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SYMMETRIES OF FLAT RANK TWO DISTRIBUTIONS
AND SUB-RIEMANNIAN STRUCTURES

YURI L. SACHKOV

ABSTRACT. Flat sub-Riemannian structures are local approximations — nilpo-
tentizations — of sub-Riemannian structures at regular points. Lie algebras of
symmetries of flat maximal growth distributions and sub-Riemannian struc-
tures of rank two are computed in dimensions 3, 4, and 5.

1. SUB-RIEMANNIAN STRUCTURES

A sub-Riemannian geometry is a triple (M, A, (-,-)), where M is a smooth man-
ifold, A C TM is a smooth distribution on M, A = {A, C T,M | ¢ € M}, and
(-,+) is an inner product in A that smoothly depends on a point in M, (-,-) =
{(-,-)¢— an inner product in A, | ¢ € M}. The pair (A, (-,-)) is a sub-Riemannian
structure on M; if dim M = n and dim A, = k, ¢ € M, then we say that (A, (-, -))
is a (k,n)-structure. The number k is called the rank of the distribution A or the
structure (A, (-, -)).

In this work, we are interested in the special class of distributions and sub-Rie-
mannian structures called flat. Let G be a connected simply connected nilpotent
Lie group. Suppose that its Lie algebra g is graded:

g=g'@g’c - 0g,

[0, ¢/ g, g ={0}Vr>s,
and generated as a Lie algebra by its component of degree 1:

Lie(g') = g.
Then
A=g!

can be considered as a completely nonintegrable (bracket-generating) left-invari-
ant distribution on the Lie group G. We call such a distribution A flat. Further,
if A is equipped with a left-invariant inner product (-,-) obtained from an inner
product in g', then (A, (-,-)) is called a flat sub-Riemannian structure on G. Flat

sub-Riemannian structures arise as local approximations — nilpotentizations — of
arbitrary sub-Riemannian structures at regular points (see [2], [3] for details).
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For a distribution A C TM its Lie flag is defined as follows:
ACA =A+[AAC A=A+ [AA)C---CTM
(here A denotes also the C°°(M)-module of vector fields on M tangent to the
distribution A). Then the growth vector of A at a point ¢ € M is the vector
(n1,n2,n3,...), n; = dim A’(q).

For a flat distribution A C TG we may restrict ourselves to left-invariant vector
fields on the Lie group G:

Aq)=(g' @ @ g')(g),

and the growth vector is constant and takes the form
i
(n1,m2,M3, ... ), ni:Zdimgj.
j=1

Two flat distributions (sub-Riemannian structures) are called isomorphic if there
exists an isomorphism of Lie algebras that maps the first distribution (respectively,
sub-Riemannian structure) onto the second one, in other words, if they are isomor-
phic as left-invariant objects on G.

The aim of this work is to study symmetries of flat distributions and sub-Rie-
mannian structures in dimensions (2,n), n = 3,4,5, for maximal growth vectors.
More precisely, we consider the following cases:

Dimension Growth vector
(2,3) (2,3)
(2,4) (2,3,4)
(2,5) (2,3,5)

Of course, the maximum growth condition is essential only for dimension (2, 5)
since for dimensions (2, 3) and (2, 4) the growth vectors are uniquely determined.

We are interested in the maximum growth case since it is generic: a generic
distribution has the maximum possible growth at a generic point. The case (2, 3,
5) is important for applications: sub-Riemannian structures with the growth vector
(2, 3, 5) appear in the following systems:

1) a pair of bodies rolling one on another without slipping or twisting [1], [10];
in particular, the sphere rolling on a plane, the plate-ball problem [8];

2) a car with 2 off-hooked trailers [9], [12].

In conclusion, we notice that the results of this work on symmetries of flat
distributions are not new. In particular, symmetries of the flat (2, 3, 5) distribution
were known to E. Cartan [6]. However, this result does not seem to be presented
in the modern terminology elsewhere.

The results on symmetries of flat sub-Riemannian structures are new.

2. SYMMETRIES

In this work, the term “smooth” means C'°*°. Given a smooth vector field X €
Vec(M), we denote by !X its flow, by (e!X). the differential (push-forward) action
of the flow on vector fields, and by (e'X)* the pull-back action of the flow on forms.
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A vector field X € Vec(M) is called an (infinitesimal) symmetry:
1) of a distribution A on M if its flow preserves A:

() A=A, teR;

2) of a sub-Riemannian structure (A, (-,-)) on M if its flow preserves both A

and (-, -):
() A=A, (X)) = (), teR.

The Lie algebras of symmetries of a distribution A, or a sub-Riemannian struc-
ture (A, (-,-)), will be denoted by Sym(A), respectively Sym(A, (-,-)).

Any left-invariant object on a Lie group G (e.g., a vector field, a distribution, or
a sub-Riemannian structure) is, by definition, preserved by left translations on G.
On the other hand, the flow of a right-invariant vector field X on G acts as a left
translation:

e (g) =e*(1d)g, ge€G, teR,

where Id is the identity element of G. So any right-invariant vector field is an
infinitesimal symmetry of any left-invariant object. In particular, for any left-
invariant distribution A and left-invariant sub-Riemannian structure (A, (-,-)) we
have

(2.1) gr C Sym(A, (-,-)) C Sym(A).

Here g, is the Lie algebra of right-invariant vector fields on G, which is isomorphic
to the Lie algebra g of G.

Symmetries of distributions and sub-Riemannian structures can be computed
via the following statement.

Proposition 1. Let X € Vec(M).
(1) X € Sym(A) iff ad X (A) C A, or, equivalently,

(2.2) ad X € gl(A).
(2) X e Sym(Aa <'a >) Zﬁ
(2.3) ad X € so(A, (-, ).

Any right-invariant vector field X on a Lie group G commutes with any left-
invariant vector field; thus,

adX|, =0

for a left-invariant distribution A on G. This gives another proof of inclusion (21J).

Remark 1. Inclusion (2:2) means that for any vector field £ € Vec(M) tangent to
the distribution A, the Lie bracket [X, ] is tangent to A as well:

Ee A = [X,{eA.
That is, there is defined a linear mapping
(2.4) adX : A — A adX : £ [X,¢].

In terms of a local basis, condition (22]) reads as follows. For any point go € M
and any local basis &1, ..., & of the distribution A in a neighborhood ¢o € O C M:

A, =span(&1(q), - - -, &k(q)), qeO,
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there exist smooth functions ¢;; = ¢;;(¢) defined on O such that

k
(2.5) [K&](q):ZCﬁ(q)éj(q), €0, i=1,...k

Similarly, inclusion (Z3]) means that the linear mapping (2.4) is skew-symmetric
with respect to the inner product (-,-). In terms of a local basis: for any point
go € M and any local orthonormal basis of the sub-Riemannian structure (A, (-, -))
in a neighborhood O of ¢y,

Aq = span(&1(q), - -, &k (),
(€(a),6(@) =di5,  q€0O, i, j=1,....k
equality (ZH) is satisfied for some smooth functions ¢;; = ¢;;(q) defined on O such
that the matrix C' = C(q) = (ci;)} j=; is skew-symmetric:
cr=-C, qeO.
The preceding equality is equivalent to the following one:
(X.&],6) + & X 6D =0, i, j=1,..k

Now we prove Proposition [I].

Proof. Statement (1) is well known; see, e.g., Theorem 3.1 [4]. We prove state-
ment (2).

Let &, ...,& and n1,...,n; be local orthonormal bases of the sub-Riemannian
structure (A, (-,-)) near points ¢ € M and ¢; = e!*(q) respectively. Fix any pair of
indices 4,7 € {1,...,k} and define a smooth function depending on a parameter :

Pt = <(etX)*£ia (etX)*£j> .
Necessity. Let X € Sym(A, (-,-)). Then
Pt = po = 0ij;
thus,

0= o = (—ad X (&),&) + (&, —ad X (&)))-

4

dt],_g

The equalities
<adX(£z)a£j>+<£lvadX(£j)>:07 iv j:]-a"'vk7

mean that the operator ad X : A — A is skew-symmetric with respect to the inner
product (-, -).

Sufficiency. Let ad X € so(A, (-,-)). In particular, inclusion (Z2) is satisfied. By
item (1) of this proposition, the flow !X preserves the distribution A, i.e.,

k
(etX)*fi = Z Amillm, i=1,...,k,
m=1

for some smooth functions a.,; defined in a neighborhood of the point g;. Then

k k k k
(2.6) Yt = AmiTm, arim ) = Ami Al <77m, m) = apiQyg.

myi=1 =0m1
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On the other hand,

do

L= (ad X o ()6, (¢).) + (), —ad X o (¢X).65)

k k
= - <adX <Z amﬂ?m) ;Zaljnl>
=1

m=1

k k
- <Z AmiTlm, ad X (Z aljnl) >
m=1 =1

k
= - Y | (Xami)ay + ami(Xay)) (0, m)

m,l=1 =5

+ amiag; ({(ad X) 1, ) + (1, (ad X))
=0

k
= Z Xah alj —+ ah(Xal])
=1

k
= —-X <Zalialj> .
=1

Here X f denotes the Lie derivative (directional derivative) of the function f along
the vector field X:

Xf=df(X), feC®M), X € Vec(M).

In view of equality (2.6]), we obtain that the family of functions ¢; is a solution of
the ODE

dQOt
2. — = —Xyy.
(2.7) dt Pt

It is easy to see that this ODE has a unique solution: if ¢; satisfies ([Z7), then

S a) = ~Xou(e¥q) + Xu(e¥q) = O
thus,
ei(eq) = polq),
ie.,
ei(q) = pole”¥q).

But ¢g = d;5; thus,

‘Pt:<(etX)*§ia( ) &) = dij, i, j=1,...,k,

i.e., the field X is an infinitesimal symmetry of the sub-Riemannian structure

Av <v>) (]
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3. THE HEISENBERG CASE

3.1. The flat distribution and sub-Riemannian structure. Let g be the
three-dimensional Heisenberg algebra, i.e., the (unique) three-dimensional two-step
nilpotent Lie algebra:

(3.1) dimg =3, dim[g,g]=1, dim[g, [g,g]] =0,

and let G be the three-dimensional Heisenberg group, i.e., the corresponding con-
nected simply connected Lie group. A flat rank two distribution A on G is just any
rank two nonintegrable left-invariant distribution on G:

AcCg, dimA=2 Lie(A)=g.

To obtain a flat sub-Riemannian structure on G one has to add any left-invariant
inner product (-,-) in A.

As was indicated in [I3], up to isomorphism there exists exactly one flat dis-
tribution on the Heisenberg group, and the same is true for flat sub-Riemannian
structures. To show this, choose an orthonormal frame:

(32) A= Span(glv 52)7

(3.3) <§i7§j> =y, 1,j =1,2.

Since A is nonintegrable,

(3.4) 3= [€1,&] ¢ A,

and g = span(&1,&2,&3). Then [g, g] = R, and by virtue of (BI)), R¢s3 is the center
of g:

(35) [637 gl] - 07 [537 §2] =0.

Consequently, for any flat sub-Riemannian structure on G one can choose a basis
£1,&2,&3 in g with the multiplication rules (B.4), (38). Thus any flat sub-Rieman-
nian structures on the Heisenberg group are isomorphic one to another; the more
so this is true for flat distributions.

Any basis &, &, & in the Heisenberg algebra satisfying conditions (3:4) and
B3) defines a graduation:

g=g'@g’>, g'=span(&,&), g¢° = span(&).

The multiplication rules (3:4)), (3:5)) in the Heisenberg algebra g are schematically
shown in Figure 1.

&1 &

N

€3

F1GURE 1. The Heisenberg algebra
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The Heisenberg group can be represented by 3 x 3 upper diagonal matrices:

1 =z =z
G= 0 1 y z,y,2 € R
0 0 1

with the usual matrix multiplication. This linear representation gives rise to another
model of the Heisenberg group:

G~R3

T,Y,2

via the mapping

1 = =z T
01 y|—|wy |ce€ Rz%z.
0 0 1 z
Multiplication in the Lie group Rfc,y,z is then given by
x1 To 1+ X2
yi || v2 | = vty )
21 22 z1+ 22+ T1Y2
and the vector fields
0
§1 - %7
0 0
3.6 S =,
(3.6) ©2=5,1%%;
0
&=75;

3
T,Y,2"

Thus we have a model of the Heisenberg group as Rg’yyz, and the vector fields &;,
& in (B.0)) give a representation of the flat distribution and the flat sub-Riemannian
structure in this model since equalities (3:4) and (35) are verified.

Now we compute the Lie algebras of symmetries Sym(A) and Sym(A, (-, -)) with

the help of this model.

form a basis of the Lie algebra of left-invariant vector fields on R

3.2. Symmetries of the distribution.

Theorem 1. The Lie algebra of symmetries of the flat distribution A on the
Heisenberg group is parametrized by arbitrary smooth functions of three variables.

For the model in R3 , _ given by (3.2), (3.0),

0 0 0
with
P= _fy_xfm
Q:fx7
R:xfz_fv

where f = f(x,y,2) is an arbitrary smooth function.

The function f is called the generating function of the symmetry X.
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Remark 2. Tt is well known that locally all contact structures in R? (i.e., nonin-
tegrable rank two distributions in R?) are isomorphic. Thus Theorem [ describes
symmetries of a germ of a contact structure in R3.

Proof. Take an arbitrary vector field in Ri,y,z: X = P% + Qa—ay + R%, where P,
@, and R are functions of z,y, z. We have

0 0 0

0 0 0
(3.8) [fQ,X]—Ep%-FEQa—y-F(ER—P)&,
where

Ep:Py—l-J)Pz, EQ:Qy—l-J)Qz, ER:Ry—l-J)RZ.

We denote by P, the partial derivative %—5, etc. Thus statement (1) of Proposition[d]
reads as follows:

P, 1 0 Ep 1 0
Qe | =al O |+ 1 ], Eo =~ 0 |+6[ 1
R, 0 T Er— P 0 T

for some real-valued functions «, 3,7,d. This system of two vector equations is
compatible iff the following system of scalar equations holds:

(3.9) R, = 2Q.,

(3.10) P =FEr—zEq.

We integrate the first equation by parts:
R:/medx:xQ—/de

and denote f = [ Qdz. Then

(3.11) Q= fa,
(3.12) R=2Q—f=uaf.—f,
(3.13) P=R,+zR, —z(Qy +2Q.) = —f, —zf..

Thus system (B), BI0) implies system BII)-BI3) for some function f =
f(z,y, z). Consequently, if X € Sym(A), then system BII)—(BI3)) holds for some
f. Conversely, it is easy to verify that for an arbitrary function f the vector field
X = P% + Q% + R% determined by system (BII)-(3I3) is a symmetry of the
distribution A.

The correspondence between symmetries X and their generating functions f is
one-to-one since f = z@Q — R. O

3.3. Symmetries of the sub-Riemannian structure.

Theorem 2. Symmetries of the flat sub-Riemannian structure (A, {-,-)) on the
Heisenberg group form the four-dimensional Diamond Lie algebra

Sym(Av <'7 >) = Span(XOa X1, Xa, X3)
with the multiplication rules

(3.14) [Xo, X1] = —Xo, [Xo,X2] =X1, [X1,X2]=X5.
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For the model in RS, _ given by (32), (B3), and [B8), we have

(3.15) Xo = syt a4 et = )
(3.16) X1 = % + y%,

(3.17) Xy = oy’

(3.18) X3 = —%.

Remarks. (1) Multiplication rules (314)) in the Lie algebra Sym(A, (-, -)) are sche-
matically represented in Figure 2, which explains the title Diamond for this Lie

algebra.
(2) In terms of Theorem [I] the symmetries X, ..., X3 have the following gen-
erating functions respectively:
2 2
e +y
fOZTv flz_ya fQICL', f3:1
Xo

FIGURE 2. Sym(A, (-,-}), the Heisenberg case

The symmetries X7, Xo, X3 are just left translations on the Heisenberg group
G (compare with Fig. 1), while X is a rotation on G, i.e., a symmetry leaving the
identity of G fixed.

Proof. By virtue of the commutation relations (3.7)), (3.8), statement (2) of Propo-
sition [[ takes the form

P, 0 Ep 1
Qe | =811 ], Eq =—p1 0
R, x Er—P 0
for some real-valued function 3. This vector system implies the following one:
(3.19) Ry = 2Qq,
(3.20) P = Eg,
(3.21) P, =0,
(3.22) Eg =0,
(3.23) Ep =—-Q,.
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As in Theorem [, we take f = f(z,y,z) = [Qdx. This gives, together with
equations (B19) and (B20) that

(3.24) Q= /fa,
(3.25) R=2zQ—f=zaf.— [,
(3.26) P:Ry+xRZ:xfmy—fy—kafm—xfz.

Equations (326), (321)), (B24)), and (3:22)) imply that
Py = @fauy + tfos + 0 fovs — f. = 0,

(3.27) Eq = foy +2fr. = 0.
That is why

Py —x(EQ)e = —f. =0;
thus,

f=f(zy)

Then equation B2T) gives fzy = 0, which means that

f = alz) + b(y).

We obtain from 326]) that P = —b,; hence Ep = P, + P, = —b,,. On the other
hand, equation (Z24) gives Q = a,. Now [B23) takes the form —by, = —azs.
But the right-hand side of this equality depends on y, whereas the left-hand one
depends on z, which means that they both are constant. We denote this constant
by —c and obtain

c
b=gy*+dy+e,
a—ExQ—i— x

for some ¢,d, e, g € R. Hence
c
f=5@"+y") +dy+gr+e

and

0

(3.28) X:(—cy—d)£+(cm+g)2+(E(JcQ—yQ)—dy—e> pat

ox dy 2

To summarize the above computations, if a vector field X is a symmetry of our
sub-Riemannian structure, then it has the form (3.28). The converse statement is
verified immediately. That is why

Sym(A, <'a >) =

0 0 c 0
{Ca-ag g+ (50 =P -di-)  ladeger}.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



SYMMETRIES OF FLAT RANK TWO DISTRIBUTIONS 467

Now we compute a basis of the 4-dimensional Lie algebra Sym(A, (-, -)).

0 1 0
=1 d = = = 0 = X = —Yy— — 2 _ .2
cThame=y 0= o Ty T3 TV g
0 0
c ’ y € g 1 O + yaz)
0
c=d=e=0,9g=1 = Xo=—,
Ay
0
c=d=0,e=1,9g=0 = Xz3=-——.
0z
Nonzero brackets between the basis vectors are exactly the commutation relations
of the Diamond Lie algebra, see (B14). O

4. THE ENGEL CASE

4.1. The Engel algebra and Engel group. Let g be the Engel algebra, i.e.,
the (unique) four-dimensional 3-step nilpotent Lie algebra, and let G be the Engel
group, i.e., the corresponding connected simply connected Lie group. There is a
basis &1, &2, &3, €4 in g with the only nonzero brackets

[€1,&2] = &3, €2, &3] = &

In this basis, multiplication in the Engel algebra is schematically represented by
the diagram in Figure 3.

3
3

&

\

€4

FicurE 3. The Engel algebra

The Engel algebra is graded:
g=g'og’ad,

where

g' =span(&1, &), g° =span(&s),  g° = span(&).

4.2. The flat distribution and sub-Riemannian structure. As was shown
in [7], all flat distributions on the Engel group are isomorphic. Now we prove
that, moreover, all flat sub-Riemannian structures on the Engel group are also
isomorphic.
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Let (A, (,-)) be a flat sub-Riemannian structure on the Engel group G corre-
sponding to a graduation of g:
g=g ooy
A=g' dimg' =2,

¢ =g g'], dimg®=1,
g’ =g

,g°], dimg®=1

(certainly, these homogeneous components g* should not be the same as in the
previous subsection, but their number and dimensions are obviously the same).
Choose any nonzero vector

& eg.
The operator
adés @ g' — ¢’
has one-dimensional image and thus one-dimensional kernel. We can choose an
orthonormal frame in g' so that
g' = span(&1, &),
(i, &) = iz, 1,5 = 1,2,
(4.1) ker(ad &3)[q1 = span(&y).
Moreover,
€1, 8] = k&s, k€ R\ {0}

Now we denote k&3 as £3 and obtain

(42) [€1,&2] = &.
Finally, the vector
(4.3) €1 = [&2,85]

spans the homogeneous component g®. Equality (A1) and the inclusion &4 € g3
mean that all Lie brackets between the vector fields &1, &, &3, and &4 are zero
except those given by (@Z) and {3). Consequently, any flat sub-Riemannian
structure (A, (-,-)) on the Engel group possesses an orthonormal frame with the
multiplication rules [@.2)) and (£3)). (In the sequel we call such a frame a standard
left-invariant frame on the Engel group.) This proves the uniqueness of flat sub-
Riemannian structures up to an isomorphism. The uniqueness of flat distributions
obviously follows.

That is why any particular flat distribution and sub-Riemannian structure can
be used to compute the Lie algebras of symmetries Sym(A) and Sym(A, (-, -)).

4

4.3. The model in R*. The four-dimensional space RY .z

with the multiplication rule

is the Engel group

T T2 r1 + T2

| | Y2 _ | vty

z1 22 21+ 22+ T1Y2

Uy U2 w1 + us + Y122 + T1Y1Y2 + 193 /2
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Then the vector fields

(4.4) & = a%’

(4.5) & = a% + x% + xy%
b= l61.6) = o +y
b=l &) = 5

form a standard left-invariant frame on R

T,Y,2,u"

Thus we have the following model of the flat distribution A and sub-Riemannian
structure (A, (-, -)) on the Engel group in R2

T,Y,2,u’

(46) A - Span(€17§2)7

Now we compute the symmetries Sym(A) and Sym(A, (-, -)) in this model.

4.3.1. Symmetries of the distribution.

Theorem 3. The Lie algebra of symmetries of the flat distribution A on the Engel
group is parametrized by functions of 4 variables constant along the canonical vector

ﬁel}i"or the model in R} , ., given by (F-7) ~([7-0), we have

Sym(A) = {X = Sa% +Pa% +Q% +R%} ,
where
(4.8) S = fyy+20fye + 20y fyu + 3fu + 2 for + 207y fou + 279 fun,
(4.9) P=—f.=yfu,
(4-10) Q= fy,
(4.11) R=yfy -/,
and

f= 1y zu)

is an arbitrary smooth function of the variables y, z, u.

Remark 3. Tt is known that locally all Engel structures in R* (i.e., maximal growth
rank two distributions in R*) are isomorphic. Thus Theorem [3 describes symme-
tries of a germ of an Engel structure in R*. This question will be continued in
Subsection B4l

Proof. Take an arbitrary vector field X = S% + P% + Q% + R% € Vec(R%). In
view of the equalities

0 0 0 0
[fle] - Sﬂc% +an_y +Qx& +Rx£7

0 0 0 0
(€2, X] = Bs - +EPa—y +(Eq = S5 + (Er—yS —aP)5-,
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where
ES:£QS:Sy+sz+xySuv EP:£2P:Py+xPz+xyPua
EQ = §2Q = Qy +2Q, + nyuv Er=§R= Ry +aR, + zyR,,

and by virtue of Proposition [l a vector field X is a symmetry of the distribution

A iff
Sz 1 0
P, 0 1
(4.12) 0. | = o | CH I
R, 0 Ty
Eg 1 0
Ep _ 0 1
(4.13) Fo -5 =71 o +90 .
Er—yS —xP 0 Yy

for some smooth real-valued functions «, 3,7,d. These equations for «, 3,7,d are
solvable iff the following equalities hold:

Q:C = xP:C;
R, = xyPy,
EQ -5 = Ep{E,

Er —yS —xzP = Epay,

which are equivalent to

(4.14) Qo = xPy,
(4.15) Ry = yQa,
(4.16) S =FEg—xEp,
(4.17) Eqy=ERr —xP.

Equality [15) gives

ny:Rz @/szM:/dex@yQ:R‘f'fa

where
f=1 2w
is some smooth function of the variables y, z, u. Thus
(4.18) R=yQ— f.
Then equality (ZI7) gives
1 1
(119) P = (B~ yEq) = (@~ (fy + xf- +yf)

Finally, equality (£14)) takes the form

Qv =(Qur ~Q+ 1),

ie.,

(1.20) Q=1,
This gives, in view of (£IJ),

(121) R=yf,— I
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Now we obtain from (Z.T9])

(4.22) P=—f.—yfu
and from (I6)
(4.23) S = fyy + 22 fye + 22y fyu + T fu + 27 foz + 22%Y fou + 229 fuu-

The above computations show that if a vector field X = S % + P% + Q% +

Ra% is a symmetry of the distribution A, then its components S, P,Q, R satisfy
equalities (LZ3), (@22), @20), @ZT) for some function f = f(y, z,u).

Direct computation shows that given an arbitrary smooth function f = f(y, z, u),
any vector field X = Sa% + Pa% + Q% + Ra% with the components S, P,Q, R

determined from equalities (£:23)), ({:22), (£20), (£2I) belongs to Sym(A).

The correspondence between symmetries X and generating functions f is one-
to-one since f = yQ — R. O
4.3.2. Symmetries of the sub-Riemannian structure.

Theorem 4. The Lie algebra of symmetries of the flat sub-Riemannian structure
(A, (-,)) on the Engel group is the Engel algebra.
For the model in R} , ., defined by [(ZF) -7 we have

Sym(Aa <'a >) = Span(Xla X2, X3, X4)7

where
X, = a% +y% + %yQa%
Xy = (% +z%,
X3 = —8%,
X4 = 0

Remark 4. Nonzero Lie brackets in the Lie algebra Sym(A, (-, -)) are described by
the scheme in Figure 4; compare with the scheme for the Engel algebra in Figure
3.

N

Xy

FIGURE 4. Sym(A, (-,-)), the Engel case
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Proof. If a vector field X = S% + Pa% + Q% + Ra% € Vec(R?) is a symmetry
of the sub-Riemannian structure (A, (-, -)), then equalities (12) and (&I3]) should
hold with

a=0=0, [=-—7.
That is why S, P,Q, R satisfy both the old equations ([@I4)-(fI1), which mean
that X is a symmetry of the distribution A, and the following additional equations,
which mean that X preserves the inner product (-,-) as well:

(4.24) Sy =0,

(4.25) Es =P,

(4.26) Ep = 0.

That is why, by Theorem [3] for the components S, P, Q, R, equations (£.8))—({I11])
hold.

Equations (@8) and {24) give
Se =2fyz +2yfyu + fu+2xfor + day fou + znyfuu =0.

But f does not depend on z; thus we decompose the previous equality in powers

of x:
(427) 2fyz + fu + nyyu = 07
(428) 2fzz + 4yfzu + 2y2fuu =0.

Analogously, equalities (Z10) and (£20) lead to
Joy + fu + Y fyu + 2 foz + 22y fon + l‘yQ.fuu =0,

which decomposes into powers of x:

(4.29) fzy+fu+yfyu =0,
(430) fzz + 2yfzu + nyuu =0.
We subtract equation (E27) from the doubled equation (£29) and obtain
Ju=0,
which means
f= 1y, 2).
Now equations (£29) and (£30) read
(4.31) fy==0,
(4.32) f.. = 0.

Then condition (£3T]) is equivalent to
f=aly) +b(z),
and equality ([32) gives
b(z) =bz+c¢, bceR.

Consequently,
(4.33) f=aly)+bz+c
Finally, we obtain from (f8) and ([{33) that

S=ad"(y),
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and from (£9)) that

P=—b.
Then the last yet unused additional equation (Z2H) yields
a”(y) = 0;
thus,
a(y) = ay® + dy + const, a,d € R.
That is why

f=a’+dy+bz+c, a,becdeR.
Now we recover the components S, P, @, R from [3J))—(@TIT]) and obtain that any
vector field X € Sym(A, (-, -)) must have the form

0 0 0 9 0
(4.34) Xf2a%—ba—y+(2ay+d)&+(ay —bz—c)a, a,b,c,d € R.

Direct computation verifies that for any a,b,c,d € R the vector field X given
by (B34)) is a symmetry of the sub-Riemannian structure (A, (-,-)). So the Lie
algebra Sym(A, (-, -)) is 4-dimensional. We compute its basis:

1 0 0 1,0
= — = = = X = — —_— P =
@ 2’b c=d=0 = ! 8x+y82+2y8u’
a=0,b=-1,c=d=0 = X—g—i—zi
— Y - 5 - - 2 = ay aua
0
a=b=c=0,d=-1 = X3=-——,
0z
0
a=b=0,c=-1,d=0 = Xy=—.
ou
Nonzero brackets between the basis vectors are:
[X1, Xo] = X3, [Xo, X3] = Xy
Consequently, Sym(A, (-, -)) = span(X1, X2, X3, X4) is the Engel algebra. |

4.4. Engel structure and a transverse contact structure. An Engel structure
on a four-dimensional manifold My (see e.g. [7]) is a rank two maximal growth
distribution A on My, i.e., a rank two distribution A with the growth vector (2, 3,4).

One of the vector fields admissible for an Engel distribution A, namely &;, sat-

isfies the property

(ad &)A? C A%
This property determines the vector field &; uniquely up to a nonvanishing factor.
Such a vector field is called a canonical vector field of the distribution A.

Given an Engel distribution A on a four-dimensional manifold My, its canonical
vector field &1, and a three-dimensional submanifold N3 C My transversal to &7,
the distribution

D=A2NTN;

defines a contact structure on N3 (see [7]) called a transverse contact structure.
Locally, all Engel structures are isomorphic (see [5], [7]); in particular, a germ of
any Engel structure can be represented by the model

A = span(1,&2), &,& € Vec(Ry, )
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considered in Subsection 3] This implies that the Lie algebras of symmetries of
the flat Engel distribution computed in Theorem [3] are Lie algebras of symmetries
of a germ of an arbitrary Engel distribution.

On the other hand, all contact structures are also locally isomorphic (the Dar-
boux theorem). In particular, any contact structure on a three-dimensional mani-
fold is locally isomorphic to the flat rank two distribution on the Heisenberg group
(see Subsection [B.1)), and the Lie algebra of symmetries computed in Theorem
is, in fact, the Lie algebra of symmetries of a germ of a contact structure on a
three-dimensional manifold.

That is why, comparing Theorems[1] and [3], we arrive at the following proposition.

Theorem 5. Let A be a germ of an Engel distribution on a four-dimensional
manifold My with a canonical vector field &1, and let D be a germ of a transverse
contact structure on a three-dimensional submanifold N3 C My transversal to & .
Then there is a one-to-one correspondence between:

1) symmetries of A;

2) symmetries of D;

3) functions f : My — R constant along the canonical vector field &; .

5. THE CARTAN CASE

Rank two distributions in the five-dimensional space were studied by E. Car-
tan [6], and this gave the title of the case we consider in this section.

5.1. The Lie algebra and Lie group. Let g be the five-dimensional nilpotent
three-step Lie algebra with multiplication rules in some basis

g= Span(§17 §25 €3a €47 §5)
as follows:

[51752] = 537 [51753] = 547 [52;53] = 55

(all the remaining brackets are equal to zero). We call such a frame &;,...,& a
standard left-invariant frame on g. Multiplication rules in a standard frame of g
are represented by the scheme in Figure 5.
&1 &
[ ) [}
\53'/
[ ]

N

FI1GURE 5. Lie algebra g, the Cartan case

The Lie algebra g is graded:
g=g'vg’ @ g’
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where
gl = Span(glv 52)7 92 = Span(f?))v 93 = Span(féla 55)
Denote by G the simply connected Lie group corresponding to g.

5.2. The flat distribution and sub-Riemannian structure. We assert that
any flat distribution or sub-Riemannian structure on the Lie group G is isomorphic
to the following one defined via a standard frame in g:

(51) A= Span(£17£2)v <£ia£j> = 6ij7 Zv] = 172

As before, we prove the isomorphism for sub-Riemannian structures, and the
isomorphism for distributions will follow. Take an arbitrary flat sub-Riemannian
structure (A, (-,-)) on the Lie group G corresponding to a graduation of g:

g=g'eg’®d’,
A
2

g', dimg' =2,

g’ =[g", 0", dimg®=1,

g’ =[g" 0%, dimg®=2

(as in the Engel case, these homogeneous components g° should not be the same
as in the previous subsection, but their number and dimensions are obviously the

same).
Choose any orthonormal basis as in (5.1]). Then the vector

& = [&1, &)

spans g2, and the vectors

§a=161,8], & =1[62,8]

span the homogeneous component g3. Thus the orthonormal frame &1, & of the
sub-Riemannian structure (A, (-,-)) generates a standard frame in g. This proves
the uniqueness of flat sub-Riemannian structures on the Lie group G up to an
isomorphism; the flat distributions are isomorphic so much the more.

5.3. The Cartan model. In this subsection we describe the local model of the
flat distribution on the Lie group G due to E. Cartan (this construction was kindly
communicated to us by A. A. Agrachev).

Let g = g2 be the (unique) noncompact real form of the complex simple 14-
dimensional Lie algebra g5, and let G’ be the corresponding connected simply con-
nected Lie group. We consider g as the Lie algebra of left-invariant vector fields on
G and choose a basis

g= Span(Zh R} Zl4)

so that Z13 and Z14 span a (two-dimensional) Cartan subalgebra of g and 71, ...,
Z14 correspond to root vectors; see Figure 6. (Compare with the description of the
linear representation of go in the Appendix and Figure 8.)

The vector fields Z7, Z5 generate the left-invariant 2-distribution

D= Spa’n(Zla ZQ)
on G and the 5-dimensional nilpotent Lie algebra

n = Lie(Z1, Z2) = span(Zy, ..., Zs),
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Z12

FIGURE 6. Root vectors of g, the Cartan case

which is obvious from the scheme of root vectors in Figure 6. The same figure
shows that the vector subspace of g transversal to n, namely

h = span(Z, ..., Z14),
is in fact a subalgebra having the property
(5.2) adh(D) C D+ .

That is, the subalgebra h preserves the distribution D modulo b itself; consequently,
we can factorize by b.

Let H be the local connected subgroup of G corresponding to the Lie subalgebra
b, and

M=G/H={zH |z G}
the left coset space, a smooth 5-dimensional manifold. Take the corresponding
projection and its differential

m: G—->G/H=M, = : zw— zH, T : hb—g/h
and define
A =7 (D).

By virtue of (B:2)), A is a correctly defined 2-distribution on M.
We choose a vector field basis in A as follows. Let N be the local subgroup of
G corresponding to the nilpotent subalgebra n. Since

nnbh={0},
then the restriction
wln : N—=M
is a diffeomorphism. Denote the inverse diffeomorphism by
T : M— N, T =(n|y)""
and define the vector fields on M by

&i(q) = muZi(x), x=1(q), i=1,2.
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First,

Aq =span(§1(q),&2(q)), g€ M.
Second, the vector fields &;, i = 1,2, are m-related to the vector fields Z;, i = 1,2,
respectively. Consequently,

Lie(fl,gg) = Lie(Zl, ZQ) =n.

To summarize, A C TM is a 2-distribution on the 5-dimensional manifold M,
and admissible vector fields of D form the 5-dimensional nilpotent Lie algebra n.
That is why the distribution A is a (local) model for a flat (2,5)-distribution. We
call it the Cartan model.

Now we compute some symmetries of the distribution A with the help of the
Cartan model.

The left-invariant distribution D is preserved by all left translations on the Lie
group G. The flow of a right-invariant vector field on G is realized by left translations
on G; that is why all right-invariant vector fields on G are infinitesimal symmetries
of D:

g- C Sym(D)
(we denote by g, the Lie algebra of right-invariant vector fields on G).
Now we project these symmetries to M. The action of the group G by left
translations is naturally projected from G to its homogeneous space M = G/H;
hence, right-invariant vector fields on G are correctly projected to the vector fields

7« (gr) C Vec(M).
The left translations of G on M preserve the distribution A; thus,
m.(gr) C Sym(A).

In order to show that the projection 7, does not send any symmetry from g, to
zero, suppose the contrary:

Jveg, : v(r) €kermd, VxeQqG.
We apply this inclusion at the identity e € G and see that
veb,

(we denote by b, the Lie algebra of all right-invariant vector fields on G that are
tangent at the identity e to the subgroup H). On the other hand,

ker m. |, = h(z)

(in the right-hand side stands the vector space obtained by the values of the left-
invariant vector fields from b at the point € G). Consequently,

vebh.Nh.

But
br N b = {0}

since the Lie algebra g is simple. This means that v = 0. Thus,

dimm,(g,) =14

(5.3) 7T (gr) = gr = g C Sym(A).
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That is, the Cartan model yields that locally a flat (2,5)-distribution has a 14-
dimensional algebra of symmetries isomorphic to the Lie algebra gs. In Subsubsec-
tion [B.4.T] we show that inclusion (B3] is in fact equality.

5.4. The model in R°. The five-dimensional space R} , ., endowed with the
multiplication rule

x1 To T1 + 22

Y1 Y2 Y1+ Y2

21 || % | = | &t rz2t Ty

uy Uz U1 + ug + z1y2 + 1Y3/2

U1 Vg v1 + V2 + 22122 + 22y

becomes the five-dimensional nilpotent Lie group G described in Subsection
with the standard left-invariant frame

0
(54) 61:%5
0 0 0 0
& =[61, &) = % +2$%,
0
€4 = [51553] = 2%)
B 0
& =1[62,&] = o5

Thus we can use the corresponding model of the flat distribution and sub-Rieman-
nian structure on the group G:

(56) A= Span(£17£2)v

Now we compute the symmetries Sym(A) and Sym(A, (-, -)) with the help of this
model.

5.4.1. Symmetries of the distribution.

Theorem 6. The Lie algebra of symmetries of the flat distribution A on the five-
dimensional nilpotent Lie group G described in Subsection[5.1] is the 14-dimensional
Lie algebra go, that is, the (unique) noncompact real form of the complex exceptional
simple Lie algebra g5 .

For the model of A in RS defined by (5.2)—(5.6), we have

Sym(A) = span(Y1, ..., Y14),
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1
36

2 -|- 2—1-422
T You"" o0 )

(o, ,9
12\ 0

z
('9
o

(i
f<

324
1 0
12 ou’
1

0 3]
3 ((6m2y2 — 12zyz + 2422 — 18yv)% + (6xy® — 2429 + 36yu)a—y

+(32%y® — 12y2% — 9y*v + 36zu)%
+(62y32 — 129222 — 3yv + 36u?) =—
+ (22393 — 36yzv + 1623 + 36uv)%) ,
3 ((—4x2y +4xz + 61})2 + (—6zy* + 16yz — 12u)2
or dy

+(—322y? + 422 + 6vy)% + (—6xy?z + 8y2* + 3y2v)(%

0
+ (—2z°y +12zv)8v>,

36 ((63:2,2 - 931:11)2

0 0
18zu — 1222) 2 20— 920) =
e + (18zu z )8y + (92°u — 92v)

0z

0 3}
.3 9 3
+(18zzu — 8z° — Yuw) 5u + (6z°u — v )(%)

0 0 0]
2 9 e g 2, a9
9 (Qx - + (6xy — 82) ” + (3z“y — 3v) "

0 . 0
+(6xyz — 4z 3yv)8u + 2z y8v> ,

0 0 0 0 0
—4z)=— —¢? + — —42?
((a:y 2) Y =— ; — (2y 3u) 3yu z v) ,

Wl

9 0 d 3 0
-9 (63:8— + 322 E +(6x2—3v)a— + 2% 5‘1))

1 0 0 5 0 0
391 (Gya— + 3y2 P +y°— + (12yz — 12u)%) ,

ou
0 0 0 0
—m% — z& —ua — 21}%,
0 0 0 0
m% —l—ya—y—l—u% —v%.
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Corollary 1. The vector fields Y1,...,Y14 € Vec(]R5) given in Theorem [@ provide
a faithful representation of the Lie algebra go.

The proof of this theorem reduces to the following two independent lemmas.
Lemma 5.1. Sym(A) = span(Yi,...,Y14).
Lemma 5.2. span(Y7,...,Y14) & go.
Proof of LemmalZl We take an arbitrary smooth vector field

) 0 0] 0 0] 5
YﬁP(‘)m +Q8y+R82+58u+T8v € Vec(R?),
and compute the brackets

0 0 0 0 0

0 0 0 0 0
[fg,Y] =FEp— —|—EQ— + (ER — P)a + (ES —R)— + (ET — 23:P)—,

ox Jy ou ov
where
(5.8) Ep = &P = P, + 2P, + 2P, + 2*P,,
(5.9) Eg = &Q = Qy +2Q. + 2Qu + 2°Qy,

Er=&R=R,+ 2R, + 2R, + 2°R,,
Es =&S=8,+25, +25,+ z2S,,
Er = &T =T, + 2T, + 2T, + 2°T,,.
By Proposition [T} a vector field Y is a symmetry of the distribution A iff

(5.10)
P, 1 0 Ep 1 0
Q 0 1 Eq 0 1
R, =al|l 0 | +0 T , Er—-P =~ 0 | +§ T
Sy 0 z Es—R 0 z
T: 0 x? Ep —2xP 0 22

for some smooth real-valued functions «, 3,7, d.
These vector equations are solvable in «, 3,7, € R iff the following equalities

hold:

(5.11) Ry = 2Qq,

(5.12) Sy = 2Qq,

(5.13) Ty = Q.

(5.14) P = Egr — zEq,

(5.15) R = FEs — 2Eq,

(5.16) 2*Eqg — 22ER + Er = 0.

Equality (5:12) is obviously equivalent to
(5.17) S=2Q+ ¢
for some smooth function

© =y, z,u,v).
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Now we can compute R in terms of ) and ¢:

Es = &8 ==86((2Q+¢) = 26Q + 2Q + L2

= 2Eq +2Q + ¢y + xp. + 204 + 505
hence by (B1H),
(5.18) R=Es—2Eqg =2Q + ¢, + 19, + 2y, + 220y,
We differentiate the previous equality with respect to x:
Ry = 2Q2 + Q + ¢ + 2z00,
and in view of (BIT) obtain
(5.19) Q= —p. — 2zp,.
Then (BI7) is rewritten in the form
(5.20) S=2Q0+¢p=p—zp, —2x20,
and (B.13) as
T, = xQQx = —2x230v.

We integrate the previous equation with respect to x:

(521) T= _ngso’v +w7 1/} = w(yazauvv)'

Taking into account equalities (519), (518), (520), and (E21]), we see that condi-
tions (B11)—(5.I0) are equivalent to the following ones:
P= ER - xEQ,
Q =~z — 2x301)7
R =, +2p, — 1‘2(;01);
S =9 —zp, —2x2p,,
2
T = —§$3 Po + ¢7
1?Eq — 2xER + Er = 0.
Thus all components of our vector field P,Q, R, S,T are uniquely determined by
two functions ¢ = ¢(y, z,u,v) and ¥ = ¥(y, z,u,v) that satisfy equation (5.27).
Now we substitute the expressions of P, Q, R, S, T in terms of ¢, ¢ into this equation

and find independent parameters that determine ¢, 1.
In terms of ¢, 1, equality (5.27) takes the form

z° —g + 2 —§ + 23 —§ — —§z
39011’0 33021) 380741) @zz 3 Spuv

+ xQ(_&pyz — 3202y — 204 + ?/11))
+ x(—2<pyy — 4zpyu — 222301“1 +.) + (% + z1py) = 0.
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Recall that ¢ does not depend on x; that is why

(5.28) Yo =0,
(5.29) 0z =0,

3
(5.30) Pyv + 3Pz + 2pup = 0,
(531) 380yz + 3250271 + 25071 - wv = 0;
(5.33) Wby + 20y = 0.

Equations (:28), (529) mean that ¢, does not depend on v, z:
v = a(y, u);

thus,

(5.34) v =va(y,u) + By, z,u)

for some functions a(y,u) and B(y, z,u). In view of the previous equality, condi-

tions (B.30)-(5-33) take the form

3
(5.35) ay + gﬁzz + zay, =0,
(5.36) 3Byz + 32Bzu + 2van, + 28y — Py =0,
(5.37) 200y + 20yy + dzvory, + 428y, + 2220y + 222 Buu — V. = 0,
(5.38) Wy + 2ty = 0.

Differentiation of equation (5.35) with respect to z gives

3
gﬁzzz = —Qy.

Then we integrate the previous equality three times with respect to z and obtain

4 1
(5.39) 8= —§z3au + 5227 +20+0

for some functions
v=7yu), I=90yu), o=o(yu).
We substitute expression (39) into (B3H) and obtain

8
Y= _gay,
thus,
4 4
(5.40) g8 = —§z3au - gzzay + 20 + o,

and this equality is equivalent to (B.33).
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Substitution of the expression for 8 from (540) to equalities (5.36) and (B.37)
leads, after some transformations, to

44 44
wv = 23 (—gauu) + 222 (—?ayu> + Z(_Sayy + 5511,)
(5.41) + (30, + 2vay, + 204,),
8 40 56
wz = 2° <_§auuu) + 24 <_§ayuu) + 23 <—§ayyu + 25uu>

8
+ 22 <_§ayyy + 40y + 2v00,, + ZUW)

(5.42) + 2(20yy + dvayy + 4oyy) + (2vayy + 20y,).
We differentiate:

44 44
wvz = _322041“1 + 2z (_?ayu> + (_8ayy + 5671)7

Voo = 222 + 420y, + 200,

equate these mixed derivatives and the terms near equal powers of z in them, and

obtain

(5.43) . = 0,
(5.44) ayy =0,
(5.45) = 50

Equations (243) and (544) mean that

a, =c¢, ceR;
thus,
(5.46) a = cu+7(y).
Condition (B4H) then reads

Tyy = §5u9
that is why
(5.47) § = 2umyy, + A\(y).
In view of (&40 and (41), equalities (541)) and (5:42)) are rewritten as
(5.48) Yy = 2(2myy) + 6umyyy + 3Ny + 2cv + 20,
. = 2° <1?67ré3) - 2auu> + 2(durl + 2)y, + doyy)
(5.49) + (2umyy + 20,y),

the first of which after integration with respect to v gives
(5.50) ¥ = cv? 4 v(22myy + 6umyy, + 3\, +20,) + 7(y, 2, u).
We differentiate the previous equality with respect to z and obtain

Y, = 20Ty + Tz,
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then compare with (5:49) and get
16 .
T, = 22 <?7rl(/‘3) + 2auu> + z(4u7rl(/4) + 2Ny +4doyu) + 20y,.
Integrating with respect to z leads to

16 2
T=2° (57953) + §JW> + 22(2u7r§4) + Ay + 20y4) + 204y2 + (y, u).

We substitute this into (5.50) and obtain
. (1 2
v = @®+ v(2z7rl(/2) + 6u7rl(/‘3) +3X\, +20,) + 23 <—67r(3) + —auu>
(5.51) + 22unY) + Ay + 204u) + 2042 + €.
We substitute this expression for ¢ into (.38) and get

2 34 8
z* <§0uuu) + 23 (577754) + g%uu) + 22(2u7r?55) + /\(yS) + doyyu)
+ zv(877753) +20u) + 2(20yyy + €u) + v(6u7rl(/4) + 3)\?52) +20y,) + &4 = 0.

We equate terms near powers of z and v to zero and obtain

(5.52) Cuuu = 0,
34 8

(5.53) 57@‘,4) + = 0yuu =0,
(5.54) 2ur(?) + A3 + 4oy, =0,
(5.55) 87 + 204, = 0,
(5.56) 20y + €0 = 0,
(5.57) 6urt) + 3\ + 20, = 0,
(5.58) g, =0.
Equation (558) means that

€ = e(u),
and equation (£5h3) yields

1
(5.59) o = Su*0(y) + up(y) + ().
Then equalities (B53))—(E.58) are rewritten as
34 8

(5.60) 57@4) + 30y =0,
(5.61) 2um(® + AP + 4ub? + 4pP =0,
(5.62) 8m(¥ +20 =0,
(5.63) u?0P) + 2upl?) + 2983 + £, =0,
(5.64) 6urlY + 3P + 2ub, + 2p, = 0.

We differentiate (5.G2):
gt +26, =0,
which gives in combination with (G.60):

7r§4> =6, =0.
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Thus,
(5.65) 0=a, a€R,
and equations (B60)—(564) take the form
3 2) _
(5.66) A3+ 4pl2) = 0,
(5.67) 8l +2a =0,
(5.68) 2up(¥ +2v{¥ + £, =0,
(5.69) 3N +2p, = 0.
Then (5.67) implies
1
(570) ™= _ﬂay3+by2+dy+f7 b7d7f ER,
and equations (5.60)—(5.69) are equivalent to
3) _
A =0,
p{?) =0,
27?53) +ey =0,
3AP) 4+ 2p, = 0.
That is why
1
=g’ +ly+m,
p=ny+p,
1
= R+ a +ry s,
e=—ku+t
for some

n,l,m,p, k,q,r,s,t € R.

Now we recover the functions ¢ and ¢ via (£34), (B40), (&46), G417, G5,
(E:59), (565), and (B10):

1 1 4 1
p = 6@3/222 - ﬂay?’v + by?v — §cz3 - gbyz2 — §ayzu
L2e + kP 4 cuv+ dyo — 22 + dbzu+ lyz + ~au?
——ny‘z+ — cuv v — =dz 2 z+ —au
3" E TR Y3 YTy
+nyu+qy2+fv+mz+pu+ry+s,
1 2 1 4
P = —50Yzv + §a23 + cv? + 4bzv + Zauv + 57122 + kyz + 3lv

+2pv + 4qz — ku + t,
a/)b7c’d7f”r"’l’m’p?kl?q?r?S)t E R'
To summarize, we proved that
0 0

0 0 0
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where
1 4 2 1 2 1 4
P = ﬁanyQ - gbey - gch,z - Eaxyz - gde — gnxy + gbxz
1 1 1 4
(5.71) +cxv + gaZQ — Lo + (p+2D)x+ §ky + 3n? + 2bv + 2¢,
1 . 1 4 16 1
Q = Eang — 2bzy? — gazy2 — 2dxy — 2cxu + 5022 + ?byz + gny2
1 8
(5.72) +§ayu—2fx—ly+ gdz—élbu—m,
R = icwczy3 — ba?y? — daPy — ca’u — layz:2 — layzv — fz? + 1nyz
24 6 8 3
4 1 1
+2byz + §b22 + 507U + ijyQ + czv 4 2qy + 1z + nu
(5.73) +dv +pz + 7,
1 3 2 L 5o 1 3 2
= — -2 — = — —avy® — 2czzu— 2
S 150%Y % bxy“z 6ay z 522V cxzu — 2dxyz + by“v
8 1 8 1
+§byz2 + Ek:y?’ + §cz3 —2fxz + qu? + nyu + iau2 + cuv + dyv
4
(5.74) —i-gdzz—l—ry—l—pu—l—fv—l—s,
1 2 2 2 2 1 2
T = %aﬁyg — gbx3y2 — gdmgy — gcxgu — gfx3 — oYz + §a23
4 1
(5.75) +§nz2 + kyz + 4bzv + o + cv? 4+ 4qz — ku + (31 + 2p)v + t.

The basis of the Lie algebra Sym(A) presented in the formulation of Theorem g
is obtained for the following values of parameters (we write only nonzero values of
the parameters k,q,m,r,s,t,a,b,¢,d, f,n,p,1):

1
5.76 = — = Y]
( ) q 36 1
(5.77) m=3=Ys,
1
. = — Y-
(5.78) r= =Y
1
(579) t 324:> 4,
1
5.80 = _ =Y
(5.50) =Y,
a=24=Y;,
b=9=1Y
c=—324 = Ys,
d=-27=Y,,
TL:—].:>Y10,
f=27= Y,
1
k=—==Y
27 12,
p:_1:>Y137

p=11l=-1= Y.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



Immediate verification shows that the vector fields Y7, ..

pendent.

All vector fields Y7, ..
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the conditions of Proposition [d] hold:

(Y3, &1
[Ys, &1

[Y7,&1]
[Yz, 1]

[Yéa El]
(Y10, &1]
[Yllv 51]
[Y127 51]
[Y137 51]
[Y147 51]

Thus,

=0,

= (—day® + 4y2)&
_2y3§25

= (24zy — 122)&
+18y2£27

= (—432zz + 324v)&;
—64811@2,

= —36x&; — bdyés,

= _%ygla

= 54527

=0,

= 51;

= 51;

[Y3, &l
(Y6, &2

(Y7, &)

Sym(A) = span(Y7, ..
and Lemma is completely proved.

-0, i=1,...,5,
= (62%y — 1222 + 6v)&;

487

., Y14 are linearly inde-

., Y14 are indeed symmetries of the distribution A since

+(2zy? + 4yz — 12u)&a,

= —18%251

—(12zy + 122)&o,
= 10823¢;

+216x2&2,

,Y14),

Proof of LemmalZZ Nonzero brackets in the Lie algebra Sym(A) in the
Y1,...,Y14 given in the formulation of Theorem [l are shown in Table 1.

TABLE 1. Multiplication in Sym(A), the Cartan case

[Y3,Y10] = —2V7,
[Y3,Y1] = —3Y4,
[Y10, Yo] = —2Y7,
[Y107 YS] = Y;Sa
[YQ; };2] - _3Y11a
[Y7,Y3] = —2Yy
[Y7,Y4] = Y7,
[Y2,Ys] = Y7,
[Y12,Ys] = Y5,
Y11, Y4 = Y5
[Yi3,Y3] = V3,
[Yis, V1] = Y7,
[Yi3,Y5] = V5,
[Y13,Ys] = —Ys,
[Yi4,Yo] = =Y5,
Y14, Yg] = =Yg,
[Y14,Yy] = Y2,

[Ys, Y7] = —2Y13 + Yia,
[Yy,Y1] = Yiz + Yig,
[Ys, Ya] = Y13,

[Y3,Yo] = 2Y5,
[Y3,Ys] = Yo,
(Y10, Y7] = —3Ys
Y10, Y11] = —Y5,
ngv YIQ] = YlOv
[Yz7,Y1] = 2Yio,
[Y2,Y1] = —2Y3
[Y1,Ys] = =Yz,
(Y12, Y5] = =Y,
[Ylla }/G] _}/é;
[Y13,Yy] = =Y
[Yi3, Y12] = Y12,
[Yi3,Y11] = — Y11,
[Y14, Y10] = Y10,
Y14, Y1] = Y1,
(Y14, Y5] = Y5,
[Y14,Y5] = Y5,

[Y3,Ya] = 3Y5,
[}/:57%] _Y10)
[Y10, Y1] = 3Y12,
ngv Y?] = 31/8;
Df97Y4] - _Y37
[Y77Y:5»] - _Yé7
[Y2,Y12] = =11,
[Y1,Y11] = Yo,
D@v YS] = Yll;
[Yy, Ys] = Yio,
[Y13,Y7] = =Y7,
[Y13,Ys] = —2Y5,
[Yi3,Ya] = 2Y4,
(Y14, Yo] = Y5,
(Y14, Y12] = 2Y12,
Y14, Y11] = —2Y11,

[Yio, Ya] = Yiz — 2Y1y,
[Yiz2,Y11] = Y4,

[Y5,Ys) = —Yi3 + Yi4.
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The required isomorphism
F : Sym(A) — go
is defined on the bases of these Lie algebras by the following matrix:

YeSym@A) [Vi [V [ Y [ Y2 [Y [Ye |V
FY)€gs | X | X o | Xeo | X py | Xpy | X | X0

Y eSym(A) | Ys |Yy |Yio | Y11 [Yio |Yi3| Yy
F(Y) € go Xf2 )(e3 Xe2 X—fl Xf1 H, | Hy

See the appendix for a description of the Lie algebra go and its basis Hy, Ha,
Xie;s Xt ¢ =1,2,3. The map F is indeed an isomorphism of Sym(A) and go
since the multiplication Tables 1 and 3 (see the appendix) for these Lie algebras
are isomorphic. O

5.4.2. Symmetries of the sub-Riemannian structure.

Theorem 7. The Lie algebra of symmetries of the flat sub-Riemannian structure
(A, (-,-)) on the five-dimensional nilpotent Lie group G described in Subsection[5.1]
is the siz-dimensional Lie algebra

Sym(A, (-,-)) = span(Xo, ..., X5)

with the following multiplication rules for the basis elements:

[XO)Xl] - _X27 [XO)XQ] :Xla
[Xo, X4] = = X5, [Xo, X5] = Xu,
5.81
( ) [Xla X2] = X3;
[X1, X3] = X, (X2, X3] = Xs.
For the model of (A, (-,-)) in R® defined by (5.4)—([5-7) we have
1
(582) XQ = —ayll — 54Y1o
and

1 1 1
. X1 =-3Y1, Xo=-—-"Y,, X3=--Y;, X;=3Y,;, X;=-—-Y
(5.83) 1 3Yi, 2= g% 3 TRES 4 =3Yy, 5= 1375
where the vector fields Y1, ...,Ys are defined in Theorem

Remark 5. Multiplication rules (B81) in the Lie algebra Sym(A, (-, -)) are schema-
tically represented in Figure 7 (we draw X, twice to obtain a planar graph).

Proof. By the proof of Theorem [, a vector field

0 0 0 0 0
X=P—+Q+—+R—+S-—+T—= € Vec(R®
8x+Q8y+ 8z+ 8u+ 81)6 ec(R?)
is a symmetry of the distribution A iff the functions P, Q, R, S, T have the form
(B (E75). Moreover, X also preserves the inner product (-,-) iff P, Q, R, S, T

satisfy, in addition to (BZ])—(EZA), the following extra equations:

(5.84) P, = 0,
(5.85) Q. = —Ep,
(5.86) Eg = 0

(the notation Ep, Eq is introduced in (5.3), (&.9).
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FIGURE 7. Sym(A, (-,-)), the Cartan case

But conditions (.84)—(5.80) mean that

ie.,

=y S I

Il
|
|

£

8
|

3

1
= —kaZ + Zky2 + 2qy + T,

wn
|

1. . 1 1

ﬁkgf - ikxz +qy® +ry + Zkv + s,
1 .

T = —gkx‘3 + kyz + 4qz — ku + t.

For k = -2, ¢ =m =1r = s =1t = 0 we obtain the vector field Xy defined by (5R2).
The remaining basis vector fields X;, ¢ = 1,...,5, are determined by (E83), (BZ6).
Then Sym(A,(-,-)) = span(Xo,...,Xs), and the commutation rules (&Il are
directly verified. O

6. GENERAL PICTURE

We summarize the above computations of symmetries of flat rank-two distribu-
tions and sub-Riemannian structures in Table 2.

For completeness, we include the two-dimensional (Riemannian) case: any vector
field in G = R? preserves the rank-two distribution 7'G, and the flat Riemannian
structure is preserved by the Euclidean group of motions of the plane. In the
Heisenberg case, n = 3, symmetries of flat distributions are parametrized by arbi-
trary smooth functions of three variables, and the flat sub-Riemannian structure
is preserved by the four-dimensional Lie algebra: in addition to three indepen-
dent left translations on the Heisenberg group, there is one additional rotation in
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TABLE 2. Symmetries of flat (2, n)-distributions and sub-Rieman-
nian structures

n| (A () || Sym(A) | dim || Sym(A,(-,-)) | dim
2 Vec(R?) | oo 3
% A4
3 flz,y,2) | o0 4
N %

N N

4 fly,z,v) | o0 4
N v
s s
%

o g2 14 6

this group. In the Engel case, n = 4, the Lie algebra Sym(A) is parametrized by
functions of four variables constant along the canonical vector field of the Engel
distribution (which is here taken to be & = a% as in the model of Subsection F3)).
As for symmetries of the flat sub-Riemannian structure, there is only the “trivial”
four-dimensional group of left translations on the Engel group. In the Cartan case,
n = b, there is the 14-dimensional Lie algebra go of symmetries of the flat dis-
tribution; and the flat sub-Riemannian structure is preserved by five “trivial” left
translations on the 5-dimensional nilpotent Lie group and one additional rotation
on this group.

7. APPENDIX: LINEAR REPRESENTATION OF g2

For completeness of exposition, we describe here a faithful representation of the
simple exceptional complex Lie algebra g5 and its unique noncompact real form by
7 x 7 complex skew-symmetric matrices (we follow [11], Lecture 14).

We denote by

Eijv Z'aj:]-a"w?a

the 7 x 7 matrix with all zero entries except the only identity entry in the i-th row
and j-th column; introduce also the skew-symmetric matrices — the basis elements
of the Lie algebra so(7):

Ep

i3] =
Then
gg = SpanC(POa'"5P67Q07"'7Q6)5
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Py =2(Ej3,9) + Ejg,7)),

Py =Epgs + Ei50,
Py =Ep,

Qo = 2(Eus) + Es1),

Q1 = Ejg 4 +E57];
Q2 = Ejg 5 +

[ [

]+ Ep7.a, | + Ez,4,
Py = Ep ) + Epz 2, Q3 = Ez.6) + Er.2),
Py = Eps.0 + Ejz 7, Q1= Epg + Bz,
Ps5 = Ep 7 + Ejz s, Qs = Bz + Ez5),
Ps = Ejg1) + Eja3), Q6 = E59 + Eag)-

Matrices of the form
(71) H = ClP() —|— bQO = aE[gyg] + bE[4’5] + CE[7’6], a + b + C = 07

form a two-dimensional Abelian subalgebra b of g5 (b is a Cartan subalgebra of
g5)-
Introduce the elements

U1 = (2P, — Q2) £ (2P — Q1), Vi = Q2 FiQ1,
Upa = 2Py — Q4) £ i(2P3 — Q3), Vio = Qs £iQs3,
Uiz = (2Ps — Qs) £ 1(2P5 — Qs), Viz = Q¢ £ 1Qs,

which span g5 together with b.
In the dual space h* we choose the basis e1, e dual to the basis Py, Qo. Then
for each element (1)) of the space h we have

ei(H)=a, ex(H)=0b, es(H)=c,
where
es3 = —(61 —+ 62).

Assume that the dual space h* is a Euclidean space with Cartesian coordinates
in which the vectors e, es have the coordinates

_ (Y5, _ (6 V2
€1 = 3, , €2 = 672 .

Introduce also the vectors
Ji=ex—e3, fa=e3—e3 f3=e —ea
Then we obtain the following 12 vectors in the plane h*:
={*e1, +ea, tes, £ f1, £ fo, £ f3};

see Figure 8.

Now we choose the following elements in g5:

X — Ui if o= *ey,

O Vae i a=4fy,
2

Ho = —5 o (B2 + B + cEprg).

Then
g5 = span(h; X, € G)

and multiplication rules in the Lie algebra g$ take the following simple form.
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FIGURE 8. Root vectors of g5

Proposition 2 ([T1]). For any vectors a, § € Ga, the following relations hold:
[H, X, =ia(H)X,, HEeH,
[Xavaa] = iHav
(Xo,Xg] =0 ifa+B#0anda+f¢ G,
[X(,(,Xg] = N(,(ﬁXa_;,_g ifa+ 0 e€Gy.
Here N, g are some integers whose absolute values satisfy
|Noz,ﬂ| =p + 17

where p is the least integer such that for any j = 0,1,...,p the vector 3—ja belongs
to G’2 .

Remark 6. Direct computations with the matrices X, yield the following values
for the coefficients N, g:

(Nag | x| o] es|-er]|-eof|-es| ][ P sl-h]|-Ff]|-f

e1 0] -2 2 31 -3 0 1 0 0 0 -1
e 2 0-2| =3 3 0 0 1] -1 0 0
es || —2 2 0 3| -3 1 0 0 0] -1 0
—e1 3] -3 0| -2 2 0 0-1 0 1 0
—e2 || —3 3 2 0 -2| -1 0 0 0 0 1
—e3 31 -3 -2 2 0 0] -1 0 1 0 0
fi 0 0f-1 0 1 0 0 1] -1 0 0
fall -1 0 0 0 0 1] -1 0 1 0 0
f3 0-1 0 1 0 0 1] -1 0 0 0
-fi 0 1 0 0 0| —1 0 0 0 1] -1
—f2 0 0 1] -1 0 0 0 0| -1 0 1
—fa 1 0 0 0] —1 0 0 0 1] -1 0

In fact, this table is directly extracted from the commutation relations from Table 3.
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TABLE 3. Multiplication in gs

HQaXfl] = 2Xf17
HQ’X*fl] = _2X*f1

[Xeleez] =—2X_., [XEI’XES] =2X_.,, [XEI’X*EQ] - 3Xf37
[(Xey, Xoey] = —3X_f,, [Xel’XfZ] = ez [Xel’X*f3] = —Xe,,
[X€27X€3] =—-2X_., [Xe2aX—61] =-3X_p, [X62aX—63] =3Xy,
[X€27Xf3] = Xey, [XewX—fl =—Xey, [XeS’X_el] =3Xp,,
[X€37X*€2] = _3X*f1a [XesaXﬁ] = Aezs [XesaX*fz] =X,
[Xfelefez] = —2Xe,, [X*EUXfes] = 2Xe,, [X*EI’XfS] =—X_e,
[Xfele*fz] = Xfega [X,@,X,eg] = _2X€1a [XfezaXfl] = Xfega
[X—€27X—f3] =X_e, [X—esaXh] =—X_ep, [X—esaX—h =X_e,,
[Xfl’Xf2] =X_fs, [Xflefs] =—X_p, [Xf27 fs] =X_p,
[X—flaX—f2] =Xy, [X—fle—fs] =—Xp,, [X—f27X—f3] =Xy,
[HlaXm] =X, [HlaXtEg] = e3s [Hl,X*m] =—X_¢;
[HlaXfes] X_es) [Hl’Xﬁ] = an [Hlasz] = 2‘vaza
[HlaXfa] =Xy, [ 1aX—f1] =—X_p, [HlaX—f2] =2X_p,,
[HlaX—fs] =—X_f, [H25X62] = Xe, [HQaXes] = —Xe,

[ [ [

[ [ [

[ [

[Xel’X—el] = —2H1 —+ H27 [XemX—eg] — [—I1 _ 2H2,
[Xes, X—eg] = H1 + Ho, [Xfl’Xfﬁ] = —H,,
[Xf27X7f2] = My, [st’X*f3] = —H; + H>.

The vectors
Hy =—iFy, Hy=—iQ
form a basis of the Cartan subalgebra . Moreover, the elements

XomaEGQ; HI;HQ

make up a Cartan-Weyl basis of g5 with real structure constants. Then the set of
elements of g5 invariant with respect to the complex conjugation relative to this
basis, i.e.,
X — X,
form the (unique) real noncompact form of the complex Lie algebra g5 (see e.g. [14]):
go={Xegs | X=X}
We have
g2 = spang(X,,a € Go; Hy, Ha),

and nonzero brackets between these basis vectors are given in Table 3.
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