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This paper considers examples of two-step Carnot
groups related to the quaternions and studies their geo-
metric properties. We employ the Hamiltonian formal-
ism to obtain parametric equations of geodesics and
estimate the cardinality of the set of geodesic curves
joining two arbitrary points of the group. We also cal-
culate the length of geodesics and determine the geode-
sics coinciding with the shortest curves in the Carnot—
Carathéodory metric. Fundamental solutions of the
heat and Laplace equations are also given.

1. INTRODUCTION

LetX=(X,, X,, ..., X,,) be a system of linearly inde-
pendent vector fields on an n-manifold JIl,,, where m <n,
and let (-, -) denote inner product on the tangent subbun-
dle generated by the system X. Suppose that the system
X contains “horizontal” vector fields (or, in other
words, distinguished directions) which form an
orthonormal system with respect to (-, -). If m = n, then
the system X generates a Riemannian metric on JL,,. If
m < n, then we assume in addition that finitely many Lie
brackets of the vector fields X, X,, ..., X,, generate the
tangent bundle T, of the manifold Jl,. In the case
where only one bracket is sufficient, the system X is
said to be two-step. The condition that the tangent bun-
dle is generated by brackets means that any two points
of the manifold I, can be joined by a so-called “hori-
zontal” curve, i.e., by a curve whose tangent vector (if
it exists) is a linear combination of the vector fields X,
X,, ..., X, (see [1]). If v: [0, 1] — J,, is a horizontal

m 1 m 172
curve and 7 (s) = Z o; ()X, then I(y) = J[z Ocjz-] ds
Jj=1 0
is the length of this curve. Minimizing the lengths of the

j=1
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curves joining points P, Q € JL,, we obtain the distance
between P and Q. This method is known as the
Lagrangian formalism.

In this paper, we use the Hamiltonian formalism.

Introducing the notation X; = 2 a i (x) a% forj=1,2,
' k

k=1
.., m, we come to the Hamiltonian function H =

m n 2
Z (Z ajy (x)&k] on the cotangent bundle T*.l,. A

j=1\k=1
solution (x(s), &(s)) € T*Jl, to the Hamiltonian system

of differential equations x; (s) = H. g, &, (s)= -H, with

boundary data x,(0) = x}o) and x(t)=x;forj=1,2,...,n
is called a bicharacteristic. The projection x(s) of a
bicharacteristic (x(s), E(s)) on the manifold Jl,, is called
a geodesic. For m = n, the geodesics thus defined coin-
cide with the usual Riemannian geodesics in Rieman-
nian geometry; for m < n, the geodesics, as well as the
geometry, are usually referred to as sub-Riemannian.
We emphasize the following difference between sub-
Riemannian and Riemannian geometry. Any point Q in
a Riemannian manifold can be joined with any point in
its sufficiently small neighborhood by a unique geode-
sic. In a sub-Riemannian manifold, there exist points
arbitrarily close to a point Q which are joined to it by
infinitely many geodesics. A detailed information about
geodesics on sub-Riemannian manifolds and their rela-
tionship to various types of shortest lines can be found
in Montgomery’s survey [2] (see also [3-8]).

Our interest in sub-Riemannian geometry arose
from the work on constructing fundamental solutions to
the heat and wave equations and other equations asso-
ciated with the subelliptic second-order differential

m

operator Ay = 2 X]2~ . These fundamental solutions can

j=1
be specified in exact form in terms of sub-Riemannian
invariants induced by the horizontal vector fields of the

system X. If m = n and X7 denotes the operator dual to
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L? (in X;) with respect to the induced Riemannian met-
n
ric, then A = —Z X7 X; is an elliptic operator being a
j=1
usual Laplace—Beltrami operator. If m < n and the vec-
tor fields X, together with their Lie brackets, generate
the entire tangent bundle T, then the operator A, is
subelliptic [9].

To illustrate sub-Riemannian geometry, we consider
in detail the geometry of a family of quaternion aniso-
tropic Carnot groups being an example of a two-step
sub-Riemannian manifold. These groups, which are
related to the quaternionic n-space, are denoted by Q".
We construct the Hamiltonian function associated with
the operator A, and solve the corresponding Hamilto-
nian system of differential equations. The boundary
conditions for the Hamiltonian system are the values of
the initial and final points of the geodesic. We obtain
parametric equations of the geodesics and estimate the
cardinality of the set of geodesics joining two arbitrary
points. We also study complex geodesics and the rela-
tionship between the complex action function and the
shortest curves in the Carnot—Carathéodory metric.
Using the complex action, we can derive the transport
equation and obtain its solution, that is, a volume ele-
ment. The fundamental solution to the heat equation is
given in terms of the complex action function and the
volume element. Integrating the fundamental solution
with respect to the time variable, we obtain the Green
function for the operator A,. The geometry of two-step
Carnot groups and the related differential operators
were studied in, e.g., [5, 10-14].

2. DEFINITIONS

The quaternions can be obtained by augmenting the
real numbers by three imaginary elements, i, j, and k,
satisfying the relations i’ = j> = k> = ijk = -1, ij = —ji =
k, jk =—Kkj =1, and ki = —ik = j. A quaternion /4 can be
written as a linear combination & = a + bi + cj + dk of
its scalar real part and vector imaginary part. The basis
quaternions are represented by real 4 x 4 matrices, the
identity matrix U and the three matrices

000 -1
00-10
010 0
100 0

0100
100 0
000 1|
0 0-10)

Mlz J‘/Lzz

00-10
00 01
1000
0-100

-./‘/L?,:

which represent the imaginary elements i, j, and k.
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We denote the quaternionic space by # and con-
sider the n-quaternions H = (hy, hy, ..., h,), where h; €
H fori=1,2, ..., n. We define the sum of H+ Q = (h; +
g1+ g5, ..., b, +q,) and H=(h, h,, ..., h,) as Q =
(q1> 925 ---» g,) and the product of H by a real or imagi-
nary scalar o as 0H = (0thy, Qh,, ..., 0th,). The n-dimen-
sional quaternions form a linear space #" with norm

n 12

i=1

To construct a quaternion anisotropic Carnot group,
we take #€" for the horizontal space V, and build a cen-
ter of missing directions V, isomorphic to the space of
imaginary quaternions. Take the imaginary n-quater-
nions &, = (ay i, apl, ..., a,h), &, = (ayj, anj, ... aj),
and % = (a5 .k, ayk, ..., a;,k) with positive a,, for all
m=1,2,3and /=1, 2, ..., n. They can be represented
in the form of diagonal 4n X 4n matrices M,,, m =1,
2, 3, with n four-dimensional blocks a,,M,, (I = 1,
2, ..., n) on the diagonal. The topological dimension of
the group equals 4n + 3, and the homogeneous dimen-
sion, which is defined by dimV, + 2dimV,, is 4n + 6.
The isotropic group based on the one-dimensional
quaternionic space was considered in [4]. The noncom-
mutative group multiplication law is defined by

C ,
qoq‘ = (X+x'aZl+Z|+§(M1x’x)’
Co1 , o ,
Z2+Z2+§(M2xa-x)a Z3+Z3+§(M3x,x)

forg=(x,z)and q¢'= (x', 7)) € H"x R3, where (M,,x, x')
is the usual inner product of the vector M,,x € R*" and
the vector x' € R*.

We associate the Lie algebra §" with the set of left-
invariant vector fields in the tangent bundle 7Q". The
tangent bundle contains a natural subbundle JQ",
called the horizontal subbundle, which is the linear
span of the left-invariant vector fields

3
0o 1 0
X =2 423 M, x>,
x(X, 2) 9xy + 3 2_,1 mxklazm (1)
k=1,2,3,4, [ =1,2,...,n.
The commutators [X,,;, Xp] are equal to A5 where

m=1,2,3,foro,=1,2,3,4,00#p,and [=1,2, ..., n.
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All of the remaining commutators are trivial. A curve
Y(s) = (x(s), z(s)) is horizontal if and only if

27, = (M,x, %), m = 1,2,3, % = (£, ..., Xy,)-

2

3. GEODESICS

In this section, we employ the Hamiltonian formal-
ism to study geodesics on the quaternion anisotropic
groups Q". The geometry of such a group is determined
by the sub-Laplacian Ay = ZX,%, , which is a subelliptic

k1
operator [9]. Recall that a geodesic joining points P(x,,
Z0), O(x, z) € Q" is defined as the projection Y(s) (s € [0,
1]) of a solution to the Hamiltonian system on the (x, z)
space with boundary conditions (x(0), z(0)) = (xy, zo)
and (x(1), z(1)) = (x, 2). The Hamiltonian system can be
reduced to

3
£¥=2Mi, M= Y 6M, m=123 (@)

m=1

where the 0,, are constants depending on the boundary
conditions, which can be used as Lagrange multipliers.

Our goal is to find a solution of system (3) with
given initial and final points and derive parametric
equations for geodesics on (". The presence of the
group structure allows us to consider only curves start-
ing at the origin, for which x(0) = 0. A general solution

to system (3) for a given initial velocity x (0) is

1 —cos(2s0])

sin(2s16],),,
. S Cal U DETP
2/6];

[M]l'xl(o) + 2|e|1

10),
“)

x/(s) =

l=1,2,...

> 1,

3
where [8]; = " a,,6,, and [M]; is the ith block of the

m=1

matrix M.

To describe the z-components of the geodesic curve,
we employ the horizontality condition (2) and come to

the expression
. Gmai %,(0)|? sin(2s|6
2 (s) = 2 / 12( )| (s— (2] |z)) ’
=\ 4lel] 216|, Q)
Any geodesic is a horizontal curve, but not all horizon-
tal curves are geodesics. For example, the curve

m=1,2,3.

2 2 3
s s apns
C(S) = 55 s9 59 Sa 05 LRSS 05 6 7015 C2 ’
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where ¢, and ¢, are constants, is horizontal, but it is not
geodesic. However, any horizontal curve c(s) satisfying
the additional condition ¢ (s) = 2M¢ (s) is geodesic.

The problem setting based on the Hamiltonian for-
malism is equivalent to minimizing the action func-
tional

1 . 2 3
J|X(i)| + 2 Gm(z'(S) - %(me(s), Jé(s)))ds,
0

m=1

. 2
where lﬁ(—?'— is the energy and the 0,, are Lagrange

multipliers, subject to the nonholonomic constraints
imposed by the horizontality requirement. A solution to
the Euler—Lagrange system for this functional is a geo-
desic if and only if it is a horizontal curve. A theorem
of Chow [1] implies that any two points in Q" can be
joined by a horizontal curve. In the further sections, we
give equations for horizontal curves joining the unit of
the group to various points.

3.1. A Connection between (0, 0) and (x, 0) for x # 0

Theorem 1. A smooth curve c(s) is horizontal with
constant coordinates z,, 2,, and z3 if and only if c(s) =
(alls5 ) (x4nsa 215 X2 Z3), Where Otk, (S R and

n 4
220(,3, £ 0.

l=1k=1

3.2. A Connection between (0, 0) and (0, z) for 7 # 0

Let us solve system (3) with boundary conditions
x(0) =x(1) =z(0) = 0 and z(1) = z. The knowledge of the
initial velocity x (0) is also required, because there is no
sufficient information about the behavior of the x-coor-
dinates. Below, n = (n,, n,, ..., n,), where n, € N, and
N and A,, are block diagonal 4n X 4n matrices with

blocks 7% AU and a,, U, where m=1,2,3 and =1, 2,
!

..., h, respectively.

Theorem 2. There exist infinitely many geodesics
Jjoining the origin to the point (0, 7). The corresponding
parametric equations for each multi-index n = (n,,

Ny, ..., n,), where n,e N, are
n 1 —cos(2smtn;) .
x;"(s) = 2—————L[Z],%(0)
(1tn,)
sin(2smn,) . (6)
+ Tn,mx’(o)’
[=1,2,...,n,
DOKLADY MATHEMATICS Vol. 77 No. 1 2008
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@ i e @GO (2smn)
Zy () = —— 7|5 sin———,
X(O)ya /77 |men nn, (7
m=1,2,3,
where
214y 2303 220y
%O)Na,  [HO)Ra, |5(O0) 34,
L4y 2oy 2343,
; ’ 2
(2, = |%(0)] 4, EOE O] ®
3d3) (1% 214y
%(0) s, [HO)]a, |%(0) 3.,
2,0y 23a3; 214y
O, KOs, O, |

[$(0)a, = (NA,%(0), NA,%(0)).

The lengths of the corresponding geodesics are

3

2
63 )

S 1(0)]

3 2
2 =16 z:___fﬁﬁll___ =
no2 2
m=1 2 aml|xl(0)|

2
I=1 (nnl)

Remark 1. In the general case of Theorem 2, where
the constants a,,; are different, there are countably many
geodesics joining the unit of the group O(0, 0) to the
point Q(0, 7). As the multi-index n = (n;, n,, ..., n,)
increases, the frequency of the rotation of the geodesics
about the straight line joining the point to Q increases,
while its radius decreases; in the limit, a curve of Haus-
dorff dimension 2 is obtained. Formulas (6) and (7) are
illustrated by Fig. 1, which shows the graphs of geode-
sics for the multi-indicesn =1, n =2, and n = 5. In the
special case of a,; = ay = a; = a;, we renumerate the g,
sothata; <a,<...<a,=a,,=... =a, Applying a
rotation in the subspace (0, ..., 0, x,, X, , , ..., X, 0, 0, 0),
we obtain an uncountable set of geodesics. Their

s L a; )i, (0) -
lengths equal /; = 16]z(1)P 2;) Ifa, =

2
I=1 (Tcnl)

a,, = ... =a,, = a,, then the multi-index n reduces to a

positive integer index k € N, and the geodesic length is
3

I =4k Y z,(1)a,, forke N. The lengths of geode-

sics grov&lln uznlboundedly with increasing the multi-index.

DOKLADY MATHEMATICS  Vol. 77

No. 1 2008

127

Fig. 1. Graphs of geodesics with vertical axis z; and hori-
zontal axes xq and x,;.

3.3. A Connection between (0, 0) and (x, z) for x # 0 and
z#0
In this section, we solve Eq. (3) with boundary condi-
tions x(0) =0, z(0) =0, x(1) = x, and z(1) = z. The follow-
ing theorem uses the function W(|0|,) = |0];sin~%(|0]) —
cot(|0];), which was studied in, e.g., [3].

Theorem 3. For a given point Q(x, z) with x;# 0 for
[=1,2,...,p—1;x,=0forl=p,p+1,...,n;and 7#0,
there exist infinitely many geodesics joining O(0, 0) to

5 (D)
Q. Suppose that Sy, = ¥ —T——H(BL). S =
1

I=1
, Mg = (np, Myigs ones n,) is a multi-index

with positive integer components for each p € N, and

B = (10];, B, ..., B],_), where x = 1,2, ..., N, is a
solution of the system
3 2 2
162, (1)a,,
o) = Y ——"1, I=1,2..,p-1. 9
m:I(Slm+S2m)

Then, the equations of geodesics are

" . . Z
9(s) = (deot([6],) sin’(s]6]) — 2sm<2s|e|,»[|7|]’xla>
l

1
+ Gcot|e|,sin(2s|e|l) + sinz(slell))%x,(l), (19)

[=1,2,.. k=12 ..N;
1 —cos(2smn;)
(nn)’

in(2
+sm( snn,)oux
21n

I=12,...,n,

- N

x"(s) =2 [Z],%,(0)

11
1(1)’ ( )

Be N;
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p—1 .
5wy - _ZnlD) ‘Zai,lxa)l?(s_ sm(zslem)
Sim+ Saml S sin’ (16, 216,
(12)
N iafnzlxzxgnz(s ) sin(zsnn») ,
= T n, 21‘Cnl
where m =1, 2, 3. Here,
[Z],
0 214y 23d3 2oy
Si+S8y Sip+S8Sy Sp+Sn
__Zi4n 0 220y 2343,
_ | SutSy Spp+8n Si3+ Sy (13)
23a3; (1% 214y
Si3+83 Sp+Sy Si1+ 8
oAy 23A3; 214y 0
S+ Sn Si+Sy Si+Sy |

The lengths of geodesics are calculated by

=S5O = 16 Z SZ’”SS)M

I=1 Im

p-1

+ 3 21|16l cot([6],).

=1

Knﬁ

(14)

Remark 2. If p <n + 1 and all of the a,,, are different
for [ =p, p + 1, ..., n, then there are countably many
geodesics. If some of the a,, coincide, then the set of
geodesics is uncountable. This can be obtained from
considerations similar to those after Theorem 2. How-
ever, the lengths of geodesics are bounded, because the
sums S,,, approach zero, while the sums S, are strictly
positive and bounded away from zero, as n tends to
infinity.

Remark 3. If p=n + 1, then S,,, =0 and ng = 0. In
this case, there are only finitely many geodesics joining
0(0, 0) to O(x, z) with x; 20 forI=1,2, ..., n

Remark 4. In the isotropic case, where ¢, =a > 0
and x;#0 for [ =1, 2, ..., n, Eq. (9) can be written as
Wald)) = % . Each solution of this equation deter-

alx
mines the relation 7 = [sin(a|0])(sin(a|0]) — cos(a|0)])) +
a?|0]1'a?0/?(|x]> + 4|z|) between the homogeneous norm
|(x, 2)I? = [x]* + 4|z| of the final point and the length of the
geodesic.

Remark 5. Theorem 2 is the limit case of Theorem 3
as the coordinate x of the final point tends to zero at z
fixed. In this case, the number of solutions to system (9)

unboundedly increases, as well as the lengths of geode-
sics, with increasing the multi-index n.

DER-CHEN CHANG, MARKINA

4. HAMILTONIAN COMPLEX MECHANICS
AND KERNELS OF DIFFERENTIAL OPERATORS

A complex geodesic is the projection on the (x, z)
space of a solution to the Hamiltonian system with non-
standard boundary conditions x(0) = 0, x(1) = x, z(0) =0,
z(1)=z,and 6,,=—it, for m=1, 2, 3. We set —it = (—i1,,

3 12
—iT,, —iT3) and 1], = [2 afnﬂiJ : then, |8], = i|1|,. The
m=1
modified complex action is defined by

1
02,0 = =i 3 T2+ [ (05 8) - Hx, 2, &, 1)ds.(15)
0

m

Note that the missing and horizontal directions are
studied by different methods. Substituting the Hamilto-
nian function corresponding to the sub-Laplacian A,
into (15), we obtain

n 2
. X
fx,z,1) = —lszzm+ Z%thlcothl‘cl,.

m I=1

The modified complex action satisfies the Hamilton—
Jacobi equation

3
ZTman_f = _H(xa <, fo’ sz)
m=1 "

of
oT,,

At the critical points T,, at which = 0, we obtain

2
fix,z, 1) = Y for a geodesic ¥ joining the unit of the

group to P(x, z). The critical point T, with i|t,|, = |0, cor-
responds to the least solution of system (9). The value of
f(x, z, T,) is proportional to the squared length 2(y) of
the shortest geodesic y between the unit of the group O
and the point P and equals the squared Carnot—Car-
athéodory distance between O and P [8]. Thus, the geo-
desic corresponding to the least solution of system (9)
coincides with the shortest curve in the Carnot—Car-
athéodory metric.
ZX"’ at

fundamental solution with a smgularlty at zero is a

Consider the heat operator Ay— 8

function P(x, z, f) defined on Q" X R! . and satisfying the
conditions

. 0P
(1) AOP_ZE

(ii)lim+P(x, z, 1) = 3(x)0(y).

t—0

= 0 for r>0,

Below, we give fundamental solutions to the heat
equation and the sub-Laplacian in terms of sub-Rie-

DOKLADY MATHEMATICS  Vol. 77 No. 1 2008
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mannian invariants induced by the horizontal vector
fields (1), namely, of the modified complex action f(x,

for sufficiently small € > 0. Here, 7 = =

129

= ifz#0and

|z|

2z, T) and the volume element z2=0ifz=0.
Sl
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