lyu(s)ds, y2(0) = 0.
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Remark 14 (notation). In the following we denote by Ej%7'"*(t) the geodesic,
parametrized by the length, and starting from the origin, defined by (14), associated
with Ll, L2.

DEFINITION 15. The matrices Ly, Lo being fized, the exponential map is the map
E:RT x A — R" defined by

S(t,uo,rl,rg) = Eztizzl;m(t), A= {(UO,T‘l,T‘g),UQ S Smil,T‘i S R}

Remark 16. The optimal control problem

a'ci:ui, izl,...,m,
. ]- ’
(15) i =5z Ly,
. 1
Y2 = §$/L2’U,,

is invariant with respect to the following change of coordinates:

(a) orthogonal changes of coordinates in the x space,

(b) linear changes of coordinates in the y space.
Indeed, let M be a nonsingular orthogonal matrix (M ~! = M’) and define the new
coordinates z = Mx. Then

T =Mi=Mu=:1,
and
yi = {EILZ"U, = (Mﬁ)/MLzMI(MU) = f/MLlMIﬁ

Hence, in the new coordinates, L; is changed for L; :== ML;M'.
Also, it is easy to see that the change of coordinates

(16) Y1 = c1y1 + azy2, y2 = Pry1 + Bayo

corresponds to the change
Li =1Ly +asLa, Ly = 1Ly + BaLo.

In other words, we can change L; and Ly up to congruence and linear combinations.
Using these arguments one immediately gets the next lemma. _
LEMMA 17. Let (r1,72) =: (rcosf,rsinf) and Ly := cos@Lq + sinfLs, Lg :=

—sinOLy + cosfLy. Consider the rotation matriz Ry = (%% 529 and the orthog-

onal matriz M such that M LoM' is block diagonal.

Denote Q= (4 £) and i = Mug. We have the equality

(17) QELT () = EE).

Thanks to Lemma 17, one can always restrict to geodesics of the type

t
x(t)z/ e*rLoygds,
0

1

(18) y1(t) = 5/0 x(s) Lo u(s)ds,

ya(t) = %/0 2(s) Lo u(s)ds,
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where Ly is in the block diagonal form

0 aq
—a1 0

o

—aq

0 ay

0 Qy —ay 0

—ay 0 0
depending on the fact that m is even (m = 2¢) or odd (m = 2¢ 4 1), and where the
geodesic is associated with the covector (r1,r2) = (r,0).

Remark 18. When we deal with a fixed sub-Riemannian metric we can assume
also that the coordinates in the x space are chosen in such a way that a; > a; for
every ¢. In this case

2w 2w

rmax(c(Lg))  air
2.3. Computation of the cut time. In this section we prove Theorem 7, i.e.,
we compute the last time at which a geodesic parametrized by length is optimal.
We first consider the case r = 0. In this case (14) can be easily integrated and
gives the straight lines

yi(t) = 0.

This trajectory is optimal for any time (i.e., .y = +00) since the sub-Riemannian
length of a geodesic coincides with the Euclidean length of its projection on the
horizontal subspace (z1,...,2.), as follows from formula (3).

In what follows we use the notation A = rLg, A= rZe and we focus on the case
when A is even dimensional (i.e., m = 2¢) and invertible. The case A noninvertible
(in particular A odd dimensional) needs an obvious modification of the proof.

With this notation the system (18) is rewritten as

z(t) = A7 (e — T)uy,

{a:(t) = uyt,

2.3.1. Maxwell points. Consider v(t) = E“m9(¢), the geodesic associated
with the problem (19) and with initial covector (ug,r,0),r > 0. Let us first show that
there exists another geodesic reaching the point v(77*) in time T* = 27 /(ay7r). Using
Arnold’s terminology, points reached in the same time by more than one geodesic are
called Maxwell points. At the end of this section we prove that v cannot be optimal
after 7.

Set ug = (u1, u2,us, . .., uy,) and consider the following variation of the horizontal
covector:
ug = (coswuy + si — si 0,2
g = 1+ sinw ug, — sinw Uy + COSW U2, Ug, . . . , U, ), w € [0, 27].

Denote y9(t) = (a¥,y%,y4) := E“"0(t) the geodesic associated with this variation.
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Claim. There exists w # 0 such that v(T%) = ~*(T").
Proof of the claim. Denote by Ma(t) := A~'(et* — I) and notice that

sinajrt l—cosajrt
alr alr
—14cosaqrt sinajrt
alr alr
Ma(t) =AY — 1) =
sinaprt l—cosayprt
apr apr
—1+cosaygrt sinaprt
apr apr
In other words we can write
Dy (t)
My (t) = - )
Dy(t)
where
(20)

it — sir;?;rt Locosairty ZSin(airt/Q) cos(a;rt/2)  sin(a;rt/2)
7 - —14cosa;rt sina;rt a;r o Sin(airt/2) Cos(airt/Q) .

a;Tr a;Tr

We prove our claim by steps.
(i) From (20) it is easy to see that

2 (T*) — 2(T*) = A 1T A — I)(u — ug) = Ma(T*)(uf —ug) =0 Vw e [0,27]
since €74 — I (and so M4 (T™)) has its first 2 x 2 block equal to zero.

(ii) Now we show that y¢' (1) = y1(T) for all w € [0,27]. Indeed from (19), we
get

1 t
yi(t) = _5%/ (e=*4 — Ie*Ads ug
0
1 t
= —ug/ (e — Ids ug
2 " Jo
1

1
3 (Ma(t)ug, uo) + QtHUoHZ,
and

yi (1T7) = (17) = (<A4A(T“)US7US>-—<ﬂ4A(T“)uO,uO>)+-2;—(HUSH2-HUOHQ)

N | =

First notice that
lug|l* = luol® Y € [0,27].
Moreover, setting uf = uo + v* we get (we omit 7 in the argument of M4)
(Mau§ ,ug) — (Maug,ug) = (Mav®?,v*) + (Ma + M))v™, up) =0

since the first 2 x 2 block of M4 that is zero at T* and v* has a nonzero component
only in the first two entries.
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Remark 19. Note that (i) and (ii) are just the manifestation of the fact that
forgetting about the second vertical component y2, we are facing the corank 1 case,
for which T™* is a cut time and there is a rotational symmetry that implies that it is
also a conjugate time.

(iii) Now one can proceed in a similar way and compute

t
ya(t) = 1/ z(s) Au(s)ds
2Jo
1 ¢ ~
= 5ug/ (A7 e = 1) Ae*ds ug
0
__1 / ! fsA_I AflAv sAd
=5 ; (e ) e dsug

where we set
(21) o)== /Ot(esA — DA Ae*Ads.
Since all matrices appearing in (21) but A are 2 x 2 block diagonal, the first 2 x 2
diagonal block of
K(s):= (e * —1)A 1 Ae*?
is the product of the respective blocks. A direct computation shows that it is

Qg (1 —cos(airs), —sin(airs) )

aq sin(ayrs), 1 —cos(ayrs)

f;o 060) denotes the first 2 x 2 block of A. Integrating from 0 to 7™ one

obtains for the first block of C(T™)

Tag (1 0
(22) W(o 1>-

As before, we set u§ = ug + v* and we get (omiting T in the argument of C')

where (

(23) Y5 (T7) = 42(T7) = (Cv*,v*) + {(C + C)v™, ug) .

Using (22) and

¥ |12 = ((cosw — 1)uy + sinwug)? + (—sinwuy + (cosw — 1)ug)?

(
4(u? + u3) sin?(w/2),

one gets that (23) is linear with respect to the variables
cosw — 1 = —2sin?(w/2), sinw = 2 cos(w/2) sin(w/2).
In other words, if we prescribe that the expression (23) is zero, we get

(24) Co sin(w/2)(Cy cos(w/2) + Cysin(w/2)) =0
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for some suitable constants Cy, C1, Cs that do not depend on w. The claim is proved
since (24) has always a nontrivial solution & € [0, 27]. a

Let us now show that ~(¢) cannot be optimal after 7*. From the previous com-
putation we have 4(T*) # 4“(T*). By contradiction if v is optimal after time 7™,
then the concatenation of %o 7+ and |7+ 7+ 1<) (for some £ > 0) is optimal as well,
which is impossible since all optimal trajectories are projections of the Hamiltonian
system associated with (12) and they are smooth.

2.3.2. Optimality of geodesics. In this section we prove that v(t) = E%0-"0(¢),
r > 0, is optimal up to its first Maxwell time T* = 27/(ayr). To this extent, consider
the following auxiliary optimal control problem.

(P) Let T < T* and set (Z, 71, 72) = 7(T). Find a length-parametrized trajectory
of the system

x'i:ui, i:l,...,m,
. 1 ’
(25) g =5 L,
1
Y2 = §$/L2U,

starting from the origin, and reaching the hyperplane {2 = Z} in time T', maximizing
the y1 coordinate.

Remark 20. Notice that g3 > 0 since » > 0 implies that the trajectory is not
contained in the hyperplane {y; = 0}.

LEMMA 21. The following assertions hold: (i) There exists a solution v* of the
problem (P). (ii) v* is a length minimizer. (iii) v*(t) = E%T0(t) for some (ug,T).

Proof. Let us prove (i). In problem (P), since we deal with length-parametrized
trajectories, we can assume that the set of controls in (25) is U = {J|u|| < 1}. The
existence of a solution to (P) can be obtained with standard arguments using the
compactness and convexity of the set of admissible velocities (see [3, 13]).

To prove (ii) assume by contradiction that there exists a trajectory of (25) reach-
ing the point (z,y7,v3) = v*(T) in time Ty < T. By small time controllability there
exists a trajectory of system (25) reaching in time T the point (Z, 91, y2) with g1 > y
contradicting the fact that v* maximizes the y; coordinate. The fact that v* is also
a length minimizer follows from Remark 11.

To prove (iii) observe that +* satisfies the PMP (see again [3]) for the problem of
minimizing —y; = — fOT dt = — fOT 2’ Liudt, i.e., with the Hamiltonian

m
(26) H, = Z A\ u;X;) +va' Liu
i=1
=pu+ri2' Liu+ rox’ Lou + v’ Ly,

where A = (p,r1,72) are the dual variables to (z,y1,y2) in T*M. In formula (26) v is
a nonnegative constant. The Hamiltonian equations give

. M
Tl——ayl —0,
. M.
T‘2——ay2 —0,
L, M

p = B = _(TlLl —+ ’I"QLQ =+ VLl)U.
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Since the final point is constrained on the set {x = Z}, the transversality conditions
give r;1 = 0,75 = 0. Hence we have

7'lu = (p + I/l'/Ll)U,
(27) p = —vlju.
Notice that actually v > 0. Otherwise the trajectory is a straight line contained in
the plane {y; = y» = 0}; see Remark 20. The maximality condition and the condition

that the final time is fixed in such a way that trajectories are parameterized by length
give

Hu(t) ($(t), Y1 (t)v Y2 (t),p(t), 1, TZ) = IIlgLX Hv(x(t)v ! (t)a yZ(t)vp(t)v 1, TQ) =1

B p/(t) — Vle(t)
(28) u(t) = P/ (t) — vLiz(t)||

Notice that a geodesic for the problem (25) associated with the covector (ug,r1,72)
corresponds to a control

=p'(t) — vLix(t).

(29) u(t) =p" —riliz — roLow,

where

(30) ]jl = (—7‘1L1 —rng)(p’ —T‘lLl{E—T‘ngﬁ).

Comparing (27)—(28) with (29)—(30) it follows that ~* is a geodesic for the problem
(25) corresponding to an initial covector (ug,v,0) for some ug with ||tg|| = 1. Then
(iii) is proved for ¥ = v. a

We have the following claim.

Claim. v* =, i.e., ug =up and 7 = r.

Proof of the claim. It is enough to prove that the parameters ug,r such that
a geodesic y(t) = (x(t),y1(t),y2(t)) = E0™0 satisfies z(T) = z with T < T* are
unique.

From the computations in sections 2.3 we know that

x(t) = Ma(t)uo, where A=rL;, and My(t)= A" (e —1).
In particular, using the nonsingularity of A, the equality at ¢t = T gives
(31) ug = M (T)z.
Computing the norm of vectors in equality (31), it follows that

‘ pi()?  a;rT/2
T2 sin(a;rT/2)’

(32)  1=|luol® = where pi(2) = (23,1 +23,)"/%

=1

Notice that the right-hand side of (32) is the sum of monotonic functions with respect
to the variable T on the segment [0,27/a1] (T' < T* implies rT < 27 /aq).
Moreover, since the curve is length-parametrized we have ||z(T)|] < T. As a
consequence there exists a unique solution 7" of (32) in the segment [0,27/a1]. In
particular r is uniquely determined and wg is uniquely recovered from (31). O
Since v = 4* and ~* is length minimizer for every 7' < T, it follows that
tewt =T,
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2.4. First conjugate time. In this section we prove that in the corank 2 case,
the cut time is not equal to the first conjugate time, in general. This is deeply different
from the corank 1 case, where the cut locus always coincides with the first conjugate
locus.

It is enough to show that the cut time is not conjugate in the (4,6) case. Define
the Jacobian of the exponential map

0 0E 0 85)

(33) Je(t,ug,r1,72) := det <E’8—uo’8—r1’8—r2

Remark 22. Recall that the first conjugate time t..,; for the geodesic corre-
sponding to the covector (ug,r1,72) is the first time ¢ > 0 for which we have

(34) Jg(tau()arlaTQ) - 0

We have to prove that (34) is not satisfied when t = ..
To compute Jg we use the following trick. Let £ = pdx + ridy; + rodys be the

Liouville form.
LEMMA 23. We have £(%5) =1, £(£5) = £(§5) = 0.

Oug

Proof. The first equality follows from the fact that the Hamiltonian is homoge-
neous of degree 2. Indeed set A = (p,71,72) and ¢ = (z,y1,y2), we have £ = Adg

and
oE\ dq\ OH\ B
S(—at)_</\,E>_</\,—8/\>_2H_1,

since length-parametrized trajectory belongs to the set {H = 1/2}. The second
and third identities follow from the fact that the Liouville form is preserved by the
Hamiltonian flow; hence the values of 2( ) and £(5- ¢ -) are constant with respect to
t. In particular at ¢ = 0 they are anmhllated by the L1ouv1lle form. O

If we compute the exponential map in a neighborhood of a geodesic with (1, 72) =
(r,0) with 7 # 0 using the identity r1dy; = £ — pdz — rodxs and Lemma 23 we get

oc 98 9 o9&
8t’8u0’8r1’8r2
08 O as)

Jg:da:/\dyl/\dyg(

(35) B —d$ 4 dy2 <8U0 (97’1 (97’2

where g(t,uo,rl,rg) = (x(t,uo,m1,72),y2(t, w0, 71,72)) denote the exponential map
where g7 is removed. More precisely, (35) is the function of (¢,ug,r1,72) given by

8_3: ox @ ox Oz

U2

1 dug = Oug ~ Oug ° Ory Ora
Jg = —det )
" Oy2 ~ Oy2 ~ Oya ~ Oy2 Oz
8U0 ! 8U0 2 8u0 s (97’1 (97’2
where v, v2, v3 are 3 independent tangent vectors to the 3-sphere {ug € R?, ||uo| = 1}.
We select
—Usg 0 —Uy
U 0 0
(36) v = 01 R R P

0 us U1
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From the computation of section 2.3 one easily gets

ox _A-1(,tA
g =Ma(t)=A""(e I),
Oz = —ATTAAT(E = 1) - tel Mg
(97‘1

= —(MA(t) + tetA)uo,
9T _ A1 Z(A (e = 1)+t e
(97’2

= —ATYA(MA(t) + te)up.

Moreover (see again section 2.3),

(37) y2(t) = (C(t)uo, uo),

where

(38) Ct) = —% /t(e_SA — DA A% ds.
0

The function ys(¢) from (37), being a quadratic form with respect to ug, gives

2

a—vi = <(C(t) + O/(t))UQ, Ui> .
Uo

Now we compute these derivatives at t = toyy = i—’;, where a > b are the moduli of

the eigenvalues of A.

It is easily seen that

0 0 0

0
0 0

(an)
(an)

B = MA(tcut) =

sin(27b/a) 2sin?(nb/a) |
0 0 br br

00 — 2sin®(7wb/a) sin(2wb/a)

br br
from which it follows that
0 0 0
0 0 0

0 0
(BUl Bug B’U3) = 0 ungin2b(7rb/a) _ u4sin(2b7rb/a) u12sin2b(7rb/a) = (0 M) )

2sin?(wb/a sin(27b/a sin(27b/a
0 u2swllnb/a) | sin(@nb/a)  sin(Emb/a)

where the last identity defines the matrix M.
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The Jacobian determinant of the exponential map computed at t = t.,; is then
expressed as follows:

8u0 ! 8u0 2 8’110 3 (97‘1 (97‘2
2 Oy O, Dy2 Oy
8u0 ! 8u0 2 8’110 3 87‘1 (97‘2

Jg (tcut) = det

3.33 333

B B B _— —
Ul 2 v ory  Org
= det . .
Oy O O, Dy2 Oy
8u0 ! 8u0 2 8’110 3 87‘1 (97‘2
ox ox
0 0 0 Wll ng
ox ox
0 0 0 o, ors
(39) = det 0 M11 M12 g—ii’ g—i;’ s
0 Mo Mo ‘Z—f;‘ ‘3—”,?;‘
<CUO,U1> <CUO,U2> <CUO,U3> g—‘zf g—‘zj

where we use the notation

My M,
M= .
(M21 M22>

From (39) it follows
(40) Je (teut) = (Cug,vy) - det M - det N,

where N is the matrix

Oxy Oz
_ (91”1 (91"2
N = (% %) ’

(91”1 (91"2

It is easy to see from the explicit expression of the geodesics that in the general
case when a # b, the three factors in (40) do not vanish identically in ug, since the
matrix A is arbitrary. The proof of Theorem 7 is then completed.

Remark 24. Notice that M is the zero matrix when a = b. Hence, in the (4,6)
case, teut = teonj for those 6 such that Ly has double eigenvalue. Moreover, in this
case the rank of the Jacobian matrix drops by 2, since the first three columns are
proportional.
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3. The nilpotent (4,6) case. In this section we restrict to the (4,6) case. By
the previous discussion the geodesics of the sub-Riemannian metric can be written as

z(t) = A7 (e — Tuy,
¢
y1(t) = ! / x(s) Au(s)ds, A=rLg, A=rLy,
0
¢

/0 o(s) Au(s)ds,

(41) 2
1
2

and we can assume the matrix Ly to be diagonal,

0 a 0 O
(42) =0 0y eze
0 0 —=b O
while Eg is an arbitrary skew symmetric matrix,
0 o Qe
S -

—Qp —Qy —Q5 0

3.1. Proof of Theorem 8. Recall that the cut time t.,; coincides with t.oy; if
and only if ¢.,+ is a time that satisfies the equation

(43) Je(t,u,0 =0.

) |t:tcut
(P2) = (P1). We consider separately two cases:
(a) L1, Ls both belong to the same subspace, either @ or @ Then it is not re-
strictive to assume that L1, Lo € (). In this case all linear combinations of
Ly, Ly belong to Q, i.e., Ly = cos(0) L1 +sin(f) Lo € Q for every 6. In partic-
ular Ly has a double eigenvalue for every 6 € [0, 27]. From the computation
of section 2 it is easily seen that ¢ = b implies M = 0; hence from (40) it
follows that teus = teony-
(b) L1 € @Q and Ly € Q (L1 and Lo play the same role). By (55) we have
[L1, Lo] = 0. Let us prove then that this property implies (P1).
Indeed every two commuting skew symmetric matrices can be block diago-
nalized simultaneously in the same basis. Hence we can assume that choosing
an appropriate coordinate system y1, 2, both L1, Lo are diagonal. As a con-
sequence Ly and Lg are also diagonal. Moreover, from (38) it is easily seen
that if both Ly and Ly are diagonal, C'is 2 x 2 block diagonal, with the first
block equal to cI, for some constant ¢ (see also (22)).
In particular it follows that (Cug,v1) = 0 and again (40) implies tcur = teonj-
(P1) = (P2). By assumption the identity

(44) Jg (t, Uugp, <O(9)UO, ’U1> - det M(Uo, 9) - det N(UO, 0) =0

0) |t:tcut(0) =

holds for every ug (the horizontal part of the initial covector) and every 6. Since
the exponential map is linear with respect to ug in the z-variable and quadratic with
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respect to ug in the y;-variables, it follows that (44) is an analytic expression of (uo, 6).
(It is polynomial with respect to ug and trigonometric in 6.) In particular one of the
three factors in (44) must vanish identically.

Assume that det M (up, ) = 0. Then from the explicit expression it is computed
that

4U1U3 ) b(@)
det M 0) = —
et M (ug, 0) TOEE sin (ﬂ'a(a) ,
and since a(f) > b(0) by assumption, det M = 0 implies a(6) = b(6) for all 6.
From this it easily follows that Ly has double eigenvalue for all 8, i.e., if we write

Ly = q(0) + q(0),

it follows that one of ||g(6)| and ||g(0)] is identically zero. (It is not a restriction
to assume ||g(0)]] = 0.) Hence Ly € @ for all 6, which implies in particular that
Ly,Ls € Q

It is not restrictive now to assume that a(#) # b(f) for some 6 € [0, 27]. We show
that the identities

(a) det N (ug,0) =0,

(b) <O(§)UO,U1> =0
both imply that there exists a choice of the coordinates such that L; € @, Lo € CA)
We give details only for case (b); the other case is similar. Considering (b) as an
equation in the variables a1, aa, a3, g (the nondiagonal entries of the matrix Zg), it
is easy to see that the identity (b) can be written as the equation

F(ai,u;) =0,
where F' is a quadratic form in the u; whose coefficients depend linearly on «;. Since
this equation should be satisfied for all ug = (u1, ..., us), choosing values
uo € {(1,0,1,0),(1,0,0,1),(0,1,1,0),(0,1,0,1)},
one gets the set of four linear equations

acy + baq) cosn + (aag — basg) sinn = 0,
n n

(45) (acz — bag) cosn — (aas + bay) sinn = 0,
)

(acy — bas) cosn + (aaq + bay) sinng = 0,

o~~~ o~

(acy + bay) cosn — (aay — bas) sinng = 0,

where we set n = wb/a, and for simplicity of notation we denote a = a(y),b = b(6p).
It is easy to show, using the fact that a # b, that this system has the unique
solution

==y =0,

which means that Ly and Ly are both diagonal. Due to this fact they can be written,
as pure quaternions (see Appendix 4.1), as a linear combination of 4, 4,

(46) Li=ai+@i, Lo=gBi+7Ai

Performing the change of variables

-0 %) (1)

we find a system of coordinates such that L =i and Ly =, i.e., that satisfies (P2).



2-STEP, CORANK 2 NILPOTENT SUB-RIEMANNIAN METRICS o577

3.2. Proof of Theorem 10. In the paper [5] it is proved that if the sub-
Riemannian manifold is regular? with Hausdorff dimension b, the Radon-Nikodym
derivative of the spherical Hausdorff measure S” with respect to the Popp measure p,
denoted fs,, is given by the volume of the unit ball in the nilpotent approximation,
namely,

@) foula) = — M
7 suld) = —=—» qe M,
Iiq(Bq)

where [i; is the Popp measure defined on the nilpotent approximation G, of the
structure at the point g. Note that ji, is the left-invariant measure on G that coincides
with the Popp measure of the original sub-Riemannian metric at the point gq.

Remark 25. Notice that in our (m,m + 2) case the structure is automatically
regular since, by assumption, the distribution has constant rank and with one bracket
we get all the tangent space.

Remark 26. In [5] it is proved that fs,, is a continuous function, which is bounded
and bounded away from zero, in restriction to compact sets.

Remark 27. For the analysis of the regularity of (47) it is convenient to parametrize
the nilpotent unit ball via the exponential map, as a function defined on the whole
fiber in the cotangent space. In other words, we do not restrict to the set {|lug|| = 1}
and define for every A\g = (ug,7) € R°

E(No) = m(e (M),

where H is the Hamiltonian defined in (12) and et denotes the flow in T*M of
the Hamiltonian vector field associated with H. Using the homogeneity property
H(cA\) = c2H(\) for all ¢ > 0, we have that

eﬁ(s/\) =eH()\) Vs> 0.

In other words, we can recover the geodesic on the manifold with initial covector Ay
as the image of the ray {t)\o,t € [0,1]} C T,y M that joins the origin to Ao,

E(tho) = m(e(tA0)) = m(e!T (M) = H(8).

Due to the previous analysis and thanks to Remark 27, we can express the volume
of the unit ball of the nilpotent approximation at a point p as follows:

2r  A(0,p)
(48) V(p):/ / /Jg(u,ﬁ,r,p)dudrdﬁ,
o Jo B

where Jg is the Jacobian of the exponential map starting from p, expressed in the

new variables, B = {ug = (u1,...,u4), ||ugl| < 1} is the 4D unit ball, and
2m
All,p) = —————.
O7) = o Tom)

The problem of the regularity of the function (47) is then reduced to the regularity
of the function

p— Vi(p),

2A sub-Riemannian manifold (M, A, g) is said to be regular if defining the distributions Al :=
A, ATt = A% + [A? A], the dimension of Aé does not depend on the point for all 7z > 1.
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where p is a (6-dimensional) parameter. Since the family of sub-Riemannian metrics
is smooth with respect to p, the exponential map smoothly depends on the parameter
p. As a consequence the integrand in (48), being the Jacobian of the exponential map,
is a smooth function of its variables.

In addition, the function p — A(#, p) is Lipschitz, being the inverse of the “max-
imum moduli of eigenvalues” function, which is Lipschitz (see [19]). In particular
A(0,p) admits bounded first derivative almost everywhere with respect to (6, p).

DEFINITION 28. Define the following sets:

e X is the set of p such that there exists 0 for which Lg(p) has a double eigen-
value.

e X is the set of p such that there exists a finite number of € for which Lg(p)
has a double eigenvalue.

o X is the set of p such that for all 6, Lo(p) has a double eigenvalue.

Thanks to Lemma 32, for a generic sub-Riemannian metric, the set of points
p € Y is a union of isolated points. Moreover, due to the expression (54) of the
eigenvalues in terms of the quaternions given in Appendix 4.1, the fact that Ly has
a double eigenvalue for all 6 is written as ||g(6)|| = 0 for all 6 (or the same for ).
This condition is equivalent to the equation ||q()||> = 0, which is analytic in §. In
particular this equation, if it is not identically satisfied, has a finite number of solutions
in [0, 27].

Remark 29. Notice that the expression (54) for the eigenvalues provides a crucial
obstruction for the generalization of the result to m > 4. From this it follows that
for a generic sub-Riemannian metric, the set of critical points X is the disjoint union
¥ = ¥pUX . Moreover, the set of points where p — A(+, p) is not smooth is contained
in 3.

Let us write the volume function, depending on the parameter p, as follows:

2n A(0,p)
(49) LORY N

where we denote by
£0,r.0) = [ Jetu,b.rp)du.
B

Recall that f is smooth as a function of all its variables, while A(6,p) is Lipschitz
with respect to the parameters (6, p). In particular it has bounded derivatives.
We want to prove that V is C! at any point py. To this extent, let us write

2r A(0,po) 2w A(0,p)
Vip) = / / £(0,r,p)drdd + / / £(0,7,p)drdo.
o Jo o JA@

,D0)

The function

2w rA(0,po)
D> / / f(0,r,p)drdd
o Jo

is always smooth since it is the integral of a smooth function (with respect to p) on a
fixed domain. Denote now

2n A(0,p)
(50) W(p) == /0:0 /A(e f(8,r,p)drdd.

,D0)

We are left to prove that W is C! around py. Notice that by definition, W (pg) = 0.
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Assume that pg ¢ X. Then, since both functions A and f in (50) are smooth, W
is C! at py and the derivative at a point p (in a neighborhood of pg) is computed as
follows:

(51)

27 A(07p) 27 HA
=/, ropdrdd + [ 52 60.9)1(6, A(,p), p)irds.
0,p0) 0

8pz Pi

Assume now that py € . The first term in (51) is continuous. Moreover, since
at pg there is only a finite number of 8 such that Ly has double eigenvalue we have

0A 0A

8}% (G,p) Pj;o apz

(52) (0,p0) a.e. 0 € [0, 27].
Since 2 a is bounded and f is smooth, by Lebesgue’s dominated convergence we have
that the ‘second term is also continuous.

Finally, consider the case when py € X,. Since pg is an isolated point, the partial
derivatives are defined and continuous in Np, \ {po}, where N, is a neighborhood of
po. We claim that

oW
Opi

(53) (p) —0 when p— py € Yoo

Indeed, by definition of X, the cut time A(f, pg) coincides with the conjugate time,
i.e., it satisfies the identity
Je(u,0,A(0,p0),po) =0 Vo € [0,2n].

From this it follows that f(6, A(6,p),p) — 0 for all 8, which easily implies (53). From
the fact that W is continuous in N,,, C* in Np, \ {po} and has partial derivatives
tending to zero for p — po, it follows that W is C! in N,,.

4. Appendix.

4.1. Quaternions. The Lie algebra so(4) of 4 x 4 skew symmetric matrices is
the direct sum

so(4) = Q@ Q,

where () is the space of pure quaternions and Q is the set of pure skew quaternions.
The space @ (resp., Q) is generated by the three matrices 1, j, k (resp., i, 7, k)

0 -1 0 0 0 0 -1 0 00 0 -1
. 1 0 0 0 o 0o 0o 1 L] 00 -1 0
“lo o o 1|71 0o o of"""[o1 0 o
0 0 1 0 0 -1 0 0 10 0 0
and
0 -1 0 0 0 0 1 0 0 0 0 —1
~ 1 0 0 o ~ [ o 0o 01 c_|o o 1o
“lo o o 1”77 =1 0 oo0o|”"" "o =10 o0
0 0 -1 0 0 -1 0 0 1 0 0 0

If we endow so(4) with the Hilbert-Schmidt scalar product
1
<L1,L2> = Ztrace(L’ng),

then 4, 7, k,/z'\, 3\, % is an orthonormal basis.
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The eigenvalues wy,ws of A = q + ¢ satisfy

(54) —(w1,2)* = (lall £ llal)*.

As a consequence an element A € so(4) has a double eigenvalue if and only if A €

QUQ.

Also pure quaternions and pure skew quaternions commute:

(55) (0,31 =0, ¢€Q, G€Qq.

4.2. Transversality lemma. Let S be the set of (m, n) smooth sub-Riemannian
metrics over M, equipped with the Whitney topology. Due to the C* structure,
we have the existence of smooth bump functions and the results in this section are
essentially local. Then we can assume that S is the set of m-tuples F' = (X1,... X,,)
of smooth independent vector fields on some open subset M of R", satisfying

TyM = Ay + [A,A],  for every g € M.

The vector fields X1,..., X,, form an orthonormal basis for the sub-Riemannian
metric g they specify.

Let B be the bundle over M whose fiber at ¢ € M is the variety of k-dimensional
vector space of g-skew symmetric endomorphisms of A,.

Let us consider the mapping

p:SxM — B,
(F,q) — Lf,

where /35 has been defined in Remark 1. It is clear that p is C*.
Let us fix a point Fy € S, a point qo € M, and coordinates (x,y) in M such that
go = (0,0) and the nilpotent approximation of Fjy reads in control form

i:l-:ui, i:1,...,m,
1
yl = —x/L]_U,
(56) 2
!
yk = iﬂf/LkU

In the coordinates y, the space 55 ° is the vector subspace spanned by the matrices
Ly,...L;. We have a natural gradation in formal power series of (z,y) induced by
setting that the z; have weight 1 and the y; have weight 2. This induces a formal
gradation on formal vector fields on My, in which a%i have weight —1 and 8%” have
weight —2. The vector fields of the nilpotent approximation (56) have weightl —1.

In control form the sub-Riemannian metric Fy itself reads

T u
. 1,
U1 sx'Liu
(57) A = +H,
Uk %a:'Lku

where H is a term of order > —1 as a formal u-dependent vector field. Then we take
a smooth bump function b(x,y) which is compactly supported in M and which is 1
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in a neighborhood of gg = (0,0). We consider the affine space A of variations of Fy
of the form

T U 0
(7 32/ Lu 1a'6L1u

(58) .| = . + . b(z,y) + H.
Uk 32/ Lyu 12/ Lyu

This defines new sub-Riemannian metrics Fy 4+ 0F. Since S is open in the set of all
rank m smooth sub-Riemannian metrics over M, then, for a small perturbation §F',
we have Fy +d0F € S.

To show that pg,, defined by pg, (F) := p(qo, F), is a submersion at go on the fiber
By,, it is enough to observe that

P A o sold),
O0F +— (L1 +0Ly,...,Li+dLy)

is an affine submersion. Then we have proved the following lemma.

LeMMA 30. The map p is a submersion.

Now let us restrict to the (4,6) case.

DEFINITION 31. We say that a point qo € M 1is critical for a sub-Riemannian
metric Fif all elements of the subspace Ef; (from Remark 1) have a double eigenvalue.

By formula (54), this means that whatever the coordinates y, the matrices L1 (qo),
Ls(qo) both belong either to @ or to @

The dimension d; of the fiber of the bundle B is the dimension of the Grassman-
nian G(2,6) of 2-subspaces of RS, i.e., d; = 8.

The dimension of the set of pairs L1, Ly that both belong to @ (resp., @) is the
dimension ds of the Grassmannian G(2,3), i.e., do = 2.

Let us define now the partially algebraic “wrong set” W C B as follows: the fiber
Wy, is the set of 2-subspaces of the g-skew symmetric endomorphisms of A,,, whose
elements have a double eigenvalue. The codimension of W in B is d; — ds = 6.

The next lemma follows from Lemma 30 and a noncompact version of Abraham’s
parametric transversality theorems [1].

LEMMA 32 (the (4,6) case). The set of sub-Riemannian metrics that have only
isolated critical points is open and dense in S.

REFERENCES

(1] R. ABRAHAM AND J. ROBBIN, Transversal mappings and flows, W. A. Benjamin, New York,
1967.
2] A. A. AGrACHEV, G. CHARLOT, J. P. A. GAUTHIER, AND V. M. ZAKALYUKIN, On sub-
Riemannian caustics and wave fronts for contact distributions in the three-space, J. Dy-
nam. Control Systems, 6 (2000), pp. 365-395.
(3] A. A. AGRACHEV AND Y. L. SAacHKOV, Control theory from the geometric viewpoint, in Control
Theory and Optimization, II, Encyclopaedia Math. Sci. 87, Springer-Verlag, Berlin, 2004.
A. A. AGRACHEV, Ezponential mappings for contact sub-Riemannian structures, J. Dynam.
Control Systems, 2 (1996), pp. 321-358.
[5] A. AGRACHEV, D. BARILARI, AND U. BOSCAIN, On the Hausdorff volume in sub-Riemannian
geometry, Calc. Var. Partial Differential Equations, 43 (2012), pp. 355-388.
A. AGRACHEV, D. BARILARI, AND U. BOSCAIN, Introduction to Riemannian and sub-
Riemannian Geometry, http://people.sissa.it/agrachev/agrachev_files/notes.html (2011).
A. AGRACHEV AND D. BARILARI, Sub-Riemannian structures on 3D Lie groups, J. Dynam.
Control Systems, 18 (2012), pp. 21-44.

[6]



D. BARILARI, U. BOSCAIN, AND J.-P. GAUTHIER

A. AGRACHEV, B. BONNARD, M. CHYBA, AND 1. KUPKA, Sub-Riemannian sphere in Martinet
flat case, ESAIM Control Optim. Calc. Var., 2 (1997), pp. 377-448.

A. BELLAICHE, The tangent space in sub-Riemannian geometry, in Sub-Riemannian Geometry,
Progr. Math. 144, Birkhauser, Basel, 1996, pp. 1-78.

B. BONNARD, M. CHYBA, AND E. TRELAT, Sub-Riemannian geometry, one-parameter defor-
mation of the Martinet flat case, J. Dynam. Control Systems, 4 (1998), pp. 59-76.

U. BoscAIN AND F. Rossl, Invariant Carnot-Caratheodory metrics on S3, SO(3), SL(2), and
lens spaces, STAM J. Control Optim., 47 (2008), pp. 1851-1878.

U. BOSCAIN AND F. Rossl, Projective Reeds-Shepp car on S? with quadratic cost, ESAIM
Control Optim. Calc. Var., 16 (2010), pp. 275-297.

L. CEsARI, Optimization—theory and applications, in Problems with Ordinary Differential
Equations, Appl. Math. 17, Springer-Verlag, New York, 1983.

G. CHARLOT, Quasi-contact S-R metrics: Normal form in R?™, wave front and caustic in R?,
Acta Appl. Math., 74 (2002), pp. 217-263.

E.-H. C. EL-AvLAoul, J.-P. GAUTHIER, AND 1. KUPKA, Small sub-Riemannian balls on R3, J.
Dynam. Control Systems, 2 (1996), pp. 359-421.

B. GAVEAU, Principe de moindre action, propagation de la chaleur et estimées sous elliptiques
sur certains groupes nilpotents, Acta Math., 139 (1977), pp. 95-153.

V. GERSHKOVICH AND A. VERSHIK, Nonholonomic manifolds and nilpotent analysis, J. Geom.
Phys., 5 (1988), pp. 407-452.

M. GroMov, Carnot-Carathéodory spaces seen from within, in Sub-Riemannian Geometry,
Progr. Math. 144, Birkhauser, Basel, 1996, pp. 79-323.

K. KURDYKA AND L. PAUNEScU, Hyperbolic polynomials and multiparameter real-analytic per-
turbation theory, Duke Math. J., 141 (2008), pp. 123-149.

J. MITCHELL, On Carnot-Carathéodory metrics, J. Differential Geom., 21 (1985), pp. 35-45.

I. MoOISEEV AND Y. L. SACHKOV, Mazwell strata in sub-Riemannian problem on the group of
motions of a plane, ESAIM Control Optim. Calc. Var., 16 (2010), pp. 380-399.

L. S. PONTRYAGIN, V. G. BoLTYANSKII, R. V. GAMKRELIDZE, AND E. F. MISHCHENKO, The
mathematical theory of optimal processes, in Selected Works, vol. 4, Classics Soviet Math.,
Gordon & Breach, New York, 1986.

Y. L. SACHKOV, Symmetries of flat rank two distributions and sub-Riemannian structures,
Trans. Amer. Math. Soc., 356 (2004), pp. 457—-494.

Y. L. Sacakov, Complete description of Mazwell strata in the generalized Dido problem, Mat.
Sb., 197 (2006), pp. 111-160.

Y. L. Sacukov, Conjugate and cut time in the sub-Riemannian problem on the group of
motions of a plane, ESAIM Control Optim. Calc. Var., 16 (2010), pp. 1018-1039.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


