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Abstract

We consider flat nonholonomic Riemannian manifolds, i.e., those whose associated
parallel transport (induced by the nonholonomic connection) is path-independent. We
first characterize flatness for structures on three-dimensional manifolds, and hence
classify the flat left-invariant structures on simply connected Lie groups.
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1 Introduction

The equivalence problem for three-dimensional nonholonomic Riemannian manifolds
has been considered in Barrett et al. (2016). In particular, the left-invariant nonholo-
nomic Riemannian structures on the three-dimensional simply connected Lie groups
were classified, up to nonholonomic isometry and rescaling. Moreover, the equivalence
classes were described in terms of isometric invariants. In this paper we consider the
flat three-dimensional nonholonomic Riemannian manifolds, i.e., those whose asso-
ciated parallel transport is path-independent. We first characterize flatness in three
dimensions. Hence, by making use of the classification in Barrett et al. (2016), we
are able to classify the flat left-invariant structures (on the three-dimensional simply
connected Lie groups).
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The paper is organized as follows. In Sect. 2 we present the necessary elements
of nonholonomic Riemannian geometry. Specifically, in Sect. 2.1 we recall the fun-
damental existence and uniqueness result for the nonholonomic connection, as well
as the definitions of nonholonomic geodesics, nonholonomic isometries and the exte-
rior covariant derivative associated to the nonholonomic connection. We also consider
left-invariant nonholonomic Riemannian structures on Lie groups. Section 2.2 recalls
the Schouten curvature tensor (which is canonically associated to every nonholonomic
Riemannian structure) and some related tensors (obtained by contracting the Schouten
tensor), whereas Sect. 2.3 introduces the parallel transport map associated to the non-
holonomic connection and defines the notion of a flat nonholonomic Riemannian
structure. In Sect. 3 we specialize to the case of three-dimensional nonholonomic Rie-
mannian manifolds. Specifically, we recall the salient results of Barrett et al. (2016):
the isometric invariants (Sect. 3.1) and the classification of left-invariant structures
(Sect. 3.2). Section 4 contains the main results of the paper. In the first part (Sect. 4.1)
we characterize, by means of the exterior covariant derivative, the flat nonholonomic
Riemannian structures on three-dimensional manifolds. In the second part (Sect. 4.2)
we use the foregoing characterization, together with the classification in Barrett et al.
(2016), to obtain a classification of the flat left-invariant structures.

Throughout, we follow the summation convention on repeated indices. Unless stated
otherwise, the following ranges on indices are used: i, j,k = 1,...,n (ori, j, k =
0,1,2inSect.4)and a, b,c = 1, ..., r. We also assume that all manifolds, functions,
vector fields, etc. are smooth, i.e., of class C*°.

2 Nonholonomic Riemannian structures
2.1 Basic concepts

A nonholonomic Riemannian structure is a quadruple S = (M, D, DL, g), where M
is an n-dimensional (connected) manifold, D is a rank r nonintegrable distribution on
M, D is a distribution complementary to D and g is a (positive definite) fiber metric
on D. We shall assume that D is completely nonholonomic, i.e.,if D' € D> C --- is
the flag of D, where

Dl =D, D' =D +[D, D fori>1,

then there exists N > 2 such that DV—! C TM and DN = TM.If N = 2, then D is
called strongly nonholonomic. Every nonintegrable distribution on a three-dimensional
manifold is strongly nonholonomic. It is well known that, if D is completely nonholo-
nomic, then any two points in M can be joined by a D-curve (i.e., an integral curve
of D). Let & be the projection onto D along D+ and let 2 be the complementary
projection. For convenience, we shall denote the projected Lie bracket Z([ -, - 1) by
[[ ., H

Associated to G is a unique affine connection V : I'(D) x I'(D) — I'(D) (where
I’ (D) denotes the space of sections of D), called the nonholonomic connection. Here
“affine connection” means that V is tensorial in its first argument and a derivation in

@ Springer



Beitr Algebra Geom (2019) 60:419-436 421

the second. Like the Levi-Civita connection, the nonholonomic connection may be
characterized as the unique connection that is both metric and torsion free, where the
torsion of V is the (1, 2)-tensor T : I'(D) x I'(D) — I'(D) given by

T(X,Y)=VxY —VyX —[X,Y], X,YeTID).

Specifically, we have the following result (see, e.g., Langerock 2001).

Proposition1 Ler & = (M, D, DL, g) be a nonholonomic Riemannian structure.
There exists a unique affine connection V : I'(D) x I'(D) — I'(D) suchthat Vg =0
and T =0, i.e.,

Z[g(X, )] =8g(VzX,Y)+g(X,VzY) and VxY —VyX =[X,Y]
forevery X, Y, Z € I'(D). Furthermore, V is characterized by Koszul’s formula:

2g(VxY, Z) = X[g(Y, 2)] + Y[g(X, Z2)] — Z[g(X, V)]
+e([X, Y], 2) —g(X, 2], ¥) — g([¥, 2], X) (D

forevery X, Y, Z € I'(D).

A D-curve y is called a nonholonomic geodesic of G if it is a geodesic of the
nonholonomic connection V, i.e., Vyy = 0.

Associated to V is an exterior derivative. Let 2%(D, D) be the space of D-valued
k-forms on D. The ?-exterior covariant derivative, denoted d; L (D, D) —
QK1(D, D), is defined as follows:

(i) f U € 2°D, D) = I'(D), then d,U(X) = VxU forevery X € I'(D).
(i) If ¢ € 2X(D, D), k > 1, then

k
d%p(Xo..... X)) =Y (DI Vx,0(Xo..... X;. ... Xy)
i=0
+ > DX X)L Xo L X X X
0<i<j<k
for every X, ..., Xx € I'(D). Here X, ; indicates the omission of that element.

In particular, for a D-valued 1-form ¢, we have
d%9(X.Y) = Vxp(¥Y) — Vyp(X) — o([X, Y]),

where X, Y € I'(D). Note that the torsion of V is exactly the &-exterior covariant
derivative of the identity map idp : D — D.

Two nonholonomic Riemannian structures & = (M, D, D+, g) and & =
M, D', D L, g') are said to be NH-isometric if there exists a diffeomorphism ¢ :
M — M’ such that

¢ D=D, ¢,Dr=D" and g=¢*g.
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A map satisfying the above properties is called an NH-isometry. If ¢ is an NH-isometry,
then V = ¢*V’; consequently, ¢ establishes a one-to-one correspondence between
the nonholonomic geodesics of & and &’. Furthermore, ¢ preserves the projection
operators: ¢, P(X) = P (¢ X) and ¢, 2(X) = 2/ (¢« X) for every X € I'(TM).

Let G be a Lie group with Lie algebra g = 71G. A nonholonomic Riemannian
structure & = (G, D, DL, g) is said to be left invariant if every left translation L,
g € G is an NH-isometry. The simplest left-invariant structures are those whose
nonholonomic geodesics are exactly the (left cosets of) one-parameter subgroups ¢t
goexp(tXo), Xo € D1, go € G. These are the nonholonomic Riemannian analogues of
bi-invariant Riemannian metrics. For such a structure, the nonholonomic connection
V is called a Cartan—Schouten connection. We have the following characterization of
structures with Cartan—Schouten connections.

Proposition 2 (Barrett et al. 2016) Let & = (G, D, DL, g) be a left-invariant non-
holonomic Riemannian structure, with associated nonholonomic connection V. The
following statements are equivalent:

(1) V is Cartan—Schouten.
(i) VxX = 0 for every left-invariant X € I'(D).
(iii) VxY = %[[X, Y] for all left-invariant X, Y € I' (D).

2.2 The Schouten curvature tensor

As D is nonintegrable, the usual (Riemannian) curvature tensor cannot be defined for
V.Instead, associated to every nonholonomic Riemannian structure is the (1, 3)-tensor
field

K :T'(D) x I'(D) x I'(D) — (D),
K(X,Y)Z =[Vx, Vy1Z = V[x y]Z — [2(X, YD, Z],

called the Schouten curvature tensor (see, e.g., Dragovi¢ and Gaji¢ 2003). Let K be
the associated (0, 4)- tensor K(W X,Y,Z)=g(K(W,X)Y,Z). We decompose K
into two components R and C:

—_—

RW,X,Y,Z) = 5[1?(W, X,Y,Z)-K(W,X,Z,Y)], C=K-R.

R behaves analogously to the Riemannian tensor, in that it satisfies the same symme-
tries (i.e., Ris skew-symmetric in the first pair and last pair of arguments, is symmetric
if one swaps the first pair of arguments with the last pair, and satisfies the first Bianchi
identity). Accordingly, we can define a (0, 2)-tensor, also called the Ricci tensor, as
follows:

Ric: I'(D) x I'(D) — C*®(M), Ric(X,Y) = Zﬁ(Xa, X, Y, X,).

a
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Here (X,) is an orthonormal frame for D. Likewise, let A be the (0, 2)-tensor

A: (D) x I'(D) —C>®(M), AX,Y)= Zé(Xa,X, Y, X,).

Although Ric is symmetric, the tensor A is generally not; accordingly, let Ayy,, and
Askew be the symmetric and skew-symmetric parts of A, respectively. Since NH-
isometries preserve V and the projection operators & and 2, it follows that K , K. R,
C , Ric, Agyp and Aggey are all preserved under NH-isometry.

2.3 Parallel transport

The nonholonomic connection V induces a parallel transport along D-curves. A section
V of D along a D-curve y is parallel along y if V;, V = 0. A vector field X € I'(D)
is parallel if X o y is parallel along y for every D-curve y; clearly, X is parallel if
and only if VX = 0.

Proposition3 Let y : [0, 1] — M be a D-curve and let Vo € D, (). There exists a
unique parallel section V of D along y such that V(0) = V. (V is called the parallel
translate of Vy along y.)

Let y : [0, 1] = M be an D-curve. The parallel translation Hg, :Dyo) = Dy,
t € [0, 1] is specified by setting H;,(Vo) = V(t), where V is the parallel translate of
Vo € Dy () along y.

A parallel frame (X,) for D is an orthonormal frame for D such that each X, is
parallel. The existence of a parallel frame is not guaranteed: it imposes quite severe
restrictions on the structure. We say that a nonholonomic Riemannian structure S is
flat on U (where U € M is open) if there exists a parallel frame for D defined on U;
if U = M, then we simply say G is flat. Given an NH-isometry ¢ between structures
S and &', if G is flat on U, then &' is flat on ¢ (Uf). The converse does not hold: in
three dimensions, there are many non-NH-isometric flat structures (see Sect. 4.2).

Proposition 4 Anorthonormal frame (X,) for D is parallel if and only if [ X4, Xp] =0
foreverya,b=1,...,r.

Proof One implication is immediate, since V is torsion free; the other follows from
Koszul’s formula (1). O

The following characterization of flatness is a straightforward generalization of a
standard result.

Proposition5 S is flat on U C M if and only if for any two points p,q € U and for
any D-curve y : [0, 1] — U joining p to q, the parallel translation H)], :Dp — Dy
does not depend on y .

For Riemannian manifolds, flatness is also characterized by the vanishing of the
Riemannian curvature tensor. By contrast, the situation is more complicated in the
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nonholonomic Riemannian setting. The Schouten curvature tensor K does not gener-
ally characterize flatness (see, e.g., Dragovi¢ and Gaji¢ 2003; however, in Sect. 4.1 we
show that K = 0 is a sufficient condition for flatness in three dimensions). Rather, one
can define the Wagner curvature tensor (Dragovi¢ and Gaji¢ 2003; Wagner 1935), the
vanishing of which does characterize flatness. The construction of this tensor is quite
sophisticated, and relies on the flag of the distribution. However, the construction is
generally not intrinsic: it relies not only on the data (M, D, DL, g), but also on some
additional assumptions. Nonetheless, if the distribution is strongly nonholonomic, then
these additional assumptions are automatically satisfied.

We briefly describe Wagner’s approach. Let & = (M, D, D+, g) be anonholonomic

Riemannian structure and let D = D! € D> € ... ¢ DN~ ¢ DN = TMm,
N = 2 be the flag of D. The nonholonomic connection V! = V induces a parallel
transport along D!-curves. For each component D', i =2, ..., N of the flag, Wagner

constructs a connection V! : I'(D') x I'(D) — I'(D). Such a connection induces
a parallel transport along D’-curves. Furthermore, V' is defined in such a way that
it extends V/~! and the set of parallel tensors of V! coincides with that of Vi~
Finally, one gets a vector bundle connection V» on D (whose corresponding parallel
transport is along any curve in M) with an associated curvature tensor K ; this is
the Wagner curvature tensor. The vanishing of KV characterizes the flatness of V¥V,
and hence (by construction of V2, ..., VN~1) the flatness of &. In this paper, we
do not employ the Wagner curvature tensor, preferring a more direct approach: we
characterize flatness by finding necessary and sufficient conditions for the existence of
arotation taking an arbitrary orthonormal frame for D to a parallel frame. The relation
between this characterization and the Wagner tensor will be explored elsewhere. It
is worth mentioning that Wagner also characterized the flatness of three-dimensional
nonholonomic Riemannian manifolds (Wagner 1938); however, he stopped short of
classifying these structures.

3 Nonholonomic Riemannian structures in three dimensions

Let M be a three-dimensional manifold and D a rank 2 completely nonholonomic
distribution on M. There exists (locally) a contact form @ such that D = ker w.
Clearly, w is unique only up to a multiple by a nonvanishing function. Let (Yo, Y71, Y2)
be a (local) frame on M such that (Y, Y») is an orthonormal frame for D and Y
spans D+ Let cf.‘j be the functions (structure constants) given by [¥;, ¥;] = cf.‘j Y.

We assume, without loss of generality, that cgl = 1. By imposing the normalization
condition |dw (Y7, Y2)| = 1, we may fix the contact form w up to sign. Evidently, the
value of |dw (Y1, Y2)| is independent of the choice of Y| and Y>. Let Z € I'(TM)
denote the Reeb vector field of w, i.e., Z is the unique vector field such that w (Z) = 1
and dw(Z, -) = 0. The normalized contact form and the Reeb vector field depend
only on the data (M, D, g), hence are preserved (up to sign) under NH-isometry.
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3.1 Isometric invariants

Several isometric invariants for nonholonomic Riemannian structures in three dimen-
sions were introduced in Barrett et al. (2016). The first invariant ¢+ € C°°(M) is
defined as ¥ = || 22(Z)||%. Evidently, we have 9 = 0 exactly when D+ = span{Z}.
Three curvature invariants (x, x; and x2) were also introduced. The first is defined as
K = % tr(g” o Ric); this invariant can be interpreted as the sectional curvature of D.
The second two invariants are defined to be the positive eigenvalue of g* o Azym and

the absolute value of the Pfaffian of g* o A

skew?

X1 =/ —det(gf 0 A}y) and xo = \/det(gf 0 A°,).

In terms of the structure constants, the invariants take the form

respectively; we have

1
D= () + ()’ k= 5(cly = ) = (1)” = (5)” = Vi3] + Yaleyy ),

1 1
A= 5\/(C%o +ey)? +(lg— 3 2= E'C{O + 3

If G is a left-invariant structure on a Lie group, then we may take Yy, Y and > to
be left invariant. The contact form w and Reeb vector field Z are also left invariant.
In this case, the structure constants are in fact constant, as are the invariants o, «, xi
and y3.

3.2 Classification of invariant structures

The left-invariant nonholonomic Riemannian structures on the three-dimensional sim-
ply connected Lie groups were recently classified (Barrett et al. 2016). We shall recall
the salient aspects of this classification below.

Consider first the case when 9 = 0; then D = span{Z}. In this case the nonholo-
nomic Riemannian structure (M, D, D, g) is completely specified by the associated
sub-Riemannian structure (M, D, g). The isometric invariants « and x; form a com-
plete set of differential invariants for such structures (there are also discrete invariants;
see Agrachev and Barilari 2012). Furthermore, by rescaling the metric, we may nor-
malize (k, x1) suchthatk = x; = Oork2+ X12 = 1. We recall below the classification
of left-invariant structures (with ¥ = 0) on three-dimensional simply connected Lie
groups; see also Fig. 1. The complete list of three-dimensional Lie algebras and their
associated simply connected Lie groups is given in the “Appendix”.

Theorem 1 ( Agrachev and Barilari 2012; Barrett et al. 2016) Let S = (G, D, D+, g)
and &' = (G, D', D L g') be left-invariant nonholonomic Riemannian structures on
three-dimensional simply connected Lie groups such that 9 = %' = 0, k = k' and

X1 = Xj-
(1) Ifk = x1 = 0, then S is NH-isometric to (any structure on) the Heisenberg
group H3.
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Fig. 1 Normalized invariants for X
left-invariant nonholonomic
Riemannian structures with _

vanishing ¢ SL2R)yy,

Aff(R)ox R

(i) If x1 # 0, or x1 = 0and k > 0, then & is NH-isometric to &' if and only if g is
isomorphic to g'. _

(i) If x1 = 0 and k < 0, then G is NH-isometric to the structure on SL(2, R)
with elliptic-type distribution and metric (at identity) being (a rescaling of’) the
restriction of the Killing form to Dj.

Remark 1 There is a single equivalence class of structures with % = 0 on the affine
group Aff(R)p x R. Remarkably, these are all NH-isometric to the structure on
SL(2, R),y; in item (iii).

Consider now the case when % > 0. Define a canonical frame (X, X1, X2) on M
as follows: Xog = 2(Z), X1 = P(Z2)/|#(Z)|| and X, € '(D) is the unique unit
vector field orthogonal to X such that dw (X, X2) = 1 (here | - || is the norm on
D induced by g). Since w and Z are specified up to sign, so are Xy and X1; on the
other hand, X, is uniquely specified. Accordingly, if ¢ is an NH-isometry between
nonholonomic Riemannian structures & and &', then ¢, Xo = £X,), ¢ X1 = £X]
and ¢, X» = X/z. The commutator relations of (Xg, X1, X») are given by

[X1, Xol = c]oX1 + 3o X2
[X2, Xo] = 9 Xo + choX1 + 3y X2 2)
[X2, X1] = Xo + 3, X1 + 3 Xa.

The commutator relations (2) uniquely determine (up to sign) the nonholonomic Rie-
mannian structure. Let C be the matrix-valued function on M given by

1 2
0 ¢y cip
_ 1.0 1 2
C = cy ¢
1 2
L ¢y ¢35
In the case of aleft-invariant structure, we have that the canonical frame is left invariant.

It follows that the structure constants cf.‘j, and hence C, are constant. Furthermore, it
turns out that NH-isometries must preserve the group structure:
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Proposition 6 Let G and &' be left-invariant nonholonomic Riemannian structures
on three-dimensional simply connected Lie groups G and G/, respectively; assume that
0,9 > 0. If & is NH-isometric to &' with respect to an NH-isometry ¢ : G — G,
then ¢ = L1y o ¢/, where Ly is a left translation and ¢' : G — G’ is a Lie group
isomorphism.

It follows from Proposition 6 that NH-isometries preserve the Killing form /.
Hence we can introduce three further invariants oo, 01 and g, defined as o; =
—%IC(X i(1), X;(1)). In terms of the structure constants, we have

| 1
e =—3 [(C}o)2 +2¢30¢Ty + (6’%0)2] . o1 =cly— 5(0%1)2*

0 =~ [ +2e + €?]

For structures on the unimodular Lie groups, ¥, 0o, 01 and g, form a complete set
of invariants. On the non-unimodular Lie groups (except for G’3"5, h = 1) there exist
at most two structures with the same invariants ©, oo, 01 and 2. On the other hand,
there are infinitely many structures on Gé"s, h = 1 with the same invariants ¢, 0o, 01
and o7 (and at most two with the same invariants ©#, k and x»).

Theorem 2 (Barrett et al. 2016) Let S be a left-invariant nonholonomic Riemannian
structure on a three-dimensional simply connected Lie group, rescaled such that 9 =
1. Then & is NH-isometric to exactly one of the equivalence class representatives
listed in Tables 1 and 2.

Table 1 Left-invariant nonholonomic Riemannian structures (with ¢ = 1) on the unimodular Lie groups

Lie group Equivalence classes (C) Invariants oq, 01, 02  Conditions Designation
[0 00
Hs -1-10 0,0, 0 &M
110
[0 —Jajon ~
& aj,ar =0 SEQ
SE(2) -1 —(1+ay) o aj, o, 21220 Gal(.a)z
1 1 0 ay +ay #
[0 —yajon —a ~0
SE(1, 1) —1 - -a) Jajez | —ai, —aj, —a> arez= Soy)
1 1 0 af a3 #0
o . 2
— , 0,8>0
SUQ2) 1 —(1+ay) & 8 +aj(l+a), agzaz > . 62?225
1 1 0 ay, o —ajag < 22,
[0 -5 —a ) -
3 1 -(1-— =8 —ai(l—a), @, >0,86=0 SL2.R)e
SL2, Rty 11 a 1 @2) 8 -y, —ap 82 —ajap <0 GO‘W‘Z#S
SL2.R) -_01 —(1__8 ) _g/l 82 —yi(1—y), V,72€R 8=0 SL2. Ry
s Bnyp ) | V2 o Y §2 — yiy2 >0 V1,728
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We have the following characterization of structures with a Cartan—Schouten con-
nection.

Proposition7 Let © be a left-invariant nonholonomic Riemannian structure on a
three-dimensional Lie group G.

(1) Suppose G is unimodular; then V is Cartan—Schouten if and only if ¢ = 0. (When
G is non-unimodular and V is Cartan—Schouten, we have ¥ > 0.)

(i) Suppose G is non-unimodular; then V is Cartan—-Schouten if and only if o9 =
01 = X2 :Oand@z—i—%ﬁ = 2k.

Accordingly, every equivalence class of structures on a unimodular Lie group in
Fig. 1 has a Cartan—Schouten connection. On the other hand, for structures on a non-

. . AFf(R)o xR G} G}
unimodular group, the equivalence classes &, ]( JoxR G]G“, S,** and 6,7 (see

Table 2) are exactly those with a Cartan—Schouten connection.

4 Flat structures

In this section we consider the flat nonholonomic Riemannian structures on three-
dimensional manifolds. We first characterize flatness in three dimensions; this is
followed by a classification of the flat left-invariant structures.

4.1 Characterization

Let © = (M, D, DL, g) be a nonholonomic Riemannian structure on a three-
dimensional manifold M. Let (Xo, X1, X2) be a local frame defined on an open
neighbourhood &/ < M such that X( spans DL and (X1, X») is an orthonormal
frame for D. The structure constants of (Xq, X1, X») are denoted by cf.‘j; we may
assume that c(z)l = 1. The dual frame (vo, vl v2) satisfies the structure equations

dvk = ZO§i<j§2 c;f‘jvj AV
Lemma1 & is locally flat on U if and only if there exists 0 € C*°(U) such that
Xi[0]=c), and X,[0]=c3.

If such a function 0 exists, then the rotated frame (cos0X| — sin6X,,sin0X;| +
cos 0 X7) is parallel.

Proof Let (Y1, Y2) be another orthonormal frame for D. There exists an orthogonal
transformation taking (X1, X») to (Y1, Y2). That is, there exist o € {—1, 1} and
0 € C*(U) such that

Y =o0cosfX; —sinbfX,
Y> =osin0X; + cosbX,.
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By Proposition 4, the frame (Y1, ;) is a parallel frame for D if and only if [ Y2, ¥;] = 0.
We have [Y2, ¥1] = (X1[0]—oc} ) X1+ (X2[0]—0c3) X2, and so (Y1, Y») is parallel
exactly when X[0] = ac%] and X»[0] = oc%l. Changing the sign of 0 if necessary,
we may take o = 1. O

Lemma 2 There exists a rotation (Y1, Y2) of (X1, X2) such that [Y2, V1] = 0 if and
only if the following equations hold.:

1 241 2 142 01 10,2 1 0
(c1o — €3p)cay + (€l + €30)c71 + c30¢109 — 3C10(CTp + €20) + Clok
1 2 1 1
= —5Xileqg + ¢p0] + Xilk] + Xaleygl
2 1.1 1 2.2 02 , 10,2 1 0
(c1o + ca0)c — (€19 — €39)€71 — CloCap + 5¢20(CTp + €20) + 30K

= 1Xalcfy + el + Xalk] — Xi[e3).

3

Proof Let (Y1,Y;) = (cos0X| — sin0Xp,,sinfX| + cosfX,) be a rotation of
(X1, X3), where 0 € C*°(U{). By Lemma 1, we have that [Y», ¥;] = 0 if and only
if X1[0] = cél and X»[0] = c%l. We claim that there exists 6 € C*°(Uf) satisfying
the conditions X;[0] = c; 1» X2l0] = c%l if and only if (3) hold. If such a function 6
exists, then

do = Xo[01° + ¢} vl + 32
= ([X2, X11[0] — ¢}, X101 — ¢, X200 + cd ot + 302
= (Xaled 1= X1le3] = (ch)? = @)W + ! + 3 v?

1,2 1\, 0, 1 1, 2 2
= (k — 5(c1p — cxp))v" + v +eppv”.

The right-hand side is independent of 6; accordingly, let o = (k — %(c%o - céo))v0 +
célvl + C%1v2. Then dow = foy VoAVl foz 9 A 12, where

Jfor = cloed; + ctoes; — (5t — ca9) — k)
+ X1[3(cly — c20) — k1 + Xolcyy]

Jor = c30¢h; + 30631 — (3 (T — Ca9) — K)
+ Xa[4(cty — ca9) — &1+ Xolc3, 1.

Using d? = 0 on the structure equations for dv! and dv?, we get

| 10 10 21 | 2 | |
Xolea 1 = —cypcip + c19c30 — €39621 + C20621 + Xileygl — Xaleggl

2 2 0 20 21 1 2 2 2
Xolez 1 = —cypcip + c19c20 + €121 — cro¢21 + Xileypl — Xaleipl
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Hence

Jfor = (clg — €3)c3y + (€ + 20)€3; + hoclo — 5¢h0(CTo + Ca9) + o
+ 3§ X1lcty + ca0] — Xilx] — Xalejpl

Jfor = (clg + exp)csy — (g — c3p)ea) — 3octy + 5c90(CTo + Ca0) + €
— 3 Xalcty + ca9] — Xali] + Xilczp)l.

Suppose 6 exists, so that dow = d*0 = 0; then fo1 = fo» = 0, which yields the
equations (3). Conversely, if (3) hold, then do = 0, i.e., @w is closed. Hence @ is
locally exact: there exists an open neighbourhood U’ C U and 6 € C*°(U4’) such that
@ = dO. The rotated frame (Y, Y») then satisfies [Y>, ¥1] = 0. O

Using the condition for flatness in Lemma 2 (which depends on the choice of
an orthonormal frame for D), we shall derive an invariant characterization of the flat
structures. We have the decomposition 7'M = D@span{Z}, where Z is the Reeb vector
field of the normalized contact form w. Let Z : TM — span{Z} be the projection onto
the distribution spanned by Z. In particular, we have Z([ X7, X1]) = dw (X1, X2)Z.

Theorem 3 G is locally flat on U if and only if

d,F=Fop onl. )

b
skew

Here F = g° o (Ric’ +A?ym + A Yand p € 2%(D, D) is given by p(X1, X») =

P (Z (X2, X11)).

Proof Since (g° o Ric”)(X,) = Ric(Xq, X1) X1 + Ric(X4, X2) X2, Ric(X,, X,) =«
and Ric(X,, Xp) = 0 for a # b, we have

d%,(g" oRic”) (X1, X2) = Vy, (g” o Ric’)(X2) — Vi, (g o Ric")(X1)
— (gF o Ric") ([ X1, X2])
= Vx,(kX2) — Vx,(kX1) + (Célel + c%lxXz).

It is not difficult to show that Vx, X = —c%l Xjand Vy, X = c%l X». Hence

dY(g" o Ric®) (X1, X2) = X1[k1X2 — kch X1 — Xalk1X1 — ke3) Xo
+ (ch kX1 + 5k X2)
= —Xo[«]X1 + X [«]X>.

Similar calculations yield

dY,(g" 0 A")(X1, X2) = (X1[c3y] — A Xalefy + choD X1 + (Xalelo]
— 3 Xilefo + cD X2 + 2 (g% 0 A7, ) ([X2. X1]).
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Here A = Agym + Agkew- In addition, we have (g7 oRic’ 0 p) (X1, X2) = —cJpx X1 +
C?OKX » and

(8 0 A" 0 p) (X1, X2) = —(cJycly + 58y (cTy + el X)
—(c3yc3 + 3¢5(cTy + c3p)) Xa.

Let fo1 and fo, be defined as in the proof of Lemma 2. There exists a parallel frame
for D if and only if fy; = fop = 0. From the foregoing calculations, it follows that

@3 F — Fop)(X1, X2) = foXi — fo1Xa.

(As d;F — F o p is skew-symmetric, it is fully determined by its evaluation of
X1 A X».) This proves the result. O

Corollary 1 Suppose & = 0; then G is locally flat on U if and only ifd;F =0onU.

Proof If 9 = 0, then #(Z) = 0, and so p = 0. Hence G is flat exactly when d;F
vanishes. O

Corollary2 If K = 0 on U, then & is locally flat on U.
Proof If K = 0, then Ric, Ayy,, and Ay, all vanish identically. Hence F' = 0, and
the condition d;F = F o p is trivially satisfied. O

4.2 Classification

Let & = (G, D, DL, g) be a left-invariant nonholonomic Riemannian structure on
a three-dimensional simply connected Lie group G. Suppose that (Xp, X1, X») is a
left-invariant frame on G such that X spans D+ and (X1, X») is an orthonormal frame
for D. Let cl]?. be the structure constants of the frame; as before, we take cg | = 1. With
respect to (X1, X2), we have

2 1 1 2 1
cin+con —(cin—c5) ] [ ¢

dY,F (X1, X2) = 2(g" 0 A, )([X2, X1]) = [ 0T a0 } [ %l} )
30 — €19 — (€19 +¢30) 1 Legy

and

K+ 3(c3y +chy) 5 —c
(Fop)(X1,Xz)=[ e Kk — L2 + el ' ©
10 23710 T 720

We shall consider the following cases: (I) # = 0; (II-a) ¥ > 0 and G is unimodular;
(IT-b) ¥ > 0 and G is non-unimodular.

Theorem 4 (Case I: ¥ = 0) G is flat if and only if G is unimodular (hence V is a
Cartan—Schouten connection) or G = Aff(R)g x R.
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Proof By Corollary 1, G is flat if and only if d;F vanishes. From (5), this happens

exactly when Azym([[Xz, X1]) = 0. Suppose x; > 0. Then Aiym is invertible, and
[X2, X1] = 0implies that every left-invariant frame for D is parallel; that cél = c%] =
0; and that V is a Cartan—Schouten connection. Moreover, G must be unimodular.
Conversely, every such structure is clearly flat.

On the other hand, suppose x; = 0. Then Agym = 0, and so every such structure in
this case is flat. From Theorem 1 (see also Fig. 1), these are the following structures
(up to NH-isometry and rescaling):

e the structure on SU(2) with metric (at identity) being the Killing form restricted
to D1 (when « > 0);

e any structure on the Heisenberg group H3 (when « = 0);

e the structure on SL(2, R) with elliptic-type distribution and metric (at identity)
being the Killing form restricted to D1 (when k¥ < 0); also, any structure on
Aff(R)g x R (see Remark 1).

With the exception of those on Aff(R)og x R, these are all structures on unimodular
Lie groups with Cartan—Schouten connections. O

Remark2 The case when x; = 0 was essentially proved in Agrachev and Barilari
(2012). Indeed, it was shown that for a sub-Riemannian structure (M, D, g) on a three-
dimensional simply connected manifold (which may be viewed as a nonholonomic
Riemannian structure with ¥ = 0) with constant ¥ and x; = 0, there exists a rotation
(X1, X») of the frame (X1, X») such that [X1, Z] = X2, [X2, Z] = —«X; and
[5(\2, 5(\1] = Z,i.e., such that (5(\1, 5(\2) is parallel.

Theorem 5 (Case II-a: ¢ > 0, G unimodular) & is flat if and only if o9 = V01 and
02 = 0 (in which case k2= X12)~ Consequently, any flat structure is NH-isometric up
to rescaling to exactly one of the following structures:

SELD (when g9 <0), & (whenoy =0), &*2 (when oo > 0).

a1,0 a1,0

Proof We take (X, X1, X») to be the canonical frame (described in Sect. 3.2). Since
G is unimodular, we have ¢3; = O and ¢}, = —c3, = | 2(Z) ||, whence [X», X;] =
do(X1, X2)P(Z) = p(Xy, X»). Furthermore, we have x» = 0, i.e., Agiery = 0. The
condition (4) becomes

2(gF 0 A}, ([X2, X1]) = (g% o Ric” +A ) ([X2. X1])
& Ri’([X2. X1]) = A}, ([X2. X1])

= Ri(X)) = A, (X))

— Asym(Xth) =k and Asym(leXZ) =0.
In terms of the structure constants, this is equivalent to the conditions C%o =0, C%O =
—(cgo)z, which are in turn equivalent to g9 = 01 and o = 0. Furthermore, this

implies that K2 = X12~ In terms of the classification in Theorem 2, these are the
following structures:
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e the equivalence classes Ggffé’zl) with oy = 0 (when g¢ < 0);

e the equivalence class Shs ~(when 00 = 0);
e the equivalence classes GZE% with o = 0 (when g¢ > 0).

Theorem 6 (Case II-b: ¢ > 0, G non-unimodular)

(1) If G = Aff(R)g x R, then & is flat.
(1) Suppose x2 = 0; G is flat if and only if V is a Cartan—Schouten connection.
(iii) Suppose x» > 0; any flat structure is NH-isometric up to rescaling to exactly one
of the following structures:

G . B
&3 with o = —g(l im), —3<B<0

e . (> — DB [ ap2

Gafg‘,0<h<l with O[:_T(li 1—4,32),0<,3§%
Gh . (h* — 1B /

601’3;, l<h with a:—T(lﬂ: 1—482), —%5,3<0
Gh . (h*+ 1B 1

&, with o = ——o5—(1£/1-4p2), —3 = <0.

Proof Considering the equivalence class representatives in Table 2, a direct (but
tedious) calculation, using the condition that (5) equals (6), yields the result. We
illustrate with the case of G3 5. Take (X, X1, X7) to be the canonical frame. Consider
first the family of equivalence classes 623‘2; we have

3 F — F o p)(X1, X2)

1 2 (B —1)2
:[_Z(ﬁo_z) l(ﬂo—zﬁ} [lgﬂ}_[ (ﬁo ! —iﬂ(%—‘—ﬁ} [5}
4 4 3

_ [%ﬂz(ﬂ - 1)}
) .

Hence a member of the equivalence class 623‘2 is flat exactly when = 1. From Sect.
3.2, this is exactly the structure on Gz with a Cartan—Schouten connection. On the

other hand, consider the family of equivalence classes 653/32, then

-2 2 4 4
(d;F_FO,O)(Xl,Xz):[ g3 (160" + 0‘:3+/3)].

25 (160% + 4 + )

Thus the structure is flat if and only if 16> +4aB + * = 0. It is not difficult to show
that this occurs exactly when o = —g(l + /1 —4p2%) and —% <pB <O. O

Remark 3 Every left-invariant nonholonomic Riemannian structure on H3 and Aff(IR)(
x R is flat. On the other hand, apart from those with Cartan—Schouten connections,
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there are no flat structures on the semisimple groups SU(2) and SNL(2, R). Every other
group (apart from Hz and Aff(R) x R) admits a one-parameter family of flat structures,
up to equivalence.

Remark 4 The classical Chaplygin problem (see, e.g., Fedorov, Y., Garcia-Naranjo
2010; Barrett et al. 2016) may be modelled by a left-invariant nonholonomic Rie-
mannian structure on the Euclidean group SE(2). The reduced dynamics on the Lie
algebra se(2) exhibit three qualitatively different cases (of increasing analytical com-
plexity): the “Chaplygin skate” (when ¢ = 0); the “Chaplygin sleigh” (when ¢ > 0
and k? = Xlz); and the “hydrodynamic Chaplygin sleigh” (when ¢ > 0 and k2 # Xlz)-

The equivalence classes of structures corresponding to the Chaplygin sleigh are sz %).

Accordingly, the flat structures for the Chaplygin problem correspond precisely to the
case of the Chaplygin skate and the Chaplygin sleigh.

Appendix Real Lie algebras of dimension three

The classification of real three-dimensional Lie algebras is well known. Our prefer-
ence is for the Bianchi—-Behr enumeration (MacCallum 1999; Krasinski et al. 2003;
Mubarakzyanov 1963). In terms of an appropriate ordered basis (E1, E2, E3), the
commutator relations are given by

[E2, E3]=nmE| —ak>
[E3, E1] = aE1 + mE;
[Ey, E2] = n3E3.

The coefficients a, n1, ny and n3 for each type of algebra may be found in Table 3,
together with the (unique) simply connected Lie group corresponding to each algebra.

Table 3 Bianchi—Behr classification of real three-dimensional Lie algebras

Type Bianchi a ny np n3 Simply connected Lie group Unimodular
3g) I 0 0 0 0 R3 .
g01®g I 1 1 -1 0 Aff(R)o x R

931 il 0 1 0 Hs o
932 v 1 1 0 G3a

933 v 1 0 0 0 G33

094 Vi 0 1 -1 0 SE(1, 1) .
iy VI ey -1 0 Giy

99 Vil 0 11 0 SEQ) .
s Vi, 0 1 1 0 G

936 VIII 0 1 1 -1 SL2.R) o
937 X 0 1 1 1 SUR) o
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Remark 5 The Abelian group R3 and the group G3 3 do not admit completely non-
holonomic left-invariant distributions. Accordingly, there do not exist left-invariant
nonholonomic Riemannian structures on these groups.

Remark 6 Apart from S~L(2, R) (the universal cover of SL(2, R)) there exists, up to Lie
group automorphism, at most one completely nonholonomic left-invariant distribution
on each three-dimensional simply connected Lie group. On SL(2, R) there exist exactly
two such distributions up to automorphism, according as whether the Killing form
restricted to the distribution (at identity) is definite or indefinite. Following Agrachev
and Barilari (2012), if the Killing form is definite on a given distribution, we shall
say that the distribution is of elliptic type, and denote the group as SL(2, R).;;. On the
other hand, when the Killing form is indefinite on the distribution, we shall say that it
is of hyperbolic type, and write SL(2, R)y,, for the group.
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