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1. Introduction

A harmonic map between Riemannian manifolds (M, g), dim(M) = m, and (N, h), dim(N) = n, are
smooth maps giving the minimum to the energy functional

= [ e e =Y Y HrndfIFs fi M N, (1.1
M

j=1 i=1

where du is the Riemannian volume density on M, {v;}" | is an orthonormal basis in 7, :M, and {w j}’}zl
is an orthonormal basis in TyN. Particular examples are maps f: [a,b] — N, describing the Rie-
mannian geodesics in N and harmonic functions f: M — R. Other examples are minimal surfaces.
For instance, a minimal surface in R* can be seen as a harmonic map f: [a,b] X [a,b] — R?; see,
e.g., [1-3] or more recent survey for minimal submanifolds [4]. The Euler-Lagrange equations of (1.1)
correspond to the solution of 7(f) = 0, where 7(f) = tr, V. df(X) denotes the tension field of f, de-
fined by using an induced connection on 7*M® f*T N from the Levi-Civita connections on respectively
M and N. The celebrated result of [5] states that any smooth map f € C*(M, N) from a compact Rie-
mannian manifold M to a manifold N of non-positive scalar curvature can be deformed to a harmonic

map.
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A generalization of this terminology has been suggested for sub-Riemannian manifolds. A sub-
Riemannian manifold is a triplet (M, D, g) consisting of a smooth, connected manifold M, a subbundle
D of the tangent bundle 7 M, and a sub-Riemannian metric g defined only on vectors in D. We assume
that D is bracket-generating, meaning that sections of D and a sufficient number of their Lie brackets
span T M at each point x € M. Studies of harmonic maps f: M — N from a sub-Riemannian (M, D, g)
into a Riemannian manifold (N, &) of non-positive curvature was made, for instance, in [6-9]. Here,
the energy functional (1.1) is modified by letting v,..., v, be an orthonormal basis of D,, and the
corresponding equation 7(f) = O turns to be of a hypoelliptic type. The existence and regularity of the
solution to 7(f) = 0 was established in [7] under some convexity condition on N, and uniqueness has
been shown in [10].

In the present paper we consider harmonic maps allowing the target space to be a sub-Riemannian
manifold. Already the study of curves in sub-Riemannian manifolds shows that it is not sufficient
to deal exclusively with the Euler-Lagrange equation when it comes to minimizers of (1.1). More
precisely, there are examples of curves that are energy minimizers, and hence the length minimizers,
which are not solutions to the Euler-Lagrange equation. Such curves are necessarily singular points
in the space of curves of finite sub-Riemannian length, also called horizontal curves, fixing two given
points. Minimizers that are solutions of the Euler-Lagrange equation are called normal, and they are
smooth [11,12]. There are several open questions related to the regularity of minimizers which are
singular curves [13]; see also [14]. To simplify the exposition we choose the target sub-Riemannian
manifold (N, E, h) to be a Lie group with a left-invariant sub-Riemannian structure (E, h); see also [15],
where the target space is a Carnot group. The restriction of the target space to a Lie group allows one
to avoid some of the complications of L? and Sobolev maps between general manifolds; see, e.g., [16,
Section 4]. Furthermore, applying the Maurer-Cartan form on a Lie group simplifies calculations
and prevents the need of to choose an explicit connection for the target manifold as well. The map
f: M — N is required to be horizontal, that is df(D) C E. We consider the harmonic maps to be
analogous of “normal” and singular geodesics, based on the study of the maps that are regular or
singular points of an analogue of the end-point-map. We finally produce equations for both types of
horizontal maps: the singular (or abnormal) maps and the normal, latter being solutions of the Euler-
Lagrange equation. We will not address conditions for existence or non-existence of such harmonic
maps, rather leaving such questions for future research.

We emphasize that we consider a sub-Riemannian analogue of (1.1) which is only defined for
horizontal maps and a map f is harmonic if it is a critical value under horizontal variations. See (4.1)
for the definition of the sub-Riemannian energy functional. Such an approach can be considered as
the limiting case when the length of vectors outside of E in TN approach infinity. This is in contrast
to work in [17, Proposition 5.1] on CR manifolds, which uses an orthogonal projection to define an
energy functional for all maps, and where maps are considered harmonic if it is a critical value relative
to all variations. The latter can be considered as a limiting case where the length of vectors orthogonal
to E in TN approach zero. However, we note that if a map f is horizontal and harmonic in the sense of
the definition in [17], then f will also be harmonic according to our definition, as being critical under
all variations implies that f is also critical with respect to horizontal variations.

The structure of the paper is as follows. In Section 2 we introduce sub-Riemannian manifolds, sub-
Riemannian measure spaces, and connections compatible with such structures. In Section 3, we define
horizontal maps from a compact sub-Riemannian measure space into a Lie group with a left-invariant
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sub-Riemannian structure, and we show the Hilbert manifold structure of the space of these maps. For
the rest of the paper, we use the the convention that M is compact, which ensures that the functional
in (1.1) is finite. Similar to what is done for Riemannian harmonic maps (see, e.g., [18, Section 2])
the case of M non-compact can be considered by calling f harmonic if it is a critical value of the
energy functional when restricted to any (relatively) compact subdomain. For simplicity, we will also
assume that M is simply connected. See Remark 4.6 where we suggest modifications for a non-simply
connected manifold. We introduce the idea of regular and singular maps, as well as some conditions
for these maps. Finally, in Section 4, we find equations for both the normal and abnormal harmonic
maps. We show that these equations are a natural generalization of above-mentioned cases of maps
into Riemannian manifolds, as well as abnormal and normal sub-Riemannian geodesics. We also give
an explicit differential equation for harmonic maps into the Heisenberg group.

2. Sub-Riemannian geometry

2.1. Sub-Riemannnian measure space

A sub-Riemannian manifold is a triple (M, D, g) where M is a connected manifold, D is a subbundle
of TM and g = (-,-), is a metric tensor defined on sections of D. Throughout the paper, unless
otherwise stated, the subbundle D is assumed to be bracket-generating, meaning that the sections of
D and their iterated brackets span the tangent space at each point of M. This condition is sufficient
to ensure that any pair of points xy, and x; in M can be connected by a horizontal curve vy, i.e., an
absolutely continuous curve such that y(¢) € D, for almost every #; see [19,20]. Thus, the distance

v is horizontal } @2.1)

1
dg(xo»xl) = lnf{ﬁ bl(t)lg dt : 'y(O) = Xp, ’)/(1) = X1

is well defined. Furthermore, the metric topology with respect to d, coincides with the manifold
topology on M. We do not exclude the possibility D = T M.
Associated with the sub-Riemannian metric g, there is a vector bundle morphism

# . T*M — D, (2.2)

defined by
a(v) = (#a,v),

forany x € M, @ € T;M, and v € D,. Define a cometric g* = (-, -),- on T*M by
(@,B)y = a(*B) = (#*a, #°B),. a,p e (T"M).

This cometric is exactly degenerated along the subbundle Ann(D) C T*M of covectors vanishing on D.
Conversely, given a cometric g* on 7°M that is degenerated along a subbundle of 7*M, we can define
the subbundle D of TM as the image of the map #§¢ : & — (@, -),- in (2.2), and a metric g on D by the
relation
B, #¥8) = (@, By

Hence, a sub-Riemannian manifold can equivalently be defined as a connected manifold with a sym-
metric positive semi-definite tensor g* on I'(T M®?) degenerating on a subbundle of 7*M. In what
follows, we will speak about a sub-Riemannian structure interchangeably as (D, g) or g*, assuming
that the subbundle D is bracket-generating. For more on sub-Riemannian manifolds, see, e.g., [14,21].
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Definition 2.1. A  sub-Riemannian  measure  space  (M,D,g,du) is a  sub-
Riemannian manifold (M, D, g) with a choice of smooth volume density du on M. If D = TM,
then du is the volume density of the Riemannian metric g.

On a sub-Riemannian measure space (M, D, g, du) there is a unique choice of second order operator
Agau@ = divy, #de, ¢ € C(M). (2.3)

We call the operator in (2.3) the sub-Laplacian of the sub-Riemannian measure space. Since D is
bracket-generating, the classical result of Hormander [22] states that A, 4, is a hypoelliptic operator.
If the measure du is clear from the context, we simply write A,. We also denote the sub-Riemannian
measure space as (M, g*, du).

We say that a Riemannian metric g = (-, -); is a taming metric of (M, D, g, du) if g is the restriction
g|D of g to D and the volume density of g equals du.

Lemma 2.2. Any sub-Riemannian measure space has a taming Riemannian metric.

Proof. Let (M, D, g,du) be any sub-Riemannian measure space with dim M = m and rank D = k. If
k = m, then by convention g = g is a taming Riemannian metric. For k < m, we take an arbitrary
Riemannian metric gy on M and let D* denote the orthogonal complement of D with respect to gy. The
rank of D* equals m — k. Define a Riemannian metric g; such that D and D+ are still orthogonal with
respect to g, and g;|D = g, g|D*+ = go|D*. Let djz be the Riemannian volume density with respect to
g1, and write djx = pdu.

Finally, we define the metric g to be such that D and D* are orthogonal with respect to g and

gp=g  gD*=p"" gD,
which gives us the desired Riemannian metric.

Remark 2.3 (Hausdorff and Popp’s measure). A manifold M carries a measure dx which is the push-
forward of the Lebesgue measure by the chart map. The distance d, in (2.1) generated by the sub-
Riemannian metric tensor g produces the Hausdorff measure dH. Relative to any coordinate system
defined sufficiently close to a regular point, dH = g(x)dx is absolutely continuous with respect to dx.
It is not clear whether ¢g is a smooth function. Another construction of a measure near regular point
has been provided by O. Popp (see [21, Chapter 10]) which gives a measure du with a smooth Radon-
Nikodym derivative with respect to dx. The latter allows one to define the sub-Laplacian by making
use of the integration by parts with respect to the smooth measure du, which leads to the sub-Laplacian
introduced in [23]. For the case of the Carnot groups, both the Hausdorft and the Haar measures are
equal up to a constant, and are hence all smooth.

2.2. Compatible connections on a sub-Riemannian measure space

Consider a sub-Riemannian structure g* on M. For a two-tensor field & € I'(T*M®?) we write

k
r €06, %) = £(8), et £0¢,X)(0) = > € vi)
i=1
for an arbitrary orthonormal basis vy, ..., v, of D, with k = rank D. We want to consider connections
on sub-Riemannian manifolds and sub-Riemannian measure spaces. We begin with the following

definition of a connection on tensor fields; see, for instance, [24, Chapter 4].
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Definition 2.4. Let V be an affine connection on T M.
(a) We say that V is compatible with (D, g) (equiv. g*) if it satisfies the following equivalent conditions:
(i) Vgr =0,
(ii) Vi =V,
(i) For any X,,X, € I'(D), Z € I'(T M), we have that VzX, € I'(D) and
Z{X1, X2)y = (V2X1, X2)g + (X1, V2X3)g .

(b) We say that V is compatible with (D, g,du) (equiv. (g*,du)) if V is compatible with (D, g) (equiv.
g") and for any ¢ € C*(M)

k
trg Vud(x) = > V,,dp(vi) = Agauh
i=1

for an orthonormal basis vy, ..., v of D,.
The following is known on sub-Riemannian manifolds.

Proposition 2.5. [25] Let g* be a sub-Riemannian structure and du a volume density on M. Then
(g*,du) has a compatible connection.

We also prove the following result.

Lemma 2.6. (a) A connection V is compatible with g* if and only if for every point x € M there exists
a local orthonormal frame X, . .., X, of D around x such that VX ;(x) = 0.

(b) A connection V is compatible with (g*, du) if and only if for every point x € M there exists a local
orthonormal frame X, ..., Xy of D around x such that VX;(x) = 0 and divg, X;(x) = 0.

Proof. 1f V preserves D, then V|D is a connection on D preserving the inner product g. Hence there
is a local orthonormal frame of D that is parallel with respect to V at a given point x; see, e.g., [26,
Theorem 2.1 and Remark 2.2] for details. Conversely, let @ be an arbitrary one-form and x € M an
arbitrary point. Assume that there exists an orthonormal frame Xj, ..., X; of D around x such that it is
V-parallel at x. Completing calculations at x, we obtain

k k
Xlalp.(x) = ) X(@(X))*(x) =2 ) a(X)()(Vxa)(X)(¥) = 2@, Vx@)g (2).
i=1 i=1

If we can find such a basis for every point in M, it follows that V is compatible with g*. This proves

(a).
The result in (b) follows from the identity

k k
Agauf = ) X2 f + ) (Xif)divg, X,
i=1 i=1
that holds for any local orthonormal basis of M.
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Corollary 2.7. Let V be a connection compatible with (g*,u) and let X be a horizontal vector field.
Then

divg, X = try (Vi X, X),.

Proof. For a given point x € M, choose an orthonormal frame X, ..., X; of D around x with VX;(x) = 0
and div,, X;(x) = 0. Write X = 3’5, £;X;. Then

divg, X (x)

k
D Xifi0 = D (T X, X ().

i=1

k
D7 (Xiix) + £ix) divg, Xi(0)
17(1

i=1

Since x € M was arbitrary, the result follows.

2.3. Left-invariant sub-Riemannian structures

Let G be a Lie group with Lie algebra g. Let (E, k) be a sub-Riemannian structure on G. We say
that the sub-Riemannian structure is left-invariant if £ is a left-invariant distribution and if

v, wh, ={a-v,a-wy, foranya € G, vvwe E; =¢Cag,

where we denote by a-v the action on v € g by the differential of the left translationby a € G,and 1 € G
is the identity element. Equivalently, let w be the left Maurer-Cartan form, givenby w(v) =a™' -v € g
for any v € T,G. Then v € E if and only if w(v) € ¢ = E; C g. We then say that (E, k) is obtained by
left translation of (e, (-, -)).

Example 2.8 (The Heisenberg group). We consider the space H" = R***! with coordinates (a, b, ¢) =

(ai,...,a,,by,...,b,,c). We give this space a global frame
1 1
Aj = aaj - Ebjé)c, Bj = Obj + Ea.,-ac, C= 86. (24)

The corresponding coframe is given by da;, db; and 6 = dc + 1 2i=1(bjda; — a;db;). Note the bracket
relations

[C, Al] = [C, B]] = [A,',Aj] = [Bi,Bj] = 0, [A,‘, B]] = 51']'C. (25)

Hence, these vector fields form a Lie algebra which we will write as b,. We can give R***! a group
structure such that the vector fields in (2.4) become left-invariant. The group multiplication is given by

~ ~ 1 ~
(a,b,c)-(a,b,¢) =\a+a,b+b,c+C+ 5((61, byr» —(a, b>Rn)).

We will define a sub-Riemannian structure (E, k) on H" by letting Ay,...,A,, Bi,...,B, be an or-
thonormal basis.
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3. Horizontal maps into Lie groups

3.1. Maps into Lie groups and the Darboux derivative

In what follows, we will let Q”(M, g) be the space of g-valued differential p-forms on a manifold
M. We recall the definition and properties of the Darboux derivative; referring to [27] for more details.
Let G be a Lie group with Lie algebra g. Let w € Q!(G, g) be the left Maurer-Cartan form as defined
in Section 2.3. This form satisfies the left Maurer-Cartan equation

1
dw + E[a), w] =0, 3.1

with [w, w] being the two-form (v, w) — 2[w(v), w(w)]. See Appendix A for more details. If M is a
given manifold and f: M — G is a smooth map, we say that oy := f*wis the left Darboux derivative of
f- It follow from definition that a satisfies (3.1). Conversely, if 8 € Q!(M, g) satisfies dB+ %[B, Bl =0,
then locally S is the Darboux derivative of some function. If the monodromy representation of S
is trivial (see [27, Chapter 3, Theorem 7.14]) then the structural equation implies that 5 = a; for
some map f: M — G. Particularly, for a connected, simply connected manifold M the monodromy
representation of any g-valued one-form is trivial, meaning that any form satisfying the left Maurer-
Cartan equation can be represented as a Darboux derivative. Through the rest of the paper, we assume
that M is connected and simply connected.
Denote by A € Q!(M, g) the collection of forms « satisfying da + %[a, a] = 0, and define

T, A = {/3(0) : B: (—&,&) = Q(M, g) is smooth, }

B0) = a,B(t) € Aforany t € (—¢,¢€).

Lemma 3.1. We have
T,A={dF +[a,F] : F e C”(M,q)}.

Proof. Let 5(t) be a differentiable curve in Q'(M, g) and assume that dB(¢) + %[B(t), B)] = 0. If we
differentiate this relation and assume that 8(0) = & and 3(0) = 7, then

dn+ [a,n] =0.
If @ = f*w and we write n = Ad(f~1)#, then
Ad(f Hdn = 0. (3.2)

We remark that here we are abusing notation to write 77, = Ad(f(x)™")jl,, where f(x)~! is the inverse of
f(x) with respect to the group operation in G. To see that (3.2) holds, recall first that for any curve A(f)
in a Lie group G, we have that % Ad(A(H)™) = —ad(w(A(1))) Ad(A(t)™"), where w is the Maurer-Cartan
form for the group G. Considering the special case where A(f) = f(y(¢)) for an arbitrary smooth curve
v(t) in M with f*w = a, we get the formula for the differential

dAd(f™") = —ad(f"w) Ad(f™") = —ad(a) Ad(f ™).
Using the definition of = Ad(f~!)#, this leads to
0 =dn+[a,n] = (dAd(f™) A7+ Ad(f)di + [, Ad(f)il = Ad(f™)d.
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In summary, the form 7 € Q!(M, g) is closed and we can find a function F: M — g such that
i = dF due to the vanishing de Rham cohomology; see [28, Theorem 11.14]. Furthermore, if we
define F = Ad(f")F, then
B =Ad(f )dF = dF + [, F].

Conversely, for any F € C*(M, g), we can define a curve g(t) = f - exp(¢F) in the space of smooth
maps M — G and B(f) = g(#)*w. Here exp: g — G 1is the group exponential. Letv € T\ M, x € M,
be arbitrary and define y(s): (—€,€) — M, € > 0, as a curve with y(0) = x and 9,y(0) = v. If we set
I'(s, 1) = g(t)(y(s)), then we compute

BOYV) = 8,0(8T (s, )li5.0=00) = 0L W(0)|(s.0=0.0)
= (0. w(8)) — d(T* W)(@s, ) ) s=0.0

= (as(w(atr)) - d(I" w)(0;, az))|(s,z):(o,0)

= 0xF(7(S))|S:O + [w(asr), w(atr)]l(s,t):(0,0)
=dF @)+ [a(v), F(x)].

Recall that @ = f*w. The result follows.

We want to close our space of Darboux derivatives into a Hilbert space. Let (M, D, g, du) be a sub-
Riemannian measure space and let g be a taming Riemannian metric. Extend the inner product on e to a
full inner product on g. These choices give us an induced inner product on AKT*M ® g, which allows us
to define an L2-inner product (83,5) = fM(,B(x), B(x)) du(x) for any B € Q¥(M, g). With this definition,
we consider L*Q(M, g) = &M L?Q*(M, g) as the space of L*-forms with values in g. We remark that
since M is compact and g is finite dimensional, any other choice of taming Riemannian metric g and
inner product of g will give us an equivalent L>-inner product, meaning in particular that L>-forms are
independent of these choices. More about the theory of L” forms can be found, for instance in [29].

Corollary 3.2. Assume that M is simply connected and compact. Then the closure A of A in
L*QN(M, ) is a Hilbert submanifold of L>*Q'(M, g) with tangent space To A C L2QY (M, g).

Proof. Let a € A be the Darboux derivative @ = ay = f*w of a map f. We consider an arbitrary curve
B € A that can be written as 8 = dF + [a, F] for some F € C*(M, g). From the proof of Lemma 3.1, we
note that if F = Ad(f™")F, then Ad(f™")B = dF. We denote by F 5 a unique solution to this equation
satisfying fM Fpdu = 0, and we define Fg = Ad(f~")F. Then,

1Fsll2 < 1 ACF DIl Fpll 2
Poincaré

< CIA(f Dll=ldFgllz < CIAAS Dl Ad(ll=11Bll 2

for some constant C > 0. Note that the linear map 8 — Fj is bounded and invertible with respect to
the L? metric, which, in particular, is smooth. Here we have used the Poincaré inequality for compact
Riemannian manifolds found in, e.g., [30, Theorem 2.10]. It follows that this map can be extended by
limits to be well defined as a map from 7, A to {F € L*(M,g) : [ Ad(f)F du = O}.

Continuing, we introduce a map ®: T, A — A as

OP) = (f-e)Yw, for BeT,A.
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We observe then that for any v € T, M, we can apply the formula for the differential of the Lie group
exponential to obtain

Fo) £ y-1 Ry, L€M)
OB)(v) = e D ) d e + ——C 4R
B)v) = e PV f(x) " df(v)e 2d(F50) p(V)
- ad(Fﬂ(x))a . 1 = ¢~ ad(Fp()
ad(Fp(x))
_ o ad(Fy()

=a(v)+ Wﬂ("),

(B(v) + ad(Fg(x))a(v))

meaning that

_ 1 —e ) o (=1)" ad(Fp)"
@(ﬁ)—d+Wﬁ—a+;W .

This map is well defined for any 8 € T, A, giving a smooth map ® : T, A — A C L*Q'(M, ).
Furthermore, we see that its Fréchet differential at 8 = 0 is given by

D|y(B) = 5.

Thus, @ is locally injective, so it can be used as a chart close to 0 € T, A. Since A is dense in A the
result follows.

3.2. Horizontal maps

For the rest of this section, (M, D, g,du) will be a simply connected, compact sub-Riemannian
measure space while G will be a Lie group with Lie algebra g and left Maurer-Cartan form w. The
structure (£, h) on G will be defined by left translation of (e, (-, -)). We introduce the following concept.

Definition 3.3. Let (M, D, g) and (N, E, h) be two sub-Riemannian manifolds. We say that a smooth
map f: M — N is horizontal if df(D) C E.

To simplify the discussion in this paper, we only consider the case when N = G is a Lie group G
with a left-invariant sub-Riemannian structure (E, g) that is the left translation of a vector space ¢ C g
and a scalar product (-,-) on ¢. Then, f: M — G is horizontal if and only if @y = f*w sends D into e.
We write Ap g for the collection of such forms a.

Consider Q'(D, V) = I'(D*®V) as partial one-forms only defined on D with values in a vector space
V. Write L*Q'(D, V) for its L?-closure. Consider Ap z C A. Define a linear map

P: L*’Q'(M,g) — L*Q'(D,g/¢) by P(@)=alD mod e. (3.3)
Then Ap g =ker PN A.

Definition 3.4. We say that a € &ZTE is regular (respectively, singular) if « is a regular (respectively,
singular) point of P|#; that is the differential of the map P is surjective (not surjective) at @ € A. We
say that a sub-Riemannian horizontal map f: M — G is regular (respectively, singular), if its Darboux
derivative ay € Ap is regular (respectively, singular).

Since Ap ; = ker P N A, the implicit function theorem implies that Ap ; has the local structure of
a manifold around any regular a.

Communications in Analysis and Mechanics Volume 15, Issue 3, 515-532.



524

3.3. Strong bracket generating condition

We list the conditions for distributions on M and G, which guarantee the absence of singular mor-
phisms.

Definition 3.5. We say that ¢ C g is a strongly g-bracket generating subspace of g if forany 1 <1< g
and any set of linearly independent vectors A,...,A; € ¢ and any Z,,...,7Z; € g, there exists an
element B € ¢ such that

Z;—[Aj,B] €e, j=1,...,L

Example 3.6. Let 6 be a left-invariant one-form on a (2n + 1)-dimensional Lie group G and define
kerd|; = ¢ C g. Assume that df|(A¢) is non-degenerate, i.e., § is a contact form on G. We can find a
basis Ay,...,A,, Bi,..., B, of ¢ such that d6(A;, A;) = dO(B;, Bj) = 0 and df(B;, A;) = ¢6,;. Let Z € g be
the unique element satisfying 8(Z) = 1 and d6(Z, -) = 0. To find B € ¢, we need to solve the equations

One can easily check that
- ([ Pi gi
B = _Bi - —A,‘ .
; (Pi qi )

is a solution. This shows that such structures are strongly 2n-bracket generating. In particular, we note
that the Heisenberg group H" is has a strong 2n-bracket generating distribution.

Proposition 3.7. Let (M, D, g) be a sub-Riemannian manifold, where M is simply connected and D
has rank k > 2. Let g be a Lie algebra with a generating subspace ¢ C g of positive codimension. Let
a € Q' (M, g) be a one-form satisfying a(D) C e.

(a) Assume that there exists a non-intersecting horizontal loop vy : [0,1] — M such that a(y(t)) = 0
for almost every t € [0, 1]. Then « is singular.

(b) Assume that ¢ C g is strongly k-bracket generating. If a|D is injective at every point, then « is
regular.

Proof. Choose a complement f to e in g. Let FF € C*(M,g) be a function and write F = F, + F;
according to the decomposition g = e®{. Recall that the regularity of @ is equivalent to the assumption
that for any one-form ¢ € Q!'(M, g), one can choose F, and F; such that

dF:D + [a|D, F.] + [a|D, F;{] = ¢|D mod e. (3.4)

(@) If y : [0,1] — M is a non-intersecting horizontal loop, then x; = y(1/2) # xo = y(0) = y(1)
by assumption. Define y,y, : [0,1] — M by y(t) = y(¢/2) and y,(¢) = y(1 — t/2), which are
non-intersecting horizontal curves from x, to x;. Let U be an open set that does not intersect y,,
but intersects with a subset of vy, of positive length. Let ¢ = ¥y ® Z, where Z € §, Z # 0, and i
denotes a real valued one-form with support in U such that C = fol Yo(y(®))dt > 0. If we find a
function F = F, + F; solving (3.4) then

Fix) - Ftw = [ 0 =cz#0
Y1

However, in order for (3.4) to hold, we would also need to Fi(x;) — F;(xo) tp equal fy . W which is
clearly O by the definition of y, giving us a contradiction.
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(b) If @|D is injective, then we can choose F; = 0. To show the regularity of @ we need to solve
the equation [a|D, F'.] = ¢|D mod e. The assumption of D being strongly k-bracket generating
implies that the equation [a|D, F.] = ¥|D mod ¢ has a solution for any one-form ¢ € Q'(M, g).
To be more precise, let X, ..., X be a local basis of D and ¢ € QY(M, g). We respectively define
Aje C®(M,¢)and Z; € C*(M,g) by A; = a(X;) and Z; = Y(X;), j = 1,...,k. Then we can then
define F such that [A}, F] = Z; by the strongly k-bracket generating condition on D.

4. Harmonic maps

4.1. Normal and abnormal harmonic maps

Let (M, D, g, du) be a given sub-Riemannian measure space and let (G, E, h) be a Lie group with a
left-invariant sub-Riemannian structure. For a horizontal map f: M — G with Darboux derivative ay,
we define its energy as

1 1
£ =5 fM A opadit = 5 fM try(f*)(x, X) dj (4.1)

1 .
= Emef@*dy =: &(ay).

We note that if vy, ..., v € Dy and wy, ..., w, € Egy are respective orthonormal bases then

k n k
A f ) = Y FODE = D0 wj, df i3,

i=1 j=1 i=1

We would generalize the definition of harmonic maps from [5] to the sub-Riemannian setting, saying
that f is harmonic if it is a critical value of &. Instead, we use the Darboux derivative to make this
definition precise. For a € &*’I—D,E, we define a variation a, of « as a differentiable curve (—¢g, &) — ﬂ—DE,
s — aj, such that ay = a.

Definition 4.1. We say that o € Ap g is harmonic if it is a critical point of & ie., for every variation
as of a, we have %g’ (ay)ls=0 = 0. We say that f is harmonic if ay is harmonic.

We have the following result.

Theorem 4.2. Let M be a simply connected, compact manifold, and V a connection compatible with
the sub-Riemannian measure space (M, g*,du). Let the map # = ﬂ’f : g — e correspond to the sub-
Riemannian metric h at the identity. Assume that « € Apg is harmonic. Then at least one of the
following statements holds.

(a) (Abnormal case) There exists form a n € QY(M, g*) with n|D non-zero, satisfying #n|D = 0 and
dpn — trgad" (a(x))n(x) = 0.
with 6pn = — try Vin(X).
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(b) (Normal case) There exists a form A € Q' (M, g*) satisfying $1|D = a|D and
OpAd — trgad (a(x))A(x) = 0.

with 6pA = —try Vi A(X).

Recall that ad” denotes the adjoint representation of g on g* given by (ad"(A)B)(B) = —B([A, B]) for
any A,Beg,Beqg".
Remark 4.3. We remark the following about the result of Theorem 4.2.
e Case (a), which we call abnormal, occurs when @ = ay € Ap g 1s singular. It is a property that holds

for all singular elements, and it is not related to optimality. The proof of the result in (a) does not
use the property that @ is a harmonic form.

e Case (b), which is called normal, occurs when @ = ay € Ap g is both regular and is a critical value
of &. However, there are also singular forms @ € Ap ¢ that are critical values of & and also have a
corresponding 1 € Q!(M, g*) satisfying the equations as in (b), but such an extremal form « is not
called normal. Thus, Cases (a) and (b) are not completely disjoint.

e We remark also that the results of Theorem 4.2 only depend on restrictions @|D and A|D of forms to
D and do not depend on their extension to the entire tangent bundle. Hence, we could have stated
Theorem 4.2 by using only the restrictions a|D and A|D.

Before proceeding to the proof, we observe how the result of Theorem 4.2 satisfies known examples in
literature.

Example 4.4. We note that if E = TG, so that G is a Riemannian Lie group, then there cannot exist
any abnormal harmonic maps. Indeed, since § is now is a bijective map, we cannot have that n|D # 0,
while still having that fin|D = 0.

For the normal case, we have §4 = @ and if @ = ay, then

Spa + try ad(@(x)) a(x) = 0, (4.2)

where ad(a(x))" is the transpose map with respect to left-invariant metric # on G. This is just the
classical tension field equation for harmonic maps. In order to explain this, we write (4.2) as

7(f) =try Ve df(x) = 0, V=V V. 4.3)
Here, V" is the Levi-Civita connection on G, which for left-invariant vector fields, can be written as,
2V B = ad(A)B - ad(A)'B — ad(B)A.
Furthermore, V is the induced connection on 7*M ® f*T G, which can be described by
(Vx df)(Y) = Vi df(Y) = df(VxY).

Equation (4.3) coincides with the tension field 7(f) for maps between the Riemannian manifolds in [5]
or from sub-Riemannian manifolds to Riemannian manifolds in [7,9]. For the special case G = R, we
have that 7(f) = Ay 4uf"
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Example 4.5. Consider M = [0, 1]. Although this is not within the scope of the theorem, as M is a
Riemannian manifold with boundary, the theorem is still valid under the assumption that any variation
is constant on M = {0, 1}. Define V! to be the left-invariant connection on G, i.e., the connection
such that VA = 0 for any left-invariant vector field A. This connection is compatible with the sub-
Riemannian structure (E, h). Let T be the torsion of V¢, given for left-invariant vector fields by

T'(A, B) = —ad(A)B.

We say that the adjoint connection to V' is given by V{ B = V{B - T*(A, B). For the special case of V’,
its adjoint will be the right invariant connection. If f: [0, 1] — G, then the equation in Theorem 4.2 (a)
18 written as

@fn =0, ﬁhﬂ =0,

where 7 is a one-form along f(#). The equation in Theorem 4.2 (b) becomes
Vi1=0, B'a=7.
These are the respective equations for abnormal curves and normal geodesics see [31,32] for details.

Proof of Theorem 4.2. Recall that we have defined L?-forms with respect to a taming metric g and an
inner product on g. Assume that @ € Ap g is harmonic. Write

0 ={ne€Q'(M,g") : n(D) C Ann(e)},
Ay ={1€Q'(M,q") : 4D = a|D).

Note that Q is a vector space, while A, is an affine space with 4; — 4, € Q for 4,4, € A,. We first

observe the following. Consider the operator L,F := dF + [a, F]. Then for any n € L>QY(M, g*), we
note that

f try n(X)dF (X)du = f try n(X)Vx Fdu = f (pm)Fdy;
M M M
hence

f try n(X) (Lo F)(X) du = f try n(X)(dF(X) + [a(X), F])

M M

= fM (6pn — trg ad” (@(x))n(x)) Fdp =: fM (L,mFdpy.

If @ € Ap is singular, then there is a non-zero form % € L2Q!(D, g/¢) orthogonal to the image of
D,P(T,A) where P is given in (3.3). Define = (i}, D,P-);> € Q. Then for any element L,F in T, A,
F € C*(M, g), we have

0 = (1, DoPL,F) = f (Lo F)du = f (Li)F dy.
M M
As this holds for any F € C*(M, g), the result in (a) follows.
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If « is regular, then Ap g is locally a manifold with 7, Ap ¢ being the closure of elements L, F such
that L, F'(D) C e¢. In other words, elements in T, Ap g are in the closure of elements L, F, F € C*(M, g),
that are orthogonal to Q, which can be written as

T, Apr ={L.F : (F,¢);> = 0forany ¢ € L: O}.

Let F be an arbitrary such element in C*(M, g) that is orthogonal to L’ Q. For such a tangent vector
in T, Ap kg, let a, be the corresponding variation with ¢y = @ and %aslszo = L,F. We observe that for

any smooth e,
d . -
@l = [ 04aC0.dF60 + a0 Fhdu = [ (@ DFd
s M M

If this vanishes for all such variations, then Lz;l € (C®(M,9) N (LO)")*". We remark that since the
elements of L?(M, g) can be considered as equivalence classes of sequences (¢n),7, of smooth functions
convergent in L%, we have

C*M, )N (L, =L;0, and  L;0NC (M, g) = L,Q.

Furthermore, since A is smooth, then so is L;‘;;l; hence we can write L;;l =L
A= 1-n€A,, we find that 1 satisfies L1 = 0.

-1 € L, Q. By defining
Remark 4.6. The results in Theorem 4.2 can be generalized to a non simply connected manifold. If M
is not simply connected, we consider its universal cover I1: M — M. We note that M might not be
compact, but, as mentioned in our introduction, we can consider compact subdomains. We can then lift
functions from M to M as f +— f o Il. By using a partition of unity, we decompose an integral over M
or one of its compact subdomains as integrals over open sets that are mapped bijectively to an open set
in M. It leads to the conclusion that if f is a harmonic map, then so is f o 1. Looking at the equations
in Theorem 4.2, we see that they are all local and can hence be projected to M.

4.2. Harmonic maps into the Heisenberg group

We consider the case of harmonic maps f: M — H". Let (a,b,c) be the coordinates on H" as
described in Example 2.8. We then have the following corollary.

Proposition 4.7. Let f: M — H" be a horizontal map from (M, D, g, du) into the Heisenberg group
(H", E, h) with its standard sub-Riemannian structure. Write

(u,V,W):(a,b,C)Of, §:u+iv.

Then f is a normal harmonic if and only if for some horizontal vector field Y € I'(M) satisfying
divg, Y = 0 we have
(Agaqu — 1Y) = 0.

We note that the operator A, 4,—iY is hypoelliptic by [33]. However, recall that we are also assuming
that f is horizontal, meaning that

(aw + 5 Zi(vjdu; — ujdv)) 1D = 0.

Note that if rank D < 2n, then all harmonic maps are normal by Example 3.6. and Proposition 3.7.
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Proof. Since f is horizontal, then
alD=agD =) duD®A;+ ) dvID®B,.
=1 =1
From the requirement that §1|p = a|D, we have that
AD = Y duD®@da;+ ) dvD®db;+ AlD &0,
=1 =1
where Ay is a one-form on M. Write Y = #4, as a vector field. The harmonic equation is given by

0 = 6pd — try ad*(@(x))A(X)

= = D g (Vadu))(X) @ daj = Y try(Vudv)(X) @ db; + (Ve do)(X) @ 0
J=1 j=1

+ tr Ao(xX) (du;(x) ® db;) — try Ao(x) (dv;(x) ® da)

= = > (Apu; + Yv) ®da; - ) (Apv; - Yu)) @ db; + (div, ¥) ®6.
=1 =1

It follows that div,, ¥ = 0 and
Agul = (Nguuj+iAg,vj); = (=Yv; +iYu;); =iY{,
completing the proof.

Example 4.8. If we choose M = [0, 1] in Proposition 4.7, allowing a manifold with boundary, we obtain
the normal sub-Riemannian geodesics on the Heisenberg group. More precisely, the horizontality
requirement for f can be written as

1 n
Ww=—-= (VJMJ—MJV]),
=1
while { = u + iv now has to satisfy

C+iyl =0, for some constant y.

In other words ¢ = ¢"'Z(0), which is exactly the equation for normal geodesics on the Heisenberg
group with solutions being the horizontal lifts of circular arcs on the (u, v)-plain.

A. Forms with values in the Lie algebra

We recall here the definition of brackets of forms with values in a Lie algebra g. Let a € QY(M, g)
be a g valued k-form, that is a section of the vector bundle A*T*M ® g. Note that all such elements can
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be written as a finite sum of elements ¢ ® A where & € Q*(M) is a real valued k-form, and A € g. For
& € QK(M), B € Q/(M) and A, B € g, we define

[d@A,[S@B] = (¥ AB)®I[A, B].

We can extend this definition by linearity to arbitrary forms @ € Q*(M, g) and 8 € Q/(M, g), to obtain a
form [a, 8] € QX*(M, g). We note that [, 8] = (—1)**![3, @]. We look at the particular case when k =
[=1.Fora,pecQ(M,g)and abasis Aj,...,A, of g, we write @ = Y1 @j®Ajand B = Zf,?:l,éj ®A;.
We then observe that for any v,w € TM,

(@, B1(v, w) = [B,@](v, w) = )" (@B, w) = BiaE(w)IA A

ij=1

= [a(v), Bw)] = [a(w), B(W)] = [a(v), BW)] + [BV), a(w)].

In particular, [, a](v,w) = 2[a(v), a(w)]. If @ is a one-form and F is a zero-form, i.e., a function, then
[a, F](v) = [a(v), F(x)] for every v € T, M.
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