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Shortest paths on 3-D simple Lie groups with nonholonomic constraint

Ugo Boscain and Francesco Rossi

Abstract—1In this paper we study the Carnot-Caratheodory
metrics on SU(2) ~ S* SO(3) and SL(2) induced by
their Cartan decomposition and by the Killing form. Besides
computing explicitly geodesics and conjugate loci, we compute
the cut loci (globally) and we give the expression of the Carnot-
Caratheodory distance as the inverse of an elementary function.

For SU(2) the cut locus is a maximal circle without one
point. In all other cases the cut locus is a stratified set. To our
knowledge, this is the first explicit computation of the whole
cut locus in sub-Riemannian geometry, except for the trivial
case of the Heisenberg group.
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[. INTRODUCTION

In this paper we study the global structure of the cut
locus (set of points reached optimally by more than one
geodesic) for the simplest sub-Riemannian structures on
three dimensional simple Lie groups (i.e. SU(2), SO(3) and
SL(2)) namely, the left-invariant sub-Riemannian structure
induced by their Cartan decomposition and by the Killing
form.

Let G be a simple real Lie group of matrices with
associated Lie algebra L and Killing form Kil(-,-). Let
L = k ® p be its Cartan decomposition with the usual
commutation relations [k,k] C k, [p,p] Ck, [k, p] C p.
If L is non compact we also require k to be the maximal
compact subalgebra of L. The most natural left-invariant sub-
Riemannian structure that one can define on G is the one in
which the distribution is generated by left translations of p
and the sub-Riemannian metric < -,- > at the identity is
generated by a scalar multiple of the Killing form restricted
to p. The scalar must be chosen positive or negative in such
a way that the scalar product is positive definite. We call
G, endowed with such a sub-Riemannian structure, a kK & p
sub-Riemannian manifold.

k & p sub-Riemannian manifolds have very special fea-
tures: there are no strict abnormal minimizers and the Hamil-
tonian system given by the Pontryagin Maximum Principle
is integrable in terms of elementary functions (products of
exponentials). More precisely, if we write the distribution
at a point ¢ € G as A(g) = gp, we have the following
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expression for geodesics parametrized by arclength, starting
at time zero from go ([2], [5]):

g(t) = goe(Ak+Ap)te—Akt’ (1)

where A, € k, A, € p, and we have < A4, A, >= 1.
Thanks to left-invariance, with no loss of generality we can
always assume gy to be the identity and we will do so all
along the paper.

In all three-dimensional cases p has dimension 2, while k
has dimension 1. Writing p = span {p1, p2} where {p1,p2}
is an orthonormal frame for the sub-Riemannian structure
(i.e. < pi,p; >=d;;) and k = span {k}, we can write A, =
cos(0)py + sin(f)p2 and A = ck with § € R/2w, ¢ € R.
The map associating to the triple (6, ¢, t) the final point of the
corresponding geodesic starting from the identity, is called
the exponential map:

Exp :
S!xRxRt — @
0,c,t) —  Exp(0,c,t) = e(ArtAn)to—Ant,

For three dimensional kp sub-Riemannian manifolds, the
local structure of the sub-Riemannian spheres, cut loci and
conjugate loci starting from the identity has been described
by Agrachev (unpublished) and, due to cylindrical symmetry
of the Killing form in the p subspace, it is very similar
to the one of the Heisenberg group. Indeed, locally, the
cut locus coincides with the first conjugate locus (i.e. the
set where local optimality is lost) and it is made by two
connected one-dimensional manifolds adjacent to the identity
and transversal to the distribution, see Figure 1.

Cut locus and
first Conjugate locus

-— Sub-Riemannian sphere

Starting point

Fig. 1. Local structure of sub-Riemannian spheres, cut and conjugate loci
for 3-dim k @ p sub-Riemannian manifolds.

However the global structure of the cut locus was still
unknown. Indeed, to our knowledge, no global structure of
the cut locus is known in sub-Riemannian geometry apart
from the one of the Heisenberg group.

The main result of our paper is the following (proofs can
be found in [7]):

Theorem 1: Let Kjq be the cut locus starting from the
identity. We have the following:
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o for SU(2), Kiq is a maximal circle S* without one
point (the identity).

Fig. 2. The cut locus for the k & p sub-Riemannian manifold SU(2).

o for SO(3), K14 is a stratified set made by two manifolds
glued in one point. The first manifold is RP2, the second
manifold is a maximal circle S! without one point (the

identity).
$* with antipodal identification
~ RP?
Fig. 3. The cut locus for the k & p sub-Riemannian manifold SO(3).

o for SL(2), K14 is a stratified set made by two manifolds
glued in one point. The first manifold is R2, the second
manifold is a circle S! without one point (the identity).

EIdentiﬁed planes

Fig. 4. The cut locus for the k @ p sub-Riemannian manifold SL(2).

For all cases the one dimensional strata contains the cut
locus appearing in the local analysis.

Once the cut locus is computed, one can provide the
expression of the sub-Riemannian distance from the identity.
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Theorem 3 below gives the sub-Riemannian distance for
SU(2). The proof, given in [7], can be adapted to get similar
results in the cases of SO(3) and SL(2). This theorem
and its analogs for SO(3) and SL(2) are useful to give
estimates for the fundamental solutions of the hypoelliptic
heat equation induced by the sub-Riemannian structure ([4],
[6]). Moreover this Theorem can be seen as the answer,
in the case of SU(2), to the question (formulated in [9])
about the possibility of inverting the matrix equation (1),
i.e., for every matrix ¢ € SU(2), find a matrix A =
Ap + Ay, with < A, A, >= 1, solution to the equation
g = goeArstAr)te=Art If 3 oL () then this equation has
one and only one solution, otherwise it has more than one
solution (indeed infinitely many, see Section III).

II. BASIC DEFINITIONS

In this paper we are concerned with sub-Riemannian
manifolds of dimension 3, defined by a pair of vec-
tor fields F; and F, such that for all ¢ € M,
Span{F1(q), F2(q), [F1(q), F2(q)]} = T,M, ie. the so
called 3-D contact case, for which there are no abnormal
extremals. In this case the geodesics computed via the Pon-
tryagin Maximum Principle (see for instance [2], [10]) are
all and only the projections on M of a solution (A(t), ¢(t))
for the Hamiltonian system on 7" M corresponding to:

1
H(\q) = 5 (< A1, Filg) >% 4+ < A2, Fa(q) >?)

with ¢ € M, A € Ty M and satistying H(A(0),¢(0)) # 0.
We fix H = 1 for having ¢(.) parametrized by arclength.

Fix qo € M. For every Ao € T M satisfying H (o, qo) =
1 and every ¢ > 0 define the exponential map Exp(Xo,t) as
the projection on M of the solution, evaluated at time f,
of the Hamiltonian system associated with H, with initial
condition A(0) = A\ and ¢(0) = ¢go. Notice that condition
H(\o,qo) = 3 defines a hypercylinder Ay, ~ S' x R in
T M.

Definition 1: The conjugate locus from g is the set Cy,
of critical values of the map
Agy % RY — M

(Mo, ) —  Exp(\g,t).

For every Ao € Ay, let t(\g) be the n-th positive time, if
it exists, for which the map (Ao, t) — Exp(Ao, t) is singular
at (Ao, £(Ao)). The n-th conjugate locus from gy C?" is the
set {Exp(Ao, t(Ao)) | t(Ao) exists}.

The cut locus from ¢q is the set K,, of points reached
optimally by more than one geodesic, i.e., the set

Exp :

quz{q€M|3)\1,)\2€AqO7 )\17&)\27 t€R+

q = Exp(\i,t) = Exp(\e,t), and }

such that Exp(\1,-), Exp(A2, ) optimal in [0, ¢]

Remark 1: Let (M, A, g) be a sub-Riemannian manifold.
Fix go € M and assume: (i) each point of M is reached by an
optimal geodesic starting from go; (ii) there are no abnormal
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minimizers. The following facts are well known (a proof in
the 3-D contact case can be found in [3]).

« the first conjugate locus C;o is the set of points where
the geodesics starting from gy lose local optimality;

« if ¢(.) is a geodesic starting from ¢o and ¢ is the first
positive time such that ¢(t) € K4, UC] , then ¢(.) loses
optimality in ¢, i.e. it is optimal in [0, ] and not optimal
in [0,¢] for any ¢ > ¢;

« if a geodesic ¢(.) starting from gy loses optimality at
t >0, then ¢(f) € K4 UC)

As a consequence, when the first conjugate locus is included
in the cut locus (as in our cases), the cut locus is the set of
points where the geodesics lose optimality.

Remark 2: It is well known that, while in Riemannian

geometry K, is never adjacent to gg, in sub-Riemannian

geometry this is always the case. See [1].

A. k & p sub-Riemannian manifolds

Let L be a simple Lie algebra and Kil(X,Y) = Tr(adx o
ady ) its Killing form. Recall that the Killing form defines a
non-degenerate pseudo scalar product on L. In the following
we recall what we mean by a Cartan decomposition of L.

Definition 2: A Cartan decomposition of a simple Lie
algebra L is any decomposition of the form:

L=k®p, where [k, k] Ck, [p,p] Ck, [k,p]Cp. (2

Definition 3: Let G be a simple Lie group with Lie
algebra L. Let L = k @ p be a Cartan decomposition of
L. In the case in which G is noncompact assume that Kk is
the maximal compact subalgebra of L.

On G, consider the distribution A(g) = gp endowed
with the Riemannian metric gy (v1,ve) =< g~ vy, g vy >
where < |, >:=« Ki1|p( , ) and o < 0 (resp. a > 0) if
G is compact (resp. non compact).

In this case we say that (G,A,g) is a k & p sub-
Riemannian manifold.

Let { X} be an orthonormal frame for the subspace p C L,
with respect to the metric given in Definition 3. Then the
problem of finding the shortest curve steering the identity to
a point g1 € G can be written as the left-invariant optimal
control problem with fixed time T’

g=g Zquj s UjELOO(O,T)
J

T
/0 ;u?(t) dt — min, ¢(0)=1d, ¢(T)=g1.
For details, see [2]. This problem admits a solution, see for
instance [8, Ch. 5].

For k& p sub-Riemannian manifolds, the Hamiltonian sys-
tem given by the Pontryagin Maximum Principle is integrable
and the explicit expression of geodesics starting from the
identity and parameterized by arclength is

g(t) — e(Ak+Ap)te_Akt, (3)

where A, €k, A, €p and < A4,, A, >= 1. See [2], [5].
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III. SU(2), SO(3) AND SL(2), THEIR GEODESICS AND
THEIR CUT LOCI

In this section we describe the groups SU(2), SO(3) and
SL(2) and we apply formula (3) in order to get the explicit
expressions for geodesics. Besides this, we compute cut loci.
Details and proofs can be found in [7].

A. The k & p problem on SU(2)

The Lie group SU(2) is the group of unitary unimodular
2 x 2 complex matrices

SU(2) = {( _‘% g > € Mat(2,C) | |af? + 8% = 1}.

The Lie algebra of SU(2) is the algebra of antihermitian
traceless 2 X 2 complex matrices. A basis of su(2) is

{p1,p2, k} where
) 4

whose commutation relations are [p1,p2] = k [p2, k] =
p1 [k, p1] = pa. Recall that for su(2) we have Kil(X,Y) =
4Tr(XY') and, in particular, Kil(p;, p;) = —20,;. The choice
of the subspaces k = span{k} p = span{pi,p2}
provides a Cartan decomposition for su(2). Moreover,
{p1,p2} is a orthonormal frame for the inner product <
- >= —1Kil(-, ) restricted to p. Defining A(g) = gp and
g,(v1,v2) =< g~ vy, g7 vy >, we have that (SU(2), A, g)
is a k @ p sub-Riemannian manifold.

Remark 3: Observe that all the k & p structures that one
can define on SU(2) are equivalent. For instance, one could
set k = span {p;} and p = span {py, k}.

1) Expression of geodesics: We compute the explicit
expression of geodesics using the formula (3). Consider an
initial covector A = A(0,¢) = cos(6)py + sin(0)ps + ck €
Aq. The corresponding exponential map is Exp(6, ¢, t) :=

(5 2)

L sin( €t «i t
() Sn(IFTS) | (el cos(yT T 2L) +

=
=
o[
RS
I
HO
O =
N
)
S

Il
o=
N
. O
O =

with

@ = Vit
b (I i () cos(VIF )
sin(v1+c?4 ct ; sin (<
B = % (cos(4 +6) +isin(Z +96)).

2) The cut locus and distance for SU(2):
Theorem 2: The cut locus for the k & p problem on
SU(2) is Kiq = K\ 1d = {e | c € (0,47)} .

The cut locus is topologically a circle S* without a point
(the identity). We give a picture of it in Figure 2.

a f
7 @ € SU(2). Its sub-
Riemannian distance from Id is
2\/arg(a) (2m — arg(a)) if B=0
d(g,1d) = . ,
Sl {wa) it B£0

Theorem 3: Let g =
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where arg () € [0,272 and (o) = ¢ the unique solution

—< + arctan £ tan ( . 1'5“2t)> = arg(a)

V14c?
of sin(i\/?t)
T v m:m

B. The k @ p problem on SO(3)

The Lie group SO(3) is the group of special orthogonal
3 x 3 real matrices

SO(3) = {g € Mat(3,R) | gg" =1d,det(g) = 1} .

The Lie algebra of SO(3) is the algebra of skew-symmetric
3 x 3 real matrices. A basis of so(3) is {p1, p2, k} where

0 0 O 0 0 1
P = 0 0 -1 P2 = 0 0 0
0 0 -1 0 0
0 -1 0
k = 1 0 O
0 0 O
whose commutation relations are [p1,p2] = k [p2, k] =

p1 [k,p1] = pe2. For so(3) we have Kil(X,Y) = Tr(XY)
so, in particular, Kil(p;,p;) = —20;;. The choice of the
subspaces k = span {k} p = span {p1,p2} provides a
Cartan decomposition for so(3). Moreover, {p1,p2} is an or-
thonormal frame for the inner product < -, >= —ZKil(-,-)
restricted to p. Defining A(g) = gp and gg(v1,v2) =<
g~ vy, g tvy >, we have that (SO(3), A, g) is a k@ p sub-
Riemannian manifold. As for SU(2), all the k@ p structures
that one can define on SO(3) are equivalent.

1) Expression of geodesics: Consider an initial covector
A= A0, c) = cos(8)p1+sin(0)p2+ck € Arq: using formula
(3), we have that the exponential map is

ail a2 ais
EXp(a, C, t) = < azi a2z Q23 >
asi as2 ass
with
a11 = Kjcos(et) + Ko cos(20 + ct) + Ksesin(ct),
a1z = Kjsin(ct) + Kosin(20 + ct) — Ksccos(ct),
a13 = Kycos(0)+ Kssin(h),
a1 = —Kjsin(ct) + Kosin(260 + ct) + Ksccos(ct),
ass = Kjcos(ct) — Ko cos(260 + ct) + Kscsin(ct),
ass = —Kscos(f)+ Kysin(6),
ag1 = Kycos(0+ ct) — Kssin(0 + ct),
age = Kscos(0+ ct)+ Kysin(0 + ct),
cos (V1 +c2t) +c?
a3 = 1 D) ’
+c
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K 1+(1+202)cos(mt)

v 2(1+ ) ’

K = 1fcos(\/1+7¢:2t)

S 2(1+c2)

Ko — Sin(\/mt)

N
c(l—cos(mt))

Ky = & .

2) The cut locus for SO(3):
Theorem 4: The cut locus for the k&p problem on SL(2)
is Kig = K39™ U K19° with

K™ = P ={geSL(?2)|g=g",Trg <0},
Kl = KM=
- cos(a) —sin(a)
o {( sin(a)  cos(a) > | € B/2m 0 # O} ’

The cut locus is a stratification: K7™ is topologically
RP2, while K!9¢ is a circle S without a point (the identity).
We give a picture of it in Figure 3.

C. The k @ p problem on SL(2)

The Lie group SL(2) is the group of 2 x 2 real matrices
with determinant 1

SL(2) = {g € Mat(2,R) | det(g) =1} .

The Lie algebra of SL(2) is the algebra of traceless 2 X 2
real matrices. A basis of sl(2) is {p1, pe, k} where

1 /1 0 1/0 1
p1_2(0—1> p2_2<1 0>
170 -1

=g ( 1 0 >
whose commutation relations are [p1,ps] = —k [p2, k] =
p1 [k, p1] = pa. For sl(2) we have Kil(X,Y) = 4Tr(XY)
and, in particular, Kil(p;,p;) = 20;;. The choice of the
subspaces k = span {k} p = span{pi,pa2} provides
a Cartan decomposition for sl(2). For si(2) the Cartan
decomposition is unique, since k must be the maximal
compact subalgebra. Moreover, {p1,p2} is a orthonormal
frame for the inner product < -,- >= Kil(-, ) restricted to
p. Defining A(g) = gp and g, (v1,v2) =< g~ 'v1, g7 vy >,
we have that (SL(2),A,g) is a k @ p sub-Riemannian
manifold.

1) Expression of geodesics: Consider an initial covector

A= A0, c) = cos(8)p1+sin(0)p2+ck € Ajq: using formula
(3), we have that the exponential map is

Exp(0,c,t) = ( a1 a2 )

a1  a22
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with

ai1

a21

— Kieos(§)+ K

<cos (¥) + csin (

:))
e = g (2) 1 (chcos(;);

-K; sin( > + Ko <sin (1) + ccos ct )

K cos ( ) + Ko ( cos (1) + c¢sin (?))

a22

v o= 0+

K Cosh (V1 — 1) ce[-1,1]

b cos (V2 —11%) cg [-1,1] ’
ST e (-1,1)

K, = : ce{-1,1}
sin(vc2—1%
L) egl1g

2) The cut locus for SL(2):
Theorem 5: The cut locus for the k&p problem on SL(2)

is KId = KSym
Ksym —
Kloc

The cut locus is a stratification: K7pj

K!s¢ with

™kl = g€ SL(2) | g=g",Trg < 0},

K\1d =

{( cos(a) —sin(a)
sin(a)  cos(a)

sym

is topologically a

plane R?, while K[9 loc js a circle S ! without a point (the
identity). We give a plcture of it in Figure 4.
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