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ABSTRACT. We study the question: When are Lipschitz mappings dense in
the Sobolev space WLP(M,H")? Here M denotes a compact Riemannian
manifold with or without boundary, while H™ denotes the nth Heisenberg
group equipped with a sub-Riemannian metric. We show that Lipschitz maps
are dense in W1P (M, H") for all 1 < p < oo if dim M < n, but that Lipschitz
maps are not dense in WHP(M,H") if dim M > n+1and n < p < n+1. The
proofs rely on the construction of smooth horizontal embeddings of the sphere
S™ into H™. We provide two such constructions, one arising from complex
hyperbolic geometry and the other arising from symplectic geometry. The
nondensity assertion can be interpreted as nontriviality of the nth Lipschitz
homotopy group of H". We initiate a study of Lipschitz homotopy groups for
sub-Riemannian spaces.

1. INTRODUCTION

In this paper we study Sobolev mappings from a compact Riemannian manifold
or from a domain in Euclidean space into the Heisenberg group. The paper is moti-
vated by recent developments in the theory of Sobolev mappings into metric spaces
and, in particular, by the work of Capogna and Lin [I1] on harmonic mappings into
the Heisenberg group.

The main question which we investigate in this paper is the problem of density
of Lipschitz mappings. In a more classical setting the question whether smooth
mappings are dense in the space of Sobolev mappings between manifolds was raised
by Eells and Lemaire [I6]. In the case of manifolds, smooth mappings are dense if
and only if Lipschitz mappings are dense. For Heisenberg targets it is more natural
to ask about density of Lipschitz mappings.
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Let M and N be compact Riemannian manifolds, ON = . We can always
assume that N is isometrically embedded into a Euclidean space R” (by the Nash
theorem), and in this case we define the class of Sobolev mappings WP (M, N),
1 <p < 0, as follows:

WYP(M,N) = {u € W"?(M,R") : u(z) € N a.e.}.

The space W1P(M,N) is equipped with a metric inherited from the norm in
WhP(M,R"). Although every Sobolev mapping u € W1?(M, N) can be approxi-
mated by smooth mappings with values into R”, it is not always possible to find
an approximation by mappings from the space C*°(M, N). A famous example of
Schoen and Uhlenbeck [48], [49] illustrates the issue. Consider the radial projection
map ug : B! — S” from the closed unit ball in R”*! onto its boundary, given by
x

1.1 ug(r) = — .
The mapping uy has a singularity at the origin, but one can easily prove that
up € WHP(B"+1 S") for all 1 < p < n + 1. Schoen and Uhlenbeck proved that ug
cannot be approximated by C>°(B"*!, ") mappings when n < p < n + 1.

By using this construction one can prove that if M is a compact Riemannian
manifold of dimension at least n + 1, then C'*°(M,S™) mappings are not dense
in WHP(M,S™) when n < p < n + 1; see [8], [27]. On the other hand, Bethuel
and Zheng [8] proved that for any manifold M, C°°(M,S™) mappings are dense in
WP(M,S") whenever 1 < p < n. Let us also mention that Schoen and Uhlenbeck
[48], [49], proved that if co > p > n = dim M, then C>°(M, N) mappings are dense
in WHP(M, N) for any target N.

Since in the case of manifold targets, density of smooth maps is equivalent to
density of Lipschitz maps, the above results imply the following well-known propo-
sition
Proposition 1.1. (a) If M is a compact Riemannian manifold of dimension
dim M > n+1, then Lipschitz mappings Lip (M,S™) are not dense in WP (M,S™)
whenn <p<n-+1.

(b) If M is a compact Riemannian manifold of dimension dim M < n, then
Lipschitz mappings Lip (M,S™) are dense in WP (M,S™) for all 1 < p < co.

In general, the answer to the question of whether for the given two manifolds
M,N and 1 < p < n = dim M, C*°(M, N) mappings are dense in WP (M, N)
depends on the topological structure of the manifolds. A complete solution to the
problem has been obtained by Hang and Lin [3T] who corrected earlier results of
Bethuel [7] and the generalized results of Hajlasz [22]. We refer the reader to the
survey [27] for a detailed discussion and references.

There are several equivalent ways to define the space of Sobolev mappings with
target the Heisenberg group H™. We refer to [21], [42] or [12] for the basic theory
of the Heisenberg group and sub-Riemannian geometry; see also Section Pl In this
paper we define such mappings using an isometric embedding of H™ into a Banach
space. We equip H" with its standard Carnot-Carathéodory metric. As we will
see later on, the answer to the question of density of Lipschitz maps in spaces of
Sobolev maps with metric space targets can potentially change under a bi-Lipschitz
deformation of the target space. Our results hold for a variety of metrics on H"
which are bi-Lipschitz equivalent with the Carnot-Carathéodory metric.
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Every separable metric space, in particular, the Heisenberg group, can be iso-
metrically embedded into £*° (e.g., via the Kuratowski embedding (51I)). Thus we
may assume that H™ C ¢°° and for a compact Riemannian manifold M (with or
without boundary) we define

WP (M H™) = {u € WHP (M, £°) : u(z) € H” ae.}.

The vector valued Sobolev space WP (M, (°°) is a Banach space and W1 (M, H")
is equipped with the metric inherited from the norm. Our definition is different
than that provided by Capogna and Lin [I1], but it is equivalent; see Subsection [6.1]
for details.

One may wonder if it would be possible to define the space WP(M,H") via
an isometric embedding of H" into a Banach space different than ¢°°. Recently
Cheeger and Kleiner [I3, Theorem 1.6], [I4, Theorem 4.2] proved that H™ does not
admit a bi-Lipschitz embedding into any Banach space with the Radon-Nikodym
property. Separable dual spaces and reflexive spaces (separable or not) have the
Radon-Nikodym property. In view of this result there is little hope to replace ¢*°
by a better space in the definition of WP (M, H").

As in the case of mappings between manifolds, Lipschitz mappings Lip (M, £°)
are dense in WP (M, H™), but the question is whether we can take the approxi-
mating sequence from Lip (M, H™). It turns out that this is not always possible.

Theorem 1.2. Equip H" with the Carnot-Carathéodory metric.

(a) If M is a compact Riemannian manifold of dimension dim M > n + 1,
then Lipschitz mappings Lip (M,H") are not dense in WP (M,H") when
n<p<n+1.

(b) If M is a compact Riemannian manifold of dimension dim M < n, then
Lipschitz mappings Lip (M, H") are dense in W1P(M,H") for all 1 < p <
00.

The proof of the failure of density in the case n <p<n+1and dmM >n+1
is based on the following special case of Theorem [[.2)(a).

Proposition 1.3. Lipschitz maps Lip (B" ™!, H") are not dense in W1P(B"T1 H")
whenn <p<n+1.

Once this result is proved, the case of general M follows from an elementary
surgery argument which allows us to build mappings from M to H" that contain
the mappings constructed in Proposition [[L3on (n + 1)-dimensional slices.

Question 1.4. Are Lipschitz maps dense in W1?(B"™ H") when p > n + 1 or
1<p<n?

We have stated Theorem for the Carnot-Carathéodory metric d.. on H"
because it is a natural metric associated to the sub-Riemannian structure on H",
and also because—in some sense—it is the most difficult metric on H" to consider
for this question. The conclusion of Theorem holds also for other metrics on H"™
which are bi-Lipschitz equivalent to d.., such as the Kordnyi metric (Z4]). Note that
results of Hajlasz [24], [26] imply that the answer to the Lipschitz density question
can depend on the choice of the metric in the target, even within a bi-Lipschitz
equivalence class.

Theorem and Proposition [Tl show an analogy between Sobolev mappings
into the Heisenberg groups and mappings into spheres. The analogy would be even
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more complete, if we could answer Question [[L4] in the affirmative. In some sense
H"™ behaves like S™, but the analogy is quite intricate. Indeed, smooth mappings
are always dense in the space of Sobolev mappings into a manifold which is diffeo-
morphic to R2"*!. However, H" is only homeomorphic to R?"*!. Although the
identity mapping from H" to R?"*! is locally Lipschitz, the Heisenberg group is not
even locally bi-Lipschitz homeomorphic to R2"*!, as the Hausdorff dimension of H"™
equals 2n + 2. Thus one needs to look directly at the geometry of the Heisenberg
group which is very complicated.

In the case of Sobolev mappings into manifolds, the answer to the density ques-
tion depends, in particular, on homotopy groups of the target. The homotopy
groups of H" are trivial, but a more appropriate object to consider would be Lip-
schitz homotopy groups. For example, the nth Lipschitz homotopy group of H" is
nontrivial [5], [50], and this fact is principally responsible for the lack of density.
We discuss Lipschitz homotopy groups and sub-Riemannian manifolds in Section [l

Remark 1.5 (Added in December 2012). Wenger and Young [51] further develop the
theory of Lipschitz homotopy groups of Heisenberg groups in relation to Lipschitz
extension problems. The related paper [29] contains an alternate proof of the
nontriviality of the nth Lipschitz homotopy group of H"™ and other results of a
similar nature, together with applications to Lipschitz nondensity in Sobolev spaces.
See also Remark

In the proof of Proposition [[.3]a Sobolev mapping which cannot be approximated
by Lipschitz mappings will be constructed as the composition of the cavitation
map (L) with an explicit bi-Lipschitz embedding of the sphere S™ into H". The
existence of the latter is of independent interest.

Theorem 1.6. For anyn > 1, there exists a bi-Lipschitz embedding of S™ into H™.

As observed by Balogh and Féssler [5] and Wenger and Young [50], the embed-

ding from Theorem admits no Lipschitz extension from B"*' to H". Thus

7LIP (") # 0.

To show that the mapping whose construction was described above cannot be ap-
proximated by Lipschitz mappings, we will use a result of Ambrosio and Kirchheim
[3] and Magnani [38], [39] on the pure unrectifiability of H™. In the proof of density
in Theorem [[2Ib), we will use recent results of Wenger and Young [50]. The-
orem is also related to recent work on the Lipschitz extension problem with
sub-Riemannian target [0], [47] and on the construction of Legendrian submani-
folds of contact manifolds [I7].

Another issue is understanding what it means for a sequence of Sobolev mappings
fr € WELP(M,H") to converge to f € WHP(M,H").

The Heisenberg group H" is homeomorphic to R?**! and the identity mapping
from H"™ to R?"*! is locally Lipschitz. Hence if f € W1?(M,H") is bounded, then
also f € WHP(M,R**+1). More generally, if f € WHP(M,H") is not necessarily
bounded, then still f as a mapping into R2"*! is absolutely continuous on almost
all lines. Moreover, the directional derivatives of f are horizontal vectors and hence
for f € WHP(Q,H"), Q C R™ we can define

o\ 1/2
)

(12) Yl = <Z 9L

ox
=117k
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where |v|g stands for the length of the horizontal vector with respect to the given
metric in the horizontal distribution. See Section Bl for definitions.

Theorem 1.7. Let Q be a bounded domain in R™. Suppose that fy, f € WP (Q, H"),
k=1,2,...,1<p<oo, and fr — f in WHP(Q,H"). Then

[ vRk+IvAE) —0
{f—F¢z}

as k — oo, where Z denotes the center of H™.

Clearly the theorem generalizes to the case in which (2 is replaced by a compact
manifold.

The condition is surprisingly strong. In particular, it shows that fr must differ
from f by an element of the center Z on a large set. This phenomenon is quite
unlike the case of manifold or Euclidean targets. Similar phenomena have been
previously observed in [26].

Since bounded functions in W1?(M,H") belong also to W1P(M,R**1) the
proof of Theorem [[I7] gives

Corollary 1.8. Let M be a compact Riemannian manifold. Suppose that fi, f €
WLP(M,H"Y), k =1,2,..., are uniformly bounded (i.c., the ranges of all the map-
pings are contained in a fized bounded subset of H"). If fr — f in WHP(M,H"),
then fr, — f in WHP(M,R?"H1).

Theorem [[.7] shows, however, that the converse implication is not true. Indeed,
if fr, f € WHP(M,H") and fi, — f in WHP(M,R* 1) then it is very rarely true
that fr — f in WHP(M,H").

The paper is organized as follows. In Section [2] we recall the definition and basic
properties of sub-Riemannian manifolds and the Heisenberg group. In Section Bl we
provide two different proofs of Theorem We find it important to present two
different approaches as they refer to different geometric structures underlying H"™.
The first approach is based on the interpretation of H"™ as a conformal image of the
boundary of the unit ball in C**!, punctured at one point, while the second is based
on ideas from symplectic geometry. In Section ] we discuss Lipschitz homotopy
groups. We do not prove any deep results there, but we think that Lipschitz
homotopy groups will eventually play an important role in geometric analysis and
geometric topology and we would like to advertise the subject. In Section Bl we
define the class of Sobolev mappings into metric spaces and in particular into the
Heisenberg group. We follow the presentation given in [30]. In Section [6] we prove
Theorem [[7] and Corollary [[.8] and show that the class of Sobolev mappings into
the Heisenberg group defined in our paper agrees with that defined by Capogna and
Lin [I1]. Section[7l contains the proofs of Proposition [[[3and Theorem Finally,
Section [§] contains a variant of Theorem where the target space is replaced by
the sub-Riemannian Grushin plane.

2. SUB-RIEMANNIAN GEOMETRY

2.1. The Heisenberg group. We represent the Heisenberg group as the space
H" = C" x R = R?"*! equipped with the group law

n
(z,t) * (2/,t') = z—l—z’,t—l—t’—i—QImszz_;
j=1
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The Heisenberg group H" is a Lie group. A basis of left invariant vector fields is
given by
0 0 0 0

2.1 Xi=—+2yi—, Y, = — — 22, — =1,...
( ) J 8$j+ yjata J 82/] x]atv .7 Y ,’I’L,

and T = %. Here and henceforth we use the notation

(Zat) = (Zla""zmt) = (1317y1,---,$myn,t)~

Note that [X;,Y;] = —4T, j = 1,...,n, while all other Lie brackets of pairs of
vectors taken from (2]) are equal to zero. The Heisenberg group is equipped with

the horizontal distribution HH", which is defined at every point p € H" by
H,H" = span{Xi(p),..., Xn(p),Y1(p),.... Ya(p)}.

The distribution HH" is equipped with a left invariant metric g such that the
vectors

X1(p), -+, Xa(p), Y1(P); - - -, Ya(p)

are orthonormal at every point p € H”. We denote by o = (0,0) the identity
element in H". A family of anisotropic dilations (d,),~0 on H™ is defined by

(2.2) 5p(2,t) = (rz,r’t), r>0.

An absolutely continuous curve « : [a,b] — H™ is called horizontal if v/(s) €
H.,(-H" for almost every s. The Heisenberg group H" is equipped with the Carnot-
Carathéodory metric d.. which is defined as the infimum of the lengths of horizontal
curves connecting two given points. The length of the curve is computed with
respect to the metric g on HH"”. Let us remark in passing at this point that we
will denote by |- |g the norm on the horizontal bundle induced by the metric g, i.e.,

vl = gp(v,0)Y/?  ifv e HH™

It is well known that any two points in H™ can be connected by a horizontal
curve and hence d is a true metric. Actually, d.. is topologically equivalent to the
Euclidean metric. Moreover, for any compact set K there is a constant C' > 1 such
that

(2.3) Cp —q| < dee(p,q) < Clp — q|*/?

for all p,q € K. In what follows H" will always be regarded as the metric space
(H",d..). Tt follows from (Z3) that the identity mapping from H" to R***1 is
locally Lipschitz, but its inverse is only locally Holder continuous with exponent
1/2. The Hausdorff dimension of H" equals 2n + 2 since

Moo "2 (Bee(p,r)) = Cr#n+?

for all p € H" and 7 > 0. Here H272 stands for the (2n+ 2)-dimensional Hausdorff
measure with respect to d.. and Be.(p,r) denotes a ball with respect to the Carnot-
Carathéodory metric. In fact, these Hausdorff measures are invariant with respect
to left translation and scale correctly under the anisotropic dilations d, defined
above.

The variational problem which defines the Carnot-Carathéodory metric always
admits a solution: (H",d..) is a geodesic metric space. The geodesics can be written
down explicitly in parametric form. See, for example, the books by Montgomery
[42], Bellaiche [6], Capogna—Danielli-Pauls—Tyson [12] or the paper of Marenich [40]
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for details. In fact, sub-Riemannian geodesics in H' are precisely the horizontal lifts
of circular arcs in R? solving Dido’s isoperimetric problem.

As a result, there is a rather complicated implicit formula for d... We will
not need this formula in this paper. There are other metrics on H™ which are
bi-Lipschitz equivalent to d.., for instance, the Kordnyi metric dx defined by

(2.4) dx(p,q) = llg™" * pllx,

where ||(z,t)|x = (Jz|* + t2)1/2
On the Heisenberg group there is a natural horizontal gradient

(25) Viu = S (X)X, + ()Y,

j=1

whose length with respect to the metric g on HH" equals

n
Viuls = | S [Xjul? + [¥ul.
j=1
Let Q@ C H" be a domain. A function v : 2 — R is said to be continuously
horizontally differentiable at a point p € Q if X;u and Yju are continuous at p for
all 1 < j < n. We denote the class of functions on 2 which are k times continuously
horizontally differentiable at each point of Q by CE(€).
The center of the Heisenberg group is the vertical axis (t-axis)

Z ={(z,t) e H" : 2 =0}.
It easily follows from the group law that, for p,q € H", we have
(2.6) g lxpeZ ifandonlyif p—gqe Z
For g € H", let dy : H" — R be the function
dq(p) = dec(p, 9)-

As with all distance functions on metric spaces, dg is 1-Lipschitz. By the Pansu-
Rademacher differentiation theorem [45], d, is horizontally differentiable at almost
every point of H"™. However, a stronger result holds.

Lemma 2.1. For each ¢ € H", d is in C*(H" \{p: ¢ ' *p € Z}).

Here the C™ regularity refers to the underlying Euclidean structure on R?%+1,
but note that this is equivalent to C°° regularity in horizontal directions only.
Indeed, if g € CE(Q) for some k > 1, then it is easy to see that g € C*/2(Q),
hence C*(Q2) = C ().

Lemma 2] was explicitly proved by Monti [43] in the case of H!, and by
Ambrosio-Rigot [4] in the case of H". Note that Monti and Ambrosio-Rigot only
state that d, is Euclidean C', however, the proof easily extends to yield the im-
proved regularity asserted in Lemma 211

The preceding result together with the chain rule imply that if ¢ € H® and f :
(a,b) — H" is a horizontal curve, differentiable at sg, and such that qo_1 xf(s0) € Z,
then the function

u(s) = dec(f(3), q0)

is differentiable at sg and

(2.7) u'(s0) = (Vidg, (f(50)), f'(50))y -



126 N. DEJARNETTE, P. HAJLASZ, A. LUKYANENKO, AND J. T. TYSON

Here, (-, -)u denotes the fixed and given metric defined on the horizontal distribution
of H™.

Monti also proved that the Carnot-Carathéodory distance function satisfies the
eikonal equation. See Theorem 3.8 in [43]. Expressed in the above language, this
reads

Lemma 2.2 (Monti). For p,q € H" such that ¢~ xp & Z, |Vud,(p)|ln = 1.

This lemma is actually an easy consequence of Lemma 2.1 Indeed, since the
function dg is 1-Lipschitz, |Vud,(p)| < 1. On the other hand, if v(t) is a geodesic
parametrized by arc-length connecting ¢ to p and passing through p at ¢t = ¢, then
dg(y(t)) =t and hence

d
1= d(v(t)) = (Vadg(p),7(t0))y < [Vadg(p)le -
t=to
Remark 2.3. The above argument (due to Monti) shows that |Vud,(p)| is attained
as the directional derivative in a geodesic direction. We will need this fact in the
proof of Lemma

2.2. Geometric measure theory in the Heisenberg group. The notion of rec-
tifiability is fundamental in geometric measure theory. A (countably) k-rectifiable
set is one which can be well approximated, in a Lipschitz sense, by subsets of R* up
to a set of Hausdorff k-measure zero. Dual to this is the notion of unrectifiable set.
A purely k-unrectifiable set is one which contains no subset of positive Hausdorff
k-measure which is the Lipschitz image of a set in R*. For subsets of Euclidean
space, there is a nice dichotomy between these notions. We refer to the book of
Mattila [41l, Chapter 15] for details.
The notions can be extended to general metric spaces.

Definition 2.4. A metric space (X,d) is countably k-rectifiable if there exists a
countable family of subsets A; C R* and Lipschitz maps f; : 4; — X so that
HE(X\ U, f5(A;)) = 0.

A metric space (X,d) is purely k-unrectifiable for some integer k > 1,
if #*(f(A)) =0 for all sets A C R* and all Lipschitz maps f: A — X.

Here H* denotes k-dimensional Hausdorff measure in (X, d).

It turns out that rectifiability, defined as above, is of limited use in sub-Rieman-
nian spaces. One indication of this fact is the following theorem of Ambrosio—
Kirchheim and Magnani. See [3, Theorem 7.2], [38, Proposition 4.4.2] and [39,
Theorem 1.1] and compare [B, Proposition 1 and Theorem 3].

Theorem 2.5 (Ambrosio-Kirchheim, n = 1; Magnani, arbitrary n). For all k >
n + 1, the Heisenberg group H" is purely k-unrectifiable.

In other words, H”.(g(F)) = 0 whenever g is a Lipschitz map from an subset
F C R* into H® and k > n + 1. Here H%, stands for the k-dimensional Hausdorff
measure in the metric space (H",d,..).

One version of the Lipschitz extension problem asks for which pairs of metric
spaces X and Y it holds true that every partially defined Lipschitz map from a
subset of X into Y extends to a Lipschitz map of all of X into Y. We say that the
pair (X,Y) has the Lipschitz extension property if there exists a constant C > 1
so that every L-Lipschitz map f: A — Y, A C X, has a C'L-Lipschitz extension
F:X-=>Y.
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With some additional work, it follows from the pure (n + 1)-unrectifiability of
H" that the pair (R"*!,H") does not have the Lipschitz extension property. This
was proved by Balogh and Féssler [5]; see also Proposition 7] below. On the other
hand, we note the following theorem of Gromov [2I]. Gromov’s proof uses the deep
machinery of microflexibility; a new proof which avoids the use of this machinery
(and extends the result to a more general class of Carnot groups) has recently been
given by Wenger and Young [50, Theorem 1.1].

Theorem 2.6 (Gromov, Wenger—Young). Let M be either a compact Riemannian
k-manifold, with or without boundary, or M = R, where k < n. Then the pair
(M,H"™) has the Lipschitz extension property.

2.3. Sub-Riemannian manifolds. Let M be a smooth and connected manifold
equipped with a distribution HM C T M. We allow the possibility that HM has
nonconstant rank, i.e., the function p — dim H,M is not constant. (For an example,
see Section )

For i > 1, let H;,M be the subspace of T, M spanned by the values at p of all
vector fields obtained as iterated commutators of length at most i of sections of
HM. Thus

H)M = (HM @ [HM,HM]),,

H3M = (H*M & [HM, H*M)),,
and so on. For fixed p, we obtain a flag of subspaces
(0) = H)M C H,M C H)M C H}M C --- C T,M.

Definition 2.7. The pair (M, HM) is said to satisfy the bracket-generating prop-
erty if there exists an integer s < co so that H;M = T, M for all p € M. In this
case, we call HM the horizontal distribution, H,M the horizontal tangent space at
p, and we call the minimal s satisfying the condition the step of the distribution.

Definition 2.8. Let (M, HM) satisfy the bracket-generating property, and let
g = (gp) be a smoothly varying family of inner products defined on the horizontal
tangent bundle HM. The triple (M, HM,g) is called a sub-Riemannian manifold.
Its step is the step of the distribution.

A sub-Riemannian manifold (M, HM,g) is regular if the function
p+ (dim H,M,dim H}M,dim H}M, ... dim H; M = dim M)

is constant on M. For example, the Heisenberg group (H", HH",g) is a regular
sub-Riemannian manifold of step two. More generally, all Carnot groups are regular
sub-Riemannian manifolds. The Grushin plane (see Section [|]) is a nonregular sub-
Riemannian manifold of step two.

As we did for H", we can define a Carnot-Carathéodory metric on any sub-
Riemannian manifold. An absolutely continuous curve -~y is called horizontal if
v'(s) € Hy(syM for a.e. s. The length of a horizontal curve v is computed with
respect to the metric g on the horizontal bundle. Define a distance function d.. on
M by infimizing the lengths of horizontal curves joining two given points. The fun-
damental theorem of sub-Riemannian geometry is the Chow—Rashevsky theorem.
See, e.g., [42, Theorem 2.2].

Theorem 2.9 (Chow, Rashevsky). Let (M, HM) be bracket-generating. Then any
two points in M can be connected by a horizontal curve. Consequently, on any
sub-Riemannian manifold (M,HM,g), d.. is a metric.
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An estimate similar to (23]) holds. Let M = (M,HM,g) be a regular sub-
Riemannian manifold of step s. Let g be any Riemannian metric on M. Then for
each compact K C M there exists a constant C' so that the estimates

(2.8) dg(p, q) < dee(p,q) < Cdg(p,q)'/*

hold for all p,q € K. See, for example, Nagel-Stein-Wainger [44], Gromov [21], or
Montgomery [42] Theorem 2.10].
The next notion is essential in the following section.

Definition 2.10. Let (M, HM,g) be a sub-Riemannian manifold, and let N be
a smooth manifold. A horizontal embedding of N into M is a smooth embedding
¢ : N — M such that d¢p : TN — HM.

For instance, horizontal embeddings of intervals into M are precisely non-self-
intersecting horizontal curves.

3. HORIZONTAL BI-LIPSCHITZ EMBEDDINGS

In this section we will construct bi-Lipschitz embeddings of the sphere S™ into the
Heisenberg group H™. According to the following theorem, it suffices to construct
horizontal embeddings of S™. We will describe two different such embeddings.

Theorem 3.1. Let (M, HM,g) be a sub-Riemannian manifold, let N be a compact
manifold, and let ¢ be a smooth horizontal embedding of N into M. Let doy be
the restriction of the CC metric on M to ¢(N) and let diny be the Riemannian
metric on ¢(N) inherited from g. Then dext is bi-Lipschitz equivalent to diny. More
precisely, there exists K > 1 so that

K_ldint é dcxt S dint

on ¢(N). Furthermore, any Riemannian metric on ¢(N) is bi-Lipschitz equivalent
to dcxt-

Proof. Since any two Riemannian metrics on a compact manifold are bi-Lipschitz
equivalent, the last part of the theorem immediately follows from the bi-Lipschitz
equivalence of din; and deyy.

The inequality dext < din follows immediately from the definition of the two
metrics. It remains to prove the other inequality.

Without loss of generality, we may assume that N is a subset of M and ¢ is the
inclusion map. Fix € > 0 and consider the set

(3.1) {(p.q) € N X N : dexi(p, q) = €}
Define dos (0.)
int (D, 4
K, =sup —2 ) ,

' P dext (p7 Q)

where the supremum is taken over the set in (B]). Observe that
K, < diam N
€

is finite.

This reduces us to a local problem. We have to show that there exists K > 1
such that
K™ ding(p, q) < dexs (p, q)
provided dext(p, q) < € and p # g. The constant e will be fixed later.
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Let dim M = n and dim N = k. In a neighborhood U of each point of N there
is a cubic coordinate system ¢ : U — (—3,3)" on M with coordinate functions
Z1,...,T, such that

UNN ={xp4+1=0,...,2, =0}.

Since N is compact, there is a finite family of coordinate systems (U;, p;), i =
1,2,...,m as above, such that

(3.2) N = Gap;l((—l,l)”)mN.
=1

Let
e; = inf {dec(r,s) - € 97 H([=1,1]"), s € M\ o7 1 ((=2,2)")}
and
€o = min{eq, ..., €n}.

Clearly, ¢y > 0.

Let p,q € @[1((—1, 1)™) N N be such that dext(p, q) < €. Let v be a horizontal
curve connecting p and ¢ of length £(y) < 2dext(p,q). (Here length is computed
with respect to the sub-Riemannian metric g on HM.) Then + is contained in

©; ((=2,2)™). Indeed, any horizontal curve connecting p and ¢ and not contained
in <pi_1((—2, 2)™) has length

f(’y) Z 261‘ Z 260 > 2dcxt(p7 Q) .

Let § > 0 be the Lebesgue number of the covering (8:2) with respect to the metric
dext and let € = min{ep, 0}. Then any two points p, g € N with dex(p, ¢) < € satisfy
p,q € ¢; "((=1,1)")NN for some i = 1,2,...,m, furthermore, any horizontal curve
7 connecting p and ¢ of length £(y) < 2dext(p, g) is contained in p; ' ((—2,2)").

A simple compactness argument shows that there is a constant K > 1 such that
for any i = 1,2,...,m, any = € [—2,2]™ and any vector v € H%_l(x)M,

(3-3) K7 ldei (0)* < g1 (v,v) < Klldii(0)]*.

Here || - || denotes Euclidean length of a vector in R™.

As explained above, dext(p, ¢) is the infimum of the lengths of horizontal curves
connecting p and ¢ and contained in ¢;*((—2,2)"). Denote by fg(gp; o) the
Euclidean length of the curve ¢; o v contained in (—2,2)™. It follows from (B3)
that

(34) K Y2|pi(p) — i(q)] < K2 gn (95 07) < U(7) < KM 2lga(pi07),
SO
(3.5) dexi (0, 9) = K~ 0i(p) — ()| -

The line segment o joining ¢;(p) to ;(q) is contained in the slice {xx+1=0,...,
2, =0} and hence v = ¢; ' 07 is a (horizontal) curve in N. Now (B.4) implies

(3.6) dint(p,q) < £(7) < K2R (0) = K'2|i0i(p) — wi(a)]
Finally (3.5) and [B.6) together yield K~ din(p, @) < dext (p, q) provided dext (p, q) <
€. The proof is complete. O

Next, we state a slightly stronger version of Theorem
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Theorem 3.2. For any n > 1, there is a horizontal and hence bi-Lipschitz embed-
ding ¢ : S™ — H"™.

In the next two subsections we present two different proofs of Theorem
3.1. Horizontal embeddings of spheres via several complex variables. The
proof is split into several rather independent steps.

3.1.1. CR structure. The complex structure of C**! induces an operator
j . R2n+2 N R2n+2
defined by

T,y Tt 1, Yng1] = =Y, 21, - o —Yng1s Tl -

If T,C™*! is the real tangent space to C**! at z, then we have the tangent operator
J : T.C*t1 — T,C"*! given by

n+1 n+1
Z 0 0 Z 0 0

j=1 j=1

Let Q € C™*! be a domain with smooth boundary. For z € 9Q let 1,99 be the
real tangent space. We define

H.00 =T, 00N JT,00.

This is the maximal complex subspace of T, 912, but we will regard it as a real space.
It easily follows from a dimension argument that the real dimension of H,0f) is 2n.
We will call HOS) the horizontal distribution in the tangent bundle T'0€2. It is also
known as the CR structure, but we will not refer to CR structures in what follows.

3.1.2. The Siegel domain. The Siegel domain D is the set of z = (21,..., 2n41)
in C**! such that Tm 2,41 > 77, |2|*. Identifying (21, ..., 2n41) € C*"*! with
(T1, Y15+ s Tt Yni1) € R2T2 we observe that the boundary 9D is defined by

n

the equation r = 0, where r(z) = ijl(xf +43) = Ynt1. Hence

n+1
0 0
v = a4—+b-—)
JZ_;( jail}j ]8yj

is in T, 0D for some z = (z1,Y1,- -, Tnt1, Ynt1) € OD if dr,(v) = 0, which in turn
is equivalent to by,1 =237, (z;a; + y;b;). Now v € H,0D if also

n+1
0 0
Jv = (—b-——i—a-—)
jz::l ]&rj Jayj

isin T,0D, i.e., apy1 =2 E?Zl(—ijj + y,a;). Therefore, the horizontal distribu-
tion HOD is generated by the vector fields

= 0 0 0
X, = — 4+ 2y, 2x;
](Z) 837] + Yj 8l‘n+1 + Lj 8yn+1
and 5 5 5
Yi(2) = 2x; + 2 ,
i2) Jy; 0t Wt
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3.1.3. The Heisenberg group. Let w: C™t! 5 0D — C" x R be the projection onto
the first 2n + 1 coordinates:

(37) F(Zl,...,Zn+1):(l'l,yl,...,l'nJrl).

Then X; = d7rz()~(j) = 0/0r; + 2y; 0/0xp41 and Y; = dwz(ffj) = 0/0y; —
22, 0/0x, 41 generate the horizontal distribution in H". The map = is a diffeo-
morphism of 9D onto C™ x R which maps HOD onto HH". In this way we identify
the boundary of the Siegel domain with the Heisenberg group.

If ) : S* = 9D is a smooth and horizontal (with respect to HID) embedding
of the sphere, then o1 : S — H" is a smooth and horizontal embedding into the
Heisenberg group. Thus to prove Theorem it remains to construct a smooth
and horizontal embedding i : ™ — dD.

3.1.4. The unit ball. Let B = {2 € C"*! : Z"H |zj|? < 1} be the unit ball in
C"*1. Define the horizontal distribution HOB as before. The boundary 0B is

given by r = 0, where 7(z) = Z?jll (23 +y7) — 1, hence

n+1 8
v_z(aj - ’3y>

is in T,0B if dr,(v) =0, i.e., Z_j:l (ajz; +by;) = 0.
Let R™*! be the real subspace of C"*! generated by the coordinates x1, ..., 2, 1.
Then S” = B NR"™*! is the standard unit sphere.

Lemma 3.3. For any z € S, T,S™ C H.0B, i.e., the sphere S™ is horizontally
embedded into OB.

Proof. As before, v = E"+11 aj5— Bw eT,S"CT, aB if Z"+1 a;z; = 0. It remains to

show that Jv E T.0B. We have Jv = Z;Hrll aj5—- ay Sincey; =0forj=1,...,n+1
we have Z] 1 a;y; =0,s0 Jv e T.0B. O
Note that the south pole po = (z1,...,2n,2n+1) = (0,0,...,—1) belongs to S™.

Let R € U(n+1) be a C-linear rotation of C"*! so that pg ¢ R(S™). Since R maps
C-linear subspaces of T,C"*! onto C-linear subspaces of TR(p)(C”"‘l, it preserves
the horizontal distribution HOB. Thus R(S™) is a horizontally embedded sphere in
OB which does not contain the south pole.

3.1.5. The Cayley transform. The unit ball B and the Siegel domain D are biholo-
morphically equivalent via the Cayley transform C': B — D,

21 Zn 1=z
C(z1,...,2 = ,i .
(1’ ) n+1) <1+Zn+1’ 71+Zn+1 (1+Zn+1>)

The mapping C' extends to the boundaries. It has one singularity on the boundary.
Namely, it maps the south pole py into a point at infinity. Since dC' is C-linear,
it maps HOB onto HOD, except at py. Hence C(R(S™)) is a horizontally em-
bedded sphere into OD. If we use the explicit rotation R € U(n + 1) given by
R(z1,..-y2n+1) = (21, -+, Zn,12n41) and the map 7 defined in B7), then we ob-
tain the following map ¢ = wo C o R from S™ to H":

B8 blernn) = (1o e (2221,

1+ 1T 4+1 1+ 1Tn+41 1+ 1Tp 41

for (z1,...,2p41) € S™.
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This completes the first construction for Theorem

3.2. Horizontal embeddings of spheres via symplectic geometry. In this
section we indicate another construction of a smooth horizontal embedding of S™
into H™ arising from symplectic geometry. This example has previously been con-
sidered by Eckholm, Etnyre and Sullivan [I'7, Example 3.1] and Balogh and Féssler
[5, Section 4].

We begin by recalling some background on Lagrangian and Legendrian embed-
dings. Consider the Euclidean space R?" of dimension 2n. We denote points in
R*" by (21,91, -+, Tn,Yn). Let w =7, dx;j Ady; denote the standard symplectic
form. We note that w is exact, since w = %dﬁ, where 3 = Zj(xj dy; — y; dz;).

A smooth mapping f from an m-dimensional manifold M into R?" is called
Lagrangian if f*w=0. If f = (g1,h1,-..,gn, hyn), this condition reads

(3.9) > dg; Adh; =0.

Jj=1

In local coordinates (ug, ..., u,) on M, (B9) reads

L — — 2 | du Aduy = 0.
2 \= Oou Ouy  Ouy Ouy,
k<t

zm: — 0g; Oh;  dg; Oh;

Now consider Euclidean space R2"*! of dimension 2n 4+ 1. We denote points in
R+ by (21,91, -, Tn, Yn,t). We introduce the contact form

(3.10) a=dt+2Y (z;dy; —y;dr;) = dt +28.
J

Observe that doa = 4w.
A map F : M — R**l is called Legendrian if F*a = 0. If F = (f,7) this
condition reads

(3.11) dr +2f*8=0.

In this case, we say that F': M — R?"*1 is a Legendrian lift of f : M — R*",
Observe that if F' is Legendrian, then f is necessarily Lagrangian, because

1 1
o= Zf*(d — __d2 =0.
fro = L (d) = — T
The following lemma is an immediate consequence of (BIT]).

Lemma 3.4. Let f : M — R?™ be a smooth mapping. Then there exists a Legen-
drian lift F' of f if and only if the 1-form f*3 is exact.

Remark 3.5. Identify R?"*! with the Heisenberg group H". The kernel of a at a
point p is the horizontal subspace H,H". A map F : M — R®*"*! is Legendrian if
and only if it is horizontal, as a map to H".

We now recall Example 3.1 from [17].
Example 3.6. Consider the mapping f : R?T1 — R2" given by

f($07xl) = f(x()axlw"ux’n) = ((El,.’L’O(El,. ..,.’L'n,.'L'()fL'n),
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ie, f = (91,15, Gny Bn)s whe~re 9j = xj, hj = zox;. Here 2’ = (x1,...,2,) €
R™. The rank of the derivative df equals n+1 everywhere except on the line ' =0.
If we restrict f to the unit sphere S™, then, clearly, the rank of the derivative of

(3.12) f=flg»:S" = R>™
equals n at all points different than (41,0, ...,0). However, one can easily check
that also at the points (£1,0,...,0) the derivative of f restricted to the tangent
space of S™ has rank n.

This is to say that the map f : S® — R2" is an immersion. It is not an embed-

ding since f(£1,0,...,0) = (0,...,0). However, f becomes an embedding when
restricted to S™ \ {(-1,0,...,0),(1,0,...,0)}. Note that

B :Z (gjdh; — hjdg;) = Zx dzo.

The form f* [ is not exact, not even closed. On the other hand, the form
3
(1 —23)dxo =d (wo - %)

is exact on R™*! and coincides with f*3 on S, since 1 — 23 = >oi_ya; on 8™ If
1 S" — R™ is the identity map, then f = f o and

FB=(Fou)B=1(FB) =0 (d (:co - %3)) —d ((370 - %8) oL) .

Hence the form f*f is exact and thus the mapping f : S® — R?" has a Legendrian
lift

(3.13) F:S" — R

If F = (f,7), then BII) gives 7 = 223 — 229 + C. The Legendrian lift F is a
smooth embedding, since 7(—1,0,...,0) # 7(1,0,...,0). Therefore F is a horizon-
tal embedding of S™ into H"™ and thus bi-Lipschitz.

This completes the second construction for Theorem

Remark 3.7. Balogh and Féssler [5] show that the map F' : S” — H™ given in
(BI13) has no Lipschitz extension F : B**! — H". In fact, they show that any
continuous extension f : B"*1 — R2” of the map f from (3I2) has the property
that f(B"') has positive (n+1)-dimensional (Euclidean) Hausdorff measure H"*1.
If F were a Lipschitz extension of F', and f its projection onto R?", then we
would have H (F(B"1)) > #*+1(f(B"1)) > 0, but this contradicts the pure
(n + 1)-unrectifiability of H™ as asserted in the theorem of Ambrosio—Kirchheim
and Magnani (see Theorem [2Z0]). We generalize this result below in Proposition {7

Remark 3.8. A manifold M is stably parallelizable if M xR is parallelizable, i.e., has
trivial tangent bundle. Examples of stably parallelizable manifolds include all ori-
entable hypersurfaces (with or without boundary) as well as all products of spheres.
According to a theorem of Gromov [20, p. 61], every stably parallelizable n-manifold
M admits a Legendrian embedding into R?"*1. According to Remark 3.5 such an
embedding is horizontal when considered as a map to H™. This observation leads
to numerous other horizontal embeddings of smooth manifolds into the Heisenberg
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group H”. The case of a product of spheres, M = S¥t x ... x S*r, can be done
explicitly using a variant of the immersion in Example

4. HORIZONTAL AND LIPSCHITZ HOMOTOPY GROUPS

For Riemannian manifolds M, N, the density of C°°(M; N) in WYP(M; N) de-
pends on the topology of the two manifolds. For example, for 1 < p < n + 1,
C>°(B™*!, N) is dense in WP(B"*! N) if and only if 7, |(N) = 0. See Bethuel
[7] and Hang-Lin [31].

Theorem seems to contradict a similar statement for maps B! — H", since
H" = R?"*! is contractible and has m;(H") = 0 for i > 1. However, classical
homotopy groups do not take into account the metric structure of H". We propose
two modifications of the classical homotopy groups which may be appropriate for
consideration of the Lipschitz density problem in sub-Riemannian manifolds and
general metric spaces.

Definition 4.1. Let (X, z¢) be a pointed metric space. We define Lipschitz homo-

topy groups
7P (X, 20)

in the same way as classical homotopy groups, with the exception that both the
maps and homotopies are required to be Lipschitz. We emphasize that we make
no restriction on the Lipschitz constants. In particular, we do not require that
the optimal Lipschitz constant for a homotopy between two pointed maps f,g :
(Q™,0Q™) — (X,x0), where @™ = [0,1]", agree with—or even be comparable
to—that of the maps f and g.

Unlike the case for the classical homotopy groups, it is not immediately clear
whether the Lipschitz homotopy groups 72 (X, x4) can equivalently be defined via
homotopy classes of maps (S™,s9) — (X, x0) for a basepoint sy € S". Neverthe-
less, one can easily check that 72" (X, z¢) = 0 if and only if every Lipschitz map
(S™,s0) — (X, o) admits a Lipschitz extension B"™ — X. In fact, if o : S* — X
is a Lipschitz map with no Lipschitz extension @ : B"*! — X and H : Q™ — S" is
Lipschitz with H|sgn = o, then ¢ o H defines a nonzero element of w5'? (X). We
will use this observation in what follows to show that various Lipschitz homotopy
groups of Heisenberg groups are or are not trivial.

If (Y, yo) is a pointed sub-Riemannian manifold, we may instead require the maps
and homotopies to be smooth and horizontal. The resulting horizontal homotopy
groups are called smooth horizontal homotopy groups; we denote them by

T (Y, 90)-
In order to guarantee that the addition in «i (Y, o) results in a smooth mapping

we require that the mappings in question are constant in a neighborhood of 0Q™.
Observe, however, that any smooth and horizontal mapping

f(@Q™,0Q™) = (Y, yo)
is horizontally homotopic to a mapping that is constant in a neighborhood of 0Q™
inside Q".
The standard verification that homotopy groups are in fact groups applies di-
rectly to 7P (X, xq) and, with smoothing, to 7l (Y,yg). Theorem is derived

via standard arguments (see e.g. [32]). Recall that sub-Riemannian manifolds are
horizontally connected according to the Chow-Rashevsky theorem (Theorem [29).
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It follows from the proof of the Chow-Rashevsky theorem that horizontal curves
connecting given two points are piecewise smooth, but one can actually connect
any two points by smooth horizontal curves; see Gromov [2I, 1.2B]. This fact is
needed in part (3) of the next result.

Theorem 4.2. Let X be a metric space with xg,xr1 € X, and Y a sub-Riemannian
space with yo,y1 €Y.
(1) 7P (X, z0) and 7k (Y, yo) are abelian for n > 1.
(2) Ifxo and 1 are joined by a rectifiable curve, then wHP (X, zg) = wliP (X, 1y).
(3) For any yo,y1 €Y, m (Y,y0) = ! (Y, 11).

If X is rectifiably connected, we may refer to wLP (X) without reference to
basepoint as it is well-defined up to isomorphism. Likewise, il (V) is well-defined
up to isomorphism.

Theorem 4.3. Let Y be a Riemannian manifold. Then 7,(Y) = 7P (V) =
72 (Y) for any n > 1.

Indeed, any continuous map f : Q™ — Y is homotopic to a smooth one and
smooth maps f,g: Q™ — Y that are continuously homotopic are smoothly homo-
topic.

Here is another situation where the Lipschitz and classical homotopy groups
agree.

Example 4.4. By a result of Cannon—Conner—Zastrow [I0], any continuous map
from S™, n > 2 into R? is homotopic to a constant map within its image. Put in
other words, every planar set X is aspherical; its homotopy groups m,, (X) are trivial
for all n > 2. According to an unpublished result of Jason Miller [33, Remark 2.14],
the same conclusion holds for Lipschitz homotopy groups: 72P (X, zq) = 0 for all
n>2and 9 € X if X C R2.

However, Lipschitz homotopy groups can differ substantially from their classical
counterparts.

Example 4.5. Let X be a metric space in which no two distinct points can be
connected by a rectifiable curve. Then 5P (X, z0) = 0 for any 29 € X and
n > 1. Indeed, any Lipschitz map from S™ to X must be constant. For example,
if X is a standard closed von Koch snowflake, then W{“ip (X,29) = 0. On the
other hand 71(X,zg) = Z, since X is homeomorphic to S'. Note that there is no
contradiction with the previous example, as both 5P (X ) and 7, (X, x¢) vanish
for this (planar) set X whenever n > 2.

In the original preprint version of this paper, we posed the following question.
Wenger and Young [51] answered Question in the negative.

Question 4.6. For a sub-Riemannian manifold Y, the inclusion C*>°(S",Y) —

Lip (S",Y) induces a homomorphism 7 (Y) — 7P (V). Is it an isomorphism?

We now show that smooth horizontal embeddings of S™ into H"” are not Lip-
schitz null-homotopic. We conclude that 72 (H") and «! (H") are nontrivial,
even though 7, (H™) = 0 for k > 1.

Proposition 4.7. Let ¢ : 8" — H" be any smooth horizontal embedding. Then ¢
cannot be extended to a Lipschitz map ¢ : B"T1 — H”.
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Proof. Balogh and Féssler [5] established the conclusion for the specific map ¢ :
S™ — H" described in Subsection Since in our situation we do not have an
explicit representation of ¢, the argument has to be more general.

Assume by way of contradiction that ¢ : B**t1 — H™ is a Lipschitz extension of ¢.

According to the theorem of Ambrosio-Kirchheim and Magnani, H7!(¢(B" 1)) =
0. Since the identity map from H" to R?"*! is locally Lipschitz we also have that
the (n+ 1)-dimensional Euclidean Hausdorff measure of ¢(B"*!) is zero. Therefore
it suffices to prove

Proposition 4.8. If ¢ : S" - RF, k> n+1 is a_smooth embedding and P
Bt — R¥ is a Lipschitz extension of ¥, then H" 1 (¢ (B"H1)) > 0.

Proof. We will need a version of the Stokes theorem for Lipschitz maps.

Lemma 4.9. If g : B"t! — RY, ¢ > n, is Lipschitz and w is a smooth n-form on

RY, then
/ g*w:/ 9" (dw) .
8Bﬂ,+1 ]Bn+1

Proof. Extend g to g on B"T1(2) by letting
. x
gz)=g 2l when |z| > 1.

Thus § is a radial extension of g from dB"*! to B"*1(2) \ B"*!(1) and § = g on
B"*1(1). Since g on B"*1(2) \ B"*1(1) is constant in radial directions, the rank of
dg is at most n on B"*1(2)\ B"*1(1). Thus for any 1 <r < 2,

/ 7 (dw) = 0,
B (r)\Bn+1(1)

/ 5 (dw) = / g (dw).
B+l (r) Br+1(1)

The mapping § is Lipschitz continuous and hence in any Sobolev space WP, Fix
n+1 < p < oo and let h; be a standard approximation of § constructed with the
help of convolution. Then h; — § in WP (B"*1(2)). Since h; is smooth, for any

0 < r <2 we have
/ R} (dw) :/ hiw
Br+1(r) sn(r)

by the classical Stokes’ theorem. Since h; — § in WP, applying Fubini’s theorem
we may select a subsequence (still denoted by h;) such that

SO

hilsn () = Glsn(y  in WHP(S™(r)) for ae. 0 <r < 2;
see [27) pp. 189-190]. Fix such 7 in the interval 1 < r < 2. Then Hélder’s inequality

yields
/ hi (dw) — 9" (dw) = / 9" (dw).
B +1(r) B +1(r) B+1(1)

On the other hand, another application of Holder’s inequality yields

/ hi(dw) = / hiw — J'w = / g w,
Brt(r) Sn(r) sn(r) sn(1)
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where the last equality follows from the fact that § on S"™(r) is the rescaling of ¢

on S"(1). Hence
/ 9" (dw) = / g'w
Bn+1(1) Sn(l)

and the lemma follows. O

Now we complete the proof of Proposition Let w be the pullback by 1~*
of the volume form of S" to 9(S") C R¥. We can assume that w is a smooth
form. Indeed, we can extend it smoothly from 1 (S") to R¥ using local extensions in
coordinate systems and a partition of unity. The extended form may vanish outside
a small neighborhood of ¥(S™), but it does not matter. According to Lemma
we have

O (dw) = | *w=H"(S") > 0.
Br+1 sn
This implies that the rank of di) is n 4+ 1 on a set of positive measure and hence

|51 = \/det(di)T (dip) > 0

on a set of positive measure. According to the area formula [I§]

[ @ ean e = [ 1gl>o

P(B+1) Br+1

where H° stands for the counting measure. This, however, implies that the set
¥ (B"*1) has positive (n + 1)-dimensional measure. This completes the proof of
Proposition 4.8 O

In view of the preceding discussion, the proof of Proposition 7] is complete. [

Remark 4.10. A modification of the proof yields the following stronger version of
Proposition &} Let 11, ...,¥n : S* < H" be smooth horizontal embeddings such
that

(4.1) wi(S")\Uz/}j(S”) £0 for somei=1,...,N.
J#i
Then i1, . .., N are independent as elements of wHP (H"), i.e., no nontrivial rela-

tions among these embeddings exist. Indeed, suppose that some finite linear combi-
nation j m;1; was equal to zero in 7P (H"). Since Lipschitz homotopy groups
were defined via mappings from the pair (Q",9Q"), we interpret this assumption
as providing a Lipschitz map 1; from Q™! to H™ which is constant on all but one
face of Q™*! and which is given by the concatenation of m; copies of v, my copies
of 1y, ..., my copies of ¥n on the remaining face. Let ¢ : Q"' — H" denote
the restriction of 1[1 to the boundary.

Fix i so that (@) holds. Then ¢! (wi(S") \Uji ¥ (S")) has nonempty inte-

rior V in S™ (since v; is an embedding). Let w be the pullback by ¢~! of a smooth
n-form supported in V such that fv 1¥*w > 0. The remainder of the proof proceeds
as before.

Note, in particular, that if N = 2, then the negation of (41 implies that
P1(S™) = o(S™). Thus two embedded spheres are dependent as elements of
7LP (H") if and only if their images coincide, in which case they agree up to a
reparameterization of S™.
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Theorem 4.11. (1) If 1 <k < mn, then wgip (H™) = 0.
(2) 7L (H") is uncountably generated for n > 0.

Proof. First, we prove (1). Theorem immediately implies that every Lipschitz
map f : S_k — H" admits a Lipschitz extension f : B¥T! — H" provided 1 < k < n.
Hence 7 (H") = 0.

There exists a bi-Lipschitz embedding ¢ : S* — H" (see Theorem [32). Propo-
sition .7 guarantees that ¢ admits no Lipschitz extension gzNS : B! — H". Hence
7LP (H™) # 0. To see that 72 (H", z) has uncountably many generators we need
to show that there are uncountably many Lipschitz mappings from S™ to H"™ which
map a fixed point on S" to zg and whose homotopy classes in wLiP (H", z) have

n
no nontrivial relations. Applying a translation if necessary, we may assume that

#(—1,0,...,0) = zo = (0,...,0) € H".

An uncountable family of maps as above is then obtained by considering the maps
¢r : S” — H" given by ¢.(z) = §,(¢(x)) for » > 0, where §, : H* — H" is the
dilation given in ([2.2). The fact that there are no relations between these mappings
follows from the discussion in Remark [£100 This completes the proof of (2). O

When n > 1, we can also show that the higher homotopy groups of spheres arise
as subgroups of the horizontal homotopy groups of H™.

Theorem 4.12. For k > n > 2, 7f (H") is nontrivial whenever m(S™) is nontriv-
ial.

We use the following lemma.

Lemma 4.13. Let f : R™ — H" be smooth and horizontal. Then df has rank at
most n.

Proof. Without loss of generality, assume f is not constant. Suppose that rank df,
= k is maximized for some xg € R™. Since x + rank df, is lower semicontinuous,
rank df, = k for all x in some neighborhood U of xg. We may choose a smooth k-
dimensional submanifold N C U so that df |y is injective and hence f|y : N — H"”
is a smooth immersion. Restricting to a submanifold N’ C N if necessary, we
obtain a smooth embedding f|n/ : N’ — H". Then f(N’) is a smooth embedded
k-dimensional horizontal submanifold in H", and so k < n. O

Proof of Theorem [A12 In the following argument we use the specific map ¢ con-
structed in Subsection B} see (B8] for a precise formula.
It is clear that the standard projection

(4.2) H" = C" x R — R(C") x R=R"H!

is injective on the image of ¢. Furthermore, up to a diffeomorphism of R**! we
may assume that 7 o ¢(S™) is the unit sphere S* C R* 1.

Suppose that f : S¥ — S™ is homotopically nontrivial but that ¢ o f can be
extended to a smooth horizontal map f : B*¥t1 — H". Projecting to R"*! as in
@D), write F = 7o f.

By Sard’s Theorem, F has full rank at the preimage of a.e. point. Lemma E13]
implies that the image of F has measure zero, so there exists a point in B"+! which
is not in the image of F.. Projecting radially from this point to S" = B"*!, we get
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(up to the diffeomorphism 7 o ¢) an extension of f to B**!. This contradicts the

nontriviality of f.
The preceding argument is summarized in the following diagram:

st L ,sn ? pn
1 /ﬂl
Bt P Retl & Re(C") xR

|

Sn

~ (CrxR

We conclude that ¢ o f represents a nontrivial element in WI];I (H™) whenever f
represents a nontrivial element in 7 (S™). O

Remark 4.14. Every dilation of ¢o f also represents a nontrivial element in W]EI (H™),
and all such elements are pairwise not Lipschitz homotopic. It follows that the
horizontal homotopy groups of H™ are also uncountably infinitely generated for
k > n so that 7 (S™) is nontrivial.

Allcock [2] proved a quadratic isoperimetric inequality in the symplectic space
R2", n > 2. His result implies, in particular, that every closed loop enclosing zero
symplectic area can be filled by an isotropic spanning disc. Lifting this result into
the Heisenberg group H", n > 2, and translating it into the language of Lipschitz
homotopy groups leads to the conclusion

ol (H™) = 0 for n > 2.
Compare Theorem [£11] (1). The following question remains open.
Question 4.15. Is 7}l (H") =0 for 1 <k < n and n > 37

Question 4.16. Is 7l (H') = 0 for k > 1?

Question 4.17. Is the homomorphism m;(S™) — W,I;ip (H™) induced by a bi-
Lipschitz embedding ¢ : S* — H" injective?

Remark 4.18. Following preparation of this paper, Wenger and Young [51, Theorem
1] surprisingly answered Question LI7] in the negative for certain k¥ and n. More
precisely, for n +2 < k < 2n — 1, they proved that every composition of Lipschitz
maps S¥ — S® — H" extends to a Lipschitz map B! — H”. Applying this result
to any homotopically nontrivial map S¥ — S™ composed with one of the bi-Lipschitz
embeddings S™ — H™ discussed above yields the indicated counterexample to the
result proposed in Question 171 Wenger and Young also proved (see [51], Corollary
4]) that 7, (H") = 0 for k > 2.

For n = 2d, the preceding result of Wenger—Young is valid in the range 2d+2 <
k < 4d—2. In [29], two of the authors (joint with Schikorra) employ a new version
of the Hopf invariant for low rank Lipschitz maps to obtain nontriviality of the
Lipschitz homotopy group wfl“cilp_l (H2%), with corresponding consequences for the
Lipschitz nondensity in suitable Sobolev spaces. The paper [29] also contains an
alternate proof of the nontriviality of 7% (H").
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5. SOBOLEV MAPPINGS INTO METRIC SPACES

Every separable metric space (X, d) admits an isometric embedding into a Ba-
nach space. For example, given a dense subset {z;}°; C X and zy € X, the
map

(5.1) kX =0, k(x) = (dz,z;) — d(xo, 24)) 1o q

is an example of such an isometric embedding. It is called the Kuratowski embed-
ding. An important property of £°° is that it is dual to a separable Banach space:
(> = (£1)*. Thus every separable metric space can be isometrically embedded into
a Banach space which is dual to a separable Banach space.

Given an isometric embedding of X into a Banach space V' (not necessarily dual
to a separable Banach space), and an open set Q C R™, we define the Sobolev space
of mappings W1P(Q, X) as follows:

(5.2) WYP(Q,X) = {fe W'P(Q,V): f(z) € X ae.}.

The vector valued Sobolev space W1P(Q, V) is a well-known object and can be
defined using the notion of weak derivatives. This requires the notion of the Bochner
integral.
If V is any Banach space and A C R™ is (Lebesgue) measurable, we say that
ferLr(AV)if
(1) f is essentially separably valued: f(A\ Z) is a separable subset of V for
some set Z of Lebesgue measure zero,
(2) f is weakly measurable: for every v* € V* with |[v*|| < 1, (v*, f) is measur-
able, and
(3) IlF1 € LP(A).
If f € L'(A,V) we define the integral

/Af(x) dx

as an element of V' in the Bochner sense; see [52 Chapter 5, Sections 4-5], [I5].
The Bochner integral has two important properties:

<v*,/Af(x)dx> :/A<v*,f(x)>dx

| [ saa] < [ s

We can now define the vector valued Sobolev space as follows. Let 2 C R”™ be
an open set and V any Banach space (not necessarily dual to a separable space).
The Sobolev space W1?(Q,V), 1 < p < oo, is defined as the class of all functions
f € LP(Q,V) such that for i = 1,2,...,n there is f; € LP(Q, V') such that

/anif__/gwfi

for every ¢ € C§°(12), where the integrals are taken in the sense of Bochner. Note
that the integrands are supported on compact subsets of Q. We denote f; =

for every v € V*, and




ON THE LACK OF DENSITY OF LIPSCHITZ MAPPINGS 141

0f /0x; and call these functions weak partial derivatives of f. We also write Vf =

(0f/0x1,...,0f/0x,) and
2) 1/2

(5:3) V1= (Z
i=1
Sometimes we will write |V f| to emphasize the Banach space with respect to
which we compute the length of the gradient. The space W1P(2,V) is equipped

with the norm y y
T ( / ||f|”> ( / IVfI”> |

It is easy to prove that W1P(Q, V) is a Banach space. Using local coordinate sys-
tems we can also easily define the Sobolev space WP (M, V) and hence W1P (M, X)
for any compact Riemannian manifold M.

Let k£ : (H",de.) — £°° be the Kuratowski embedding used to define the space
WLP(M,H"). Then by definition f € W1P(M,H") if and only if f = ko f €

WP (M, €) and
1/p 1/p
_ £|p r£\p
1l = (/N |f||oo) n (/N i w)

If M =Q C R™ is a bounded domain and f € W1P(Q, H"), then

B 1/p 1/p
|f||1,p—</Q ||f|€o> +(/Q v%) ;

see Proposition

While the Sobolev space WP (M, V) can be defined for any Banach space V, it
has particularly nice properties if V' is dual to a separable Banach space. Namely
one can prove the following result. See e.g. [30].

of
&vi

Proposition 5.1. Let Q C R™ be an open set and let V' be dual to a separable
Banach space Y. Then f € WYP(Q, V) if and only if f € LP(2, V) and the following
two conditions hold:

(i) for every v* € V*, we have (v*, f) € WHP(Q), and
(ii) there is a nonnegative function g € LP(Q) such that
(5.4) V", /)l <g ae
for every v* € V* with ||[v*| < 1.
Moreover,

£l +inf llglly < [[fl1p < 11l + vrinf{lgllp,
where the infimum is over the class of all g that satisfy (&.4).

This result easily leads to the following characterization. See [34, Theorem 3.17]
and [30].

Proposition 5.2. Let X be a separable metric space that is isometrically embedded
into a Banach space that is dual to a separable Banach space. Let M be a compact
Riemannian manifold and 1 < p < oo. Then f is in WHP(M, X) if and only if
d(zo, f) € WYP(M) for every xo € X and there is a nonnegative function g €
LP(M) such that |Vd(zo, f)| < g a.e. for each xg.
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The Sobolev spaces WP(M, X) behave well under Lipschitz postcomposition.
See Reshetnyak [46 Corollary 1, p. 580] for the following result in the case when
M = Q is a Euclidean domain. The general statement given here is similar.

Proposition 5.3. Let X and Y be separable metric spaces that are isometrically
embedded into Banach spaces that are dual to separable Banach spaces. Let M be
a compact Riemannian manifold and 1 < p < oco. If F : X — 'Y 1is Lipschitz, then
the operation f — Fo f sends WYP(M, X) into WYP(M,Y). Furthermore, if F is
L-Lipschitz, then |V(F o f)| < LIV f| a.e. in Q.

If X is a separable metric space that is isometrically embedded into a Banach

space V that is dual to a separable Banach space, then WP (M, X) C WLP(M, V).
It turns out that WP (M, X) mappings can be approximated by Lip (M, V) map-
pings, but the real question is whether they can be approximated by Lip (M, X)
mappings.
Proposition 5.4 ([20]). If a Banach space V is dual to a separable Banach space,
M is a compact Riemannian manifold, possibly with boundary, and f e WP (M, V),
1 < p < o0, then for every e > 0 there is g € Lip (M, V) such that |{z : f(x) #
g(@)} <eand ||f —gllip <e

The proof of this result is similar to the proof of Lemma 13 in [25], so it was
stated in [26] without proof. On the other hand, there are some technical differences
and since later on we will need arguments used in the proof, we decided to provide
details.

Denote the volume measure on M by u. For h € L'(u) we define the Hardy-
Littlewood mazximal operator by

1
th:supi/ h| du.
( ) r>0 [L(B({E,T‘)) IB(x,r)| ‘
The following result is well known; see [1], [23], [28, Theorems 3.2, 3.3].

Lemma 5.5. Given a compact Riemannian manifold M, possibly with boundary,
and 1 < p < oo, there is a constant C = C(M, p) such that

(5:5)  |ule)—u(y)| < Cd(a,y) (MIVul(@) + MIVul(y)  ae. 2,y e M
for all u € WhP(M).

More precisely, there is a set F' C M of measure zero such that (&.5]) holds for
all z,y e M\ F.

Let V = Y*, where Y is a separable Banach space and let u € WP (M, V).
For every v* € Y C Y** = V* with [[v*|ly < 1, 2 — (v*,u(z)) € WHP(M) and
|V (v*,u)| <|Vu|. Hence
(5.6) (v, u(z) = u(y))| < Cd(z,y) (M|Vu|(z) + M|Vu|(u))  ae. z,y.

Note that the implicit exceptional set in (5.8 depends a priori on v*. However, let
D C Y be a countable and dense subset of the unit ball in Y. Since (5.6]) holds a.e.

for every v* € D and D is countable, there is a set ' C M of measure zero such
that (5.6) holds for all v* € D and all z,y € M \ F. Then

lu(z) —u(y)ll = Sup (v, u(@) —u(y))| < Cd(x, y) (M|Vul(z) + M[Vu|(y))

for all such x,y and in particular, for a.e. x,y.
We proved the following result. See also [34].



ON THE LACK OF DENSITY OF LIPSCHITZ MAPPINGS 143

Lemma 5.6. Let M and V be as in Proposition 5.4l and let 1 < p < co. Then
there is a constant C = C(M,p) such that if u € WYP(M, V), then

[u(z) —u(y)|| < Cd(z,y) (M[Vul(z) + M|Vul(y)) ae z,y.
We will also need the following fact, which is Lemma 3.1 in [26].

Lemma 5.7. Let M and V' be as in Proposition 5.4 and 1 < p < co. If ui,us €
Wl’p(M, V) and uy = ug on a measurable set E C M, then Vu; = Vug a.e. on E.

Proof of Proposition 5.4l Let f € WYP(M,V). We want to prove that f can be
approximated by Lipschitz mappings as stated in Proposition 5.4 Recall that

1f(2) = f(WIl < Cd(z,y) M|V [|(z) + M|V f[(y)) ae zy
by Lemma Let
Ei={zxeM: M|Vf|(x) <t}
The set E; is compact and weak type estimates for the maximal operator M give

(5.7) tPu(M\ E;) =0 ast— oo.

Note that the mapping
f|Et : Et -V

is Lipschitz continuous with Lipschitz constant 2Ct. Hence the function f|g, admits
a C't-Lipschitz extension f; : M — V. Indeed, there is a Whitney decomposition
of M\ E; into balls and subordinated Lipschitz partition of unity. This is to say
there is a constant C' > 1 depending on the Riemannian structure of M only and a
sequence {z; }ier of points in M \ E; such that with r; = dist(z;, E;)/10 we have

(a) User Bl@i,ri) = M\ Ey;

(b) B(z;,5r;) C M\ E, for all i € I;

(c) for every i € I and all x € B(x;, 5r;) we have 5r; < dist(x, Ey) < 15r;;

(d) no point of M \ E; belongs to more than C balls {B(z;, 5r;) }icr;

(e) there is a family of Lipschitz continuous functions {¢;};cr such that

supp @i C B(w;,2r:),0 <o <1,Y 9y =1
iel
and the Lipschitz constant of ¢; is bounded by Cr;” L

Now it is a routine verification to show that the function
flx) if x € By,

fi(z) =
it (7t o, f i) wila) it d B,

is the desired C't-Lipschitz extension of f|g,. For details, see for example [24, pp.
446-448], where the argument is presented in a slightly different, but related setting.

Observe that if t > 1 is sufficiently large, then the norm of f; is bounded by C'.
Indeed, let g € E;. Then for any x € M we have

@) < [1fe(z) = felmo) | + [ (zo) | < Ctd(x, x0) + [|.f (o)l
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and it suffices to observe that d(z,z¢) < diam M and take t > || f(zo)||. Thus

1/p 1/p 1/p
([r-spr) " < (@wﬂﬂﬂ +<Amﬁmw>

1/p
(/ ||f|p> +C (P u(M\ E)"? =0
M\ E,

N

IN

as t — oo. We applied here the weak type estimate (7). For derivatives we have
a similar estimate

</M A t)p> Vs </M\Et V" ) : +C(Pp(M \ E)'" =0

as t — oo. Here we applied Lemma 5.7 and the weak type estimate (B.7). This
completes the proof. O

6. SOBOLEV CONVERGENCE FOR H"-VALUED MAPS

Theorem [[L7] is analogous to a similar phenomenon which holds in the Euclidean
context. See [26]. Its proof is based on an estimate relating the weak™ derivative
of the difference between two Sobolev maps, postcomposed with the Kuratowski
embedding, to the norm of the gradients of the individual mappings.

We begin by recalling the notion of weak™ derivative.

Definition 6.1. Let V be a Banach space which is dual to a separable Banach
space. Let f : [a,b] — V. A vector v € V is called a weak™ derivative of f at
s € [a,b] if v is the weak™ limit of the vectors h=1(f(s + h) — f(s)) as h — 0.

For the following lemma, see Lemmas 2.8 and 2.13 of [30]. See also Lemma 2.3
in [26].
Lemma 6.2. Let V be a Banach space which is dual to a separable Banach space
Y and let f : [a,b] = V be absolutely continuous. Then the limit

9(s) = lim WG+ b) = £(5)]

exists for a.e. s, and g € L'([a,b]). Furthermore, for a.e. s € [a,b] there exists a
unique weak”™ derivative f'(s) of [ at s, and || f'(s)|| < g(s).

In the case when V = £, the weak™ derivative can be computed explicitly. If
f = (f")$2, is absolutely continuous from [a, b] to £>°, then

(6.1) 7= ()

i=1
whenever f/(s) is defined. See, for example, [26].
Let (p;)$2, be a dense subset of H", pg € H" and let  : (H", d..) — £°° be the
Kuratowski embedding given by

k(p) = (dec(p, pi) — dCC(vapi))zil :

If f: [a,b] — H™ is absolutely continuous, then f = ko f : [a,b] — £°° is absolutely

continuous and p -
f(s) = (d—sdcc(f(s),pi)) a.e.

i=1
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The following lemma is a variation on Lemma 2.6 in [26].

Lemma 6.3. Let f,g: [a,b] — H" be absolutely continuous, and let x : (H",dc.) —
£°° be the Kuratowski embedding. Then f = ko f and g = ko g are absolutely
continuous, and the weak™ derivative (f — g)' : [a,b] — £°° satisfies

1(F = 9) (8)lloe = max{|f'(s)]m, lg' ()} = 5(IF' ()] + |9’ (5)]m)
for almost every s € [a,b] such that f(s)"'xg(s) & Z.

Note that f’(s) is horizontal for a.e. s whenever f : [a,b] — H" is absolutely
continuous.

Proof. It is easy to see that

(6.2) (f—gy@y—<%dwq@»mw—%dm@@xmﬂ

for a.e. s € [a,b].

Let S be the set of points s € [a, b] so that f(s)~! % g(s) € Z. Fix s € S so that
both f and g are differentiable at s and (6.2]) holds. Almost every s € S is of this
type. If f'(s) = ¢'(s) = 0, the inequality is obvious. Assume then, without loss of
generality, that f/(s) # 0 and |f'(s)|m > |9’ (8)|m-

An application of Lemma 2] or more specifically, of ([271), yields that

(6.3) dsdec(f(s),p0) = (Vudy, ((s)), f'(s))
whenever i is such that p; ' * f(s) & Z.

If L,g = o * g is the left translation on H", then dL_ ) (f(s)) : Hp)H" —
H,H™. Hence

oo

i=1

t = exp (tdL_ (5 (f(s))f'(s))
is a geodesic passing through o at t = 0. Here exp denotes the exponential map
from the Lie algebra of H” to the group itself. We are also using the fact that exp is
the identity map, [19] p. 3] and that straight lines passing through o and contained
in C" x {0} C C™ x R = H" are geodesics, [40, Theorem 1]. Thus
V(t) = f(s) * exp (tdL_ () (f(5))f'(s))

is a geodesic such that v(0) = f(s) and 7/(0) = f’(s). Given ¢ > 0, it follows from
Remark 23] that

APl = | der0,50) = (T (), 101} = (), 700).

Given € > 0 and 0 > 0 it follows from the continuity of the derivative of d, that we
can find p; sufficiently close to v(d) so that

(%dcc(f(s)api) < _|f/(5)|H +e
Similarly, we can find p; sufficiently close to v(—d) so that
(64) %dcc(f(s)apj) > |f/(3)|H — ¢

Since d,. is C* away from the center Z (Lemma 1)) and f(s)~! x g(s) € Z, we
may choose p; and p; so close to f(s) that

|%dcc(g(s)apl) - disdcc(g(s),pj” <e
Hence one of the following quantities is greater than or equal to |f'(s)|m — 2e:

|%dcc(f(8)7pi) - %d66(9(5)7pi)’
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or
[k dee(£(5),25) = dec(a(s),p5)] -
Letting € — 0 gives

1(f = 3) (8)llos = [f'(s)lm = max{|f'(s) ]z, |9 (5)]e}-
This completes the proof of the lemma. |

Our next task is to replace the one-dimensional source space in Lemma [6.3] with
a domain in a higher-dimensional Euclidean space.

Lemma 6.4. Let Q be a bounded domain in R™, let f,g € WH(Q,H") and let
K (H™, dee) — €2° be the Kuratowski embedding. Then f = ko f and g = Kkog are
in WH1(Q,0) and

~ 1
(6.5) IV(f = 9)|e= > Z(|Vf|H +|Vgla) X{5-gez} a.e.

Proof. This follows from absolute continuity along almost all lines parallel to the
coordinate axes, the definition of the weak”™ derivative and Lemma O

In order to take advantage of this inequality, we need to take care of the set
where the functions f and g differ by a point in the center Z. The following lemma
accomplishes this.

Lemma 6.5. Let Q, f, g be as in Lemma and let S be the set of points p € Q
for which f(p) — g(p) € Z. Then Vf = Vg almost everywhere in S.

Proof. First, we consider the case m = 1. Assume that Q = [a,b] and f,g: [a,b] —
H™ are absolutely continuous. Let p € S and suppose that f'(p) and ¢'(p) exist
and are horizontal, but are not equal. Then

(6.6) (fp+e)—glp+e) —(f(p) —9p) =e(f'(p) —g'(p) + ofe).

Since f’(p) and ¢'(p) are both horizontal, their difference cannot lie in Z. Hence
for e sufficiently small, f(p+¢€) —g(p+¢€) € Z, because otherwise the left-hand side
of ([6.8) would belong to Z while the right-hand side would not. It follows that p is
an isolated point of S. The set E of such points is at most countable.

Now for the general case. Assume that f and g are bounded W'! maps from
Q C R™ to H". Let E denote the set of p € S so that V f(p) and Vg(p) exist but are
not equal. For p € F, there exists i € {1,...,m} so that %f(p) and %g(p) are
not equal. Applying the argument from the previous paragraph, we find a nontrivial
line segment L parallel to the e; axis and passing through p, so that LN S = {p}.
Denote the set of such points by F;. Then £ = E1U---UE,,. Repeated application
of Fubini’s theorem shows that each of the sets F; has Lebesgue m-measure zero in
Q. Hence the measure of E is equal to zero. O

Proposition 6.6. Let Q) be a domain in R™, let [ € WHL(Q, H") and let x :
(H",d..) — £ be the Kuratowski embedding. Then f = ko f € WH1(Q, () and

[Vl = |V lu ae

where |V f|lg was defined in (L2) and on the left-hand side of the inequality we have
the norm defined in (B.3)).
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Proof. First we consider the case m = 1. Assume that f : [a,b] — H" is absolutely
continuous. Then at a point where f/(s) exists we have

- d
179l =00 | 75

Since

(f(s+h), f(s))
Al

d dee
d NP,
‘dsdcc(f(s)’pl) < hgllglf

<1 . fl sth f/ d _ f/
<timinf o [ 1@l = 19l

for a.e. s € [a,b] we have ||f'(s)|loo < |f'(s)|m. On the other hand, inequality (6.4)
implies that || f'(s)|leo > |f'(s)|lr. Hence || f'(2)|loo = |f'(s)|r a.e. The general case
m > 1 follows from the case m = 1 and absolute continuity of f along almost all
lines parallel to the coordinate axes. O

Proof of Theorem [[1l Suppose that Q and the maps fi, f are as in the statement
of the theorem, and assume that fj, converges to f in W1P(Q, H"). Using (6.5) we
find

[ VRl AP < C [ V(- Dl 0
{f—rez} Q
as k — oo. This completes the proof. O

Proof of Corollary [L8. By working with charts we may assume that M = Q is a
bounded domain in R™. Assume that f converges to f in W1P(Q, H"). Clearly,
frx — fin LP(Q,R?*"*1). For each k, let Sy, := {p € Q: f(p) — fu(p) € Z}. By
Theorem [I7]

/ Vil + VPP < o/ VAl + VA = 0.
Q\ Sk N\ Sk

The inequality follows from the fact that the ranges of all mappings f%, f are con-
tained in a common bounded subset of H" and the Heisenberg norm |v|y and the
Euclidean norm |v| are comparable for horizontal vectors v € H,H" when p varies
over a bounded set in H". By Lemma [6.5] we have fSk IV(fr — f)|? = 0. Note that
here we refer to the Euclidean difference and the Euclidean norm on V(f; — f).
Combining these two statements completes the proof. O

Remark 6.7. Everything discussed in this section works also for the Koranyi metric
dx (see [24) for the definition). The proofs are easier, since dy is clearly smooth
on the set {(p,q) € H* x H" : p # ¢}. In particular, there is no need to make any
special distinction for pairs of points p,q € H" with p # g but ¢~ ' *p € Z.

6.1. The definition of Capogna and Lin. We conclude this section by discussing
the equivalence of the above definition for the Sobolev space W1 (M, H") with that
of Capogna and Lin. This equivalence is already known and can be deduced, for
instance, by passing through the definition of Korevaar and Schoen. Nevertheless,
we find it instructive to give a self-contained, direct discussion. In order to avoid
issues with the integrability of the function itself, we restrict attention to bounded
functions. Again by working in charts we may assume that M = Q is a Euclidean
domain.
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To prove the equivalence with the definition of Capogna and Lin it suffices to
prove the following result, because the condition stated in the result is equivalent
to their definition of the Heisenberg valued Sobolev space. See Theorems 2.11 and
2.15 in [L1].

Proposition 6.8. A bounded function f = (z,t) = (T1,Y1,. -+ Tn,Yn,t) : & —
H" lies in WLP(Q,H") if and only if f is an element of the usual Sobolev space
WLP(Q,R2" 1) and satisfies the contact equation

(6.7) Vt=2

J

(y;Va; — 2;Vy))
1

almost everywhere in §2.

Proof. To prove the “only if” statement, we consider a bounded function f €
WP(Q,H"). Combining the fact that the identity map from H" to R?"*! is
Lipschitz on bounded sets with Proposition shows that f € WhHP(Q,R2+1),
Moreover, the ACL property of f (see, for instance, the proof of Theorem 2.2 in
[27]) yields that the image of almost every line parallel to a coordinate axis in €,
is a horizontal curve. Consequently, the contact equation (61) is satisfied a.e. on
such lines. By Fubini’s theorem, (@7 holds a.e. in 2.

To prove the “if” statement we reverse the argument. Consider a bounded func-
tion f € WP(Q, R?" 1) which satisfies (6.7)) almost everywhere. We first note that
fis ACL as a map from € to R?"*!. From (6.2)), by an application of Fubini’s the-
orem, we conclude that the image of almost every line parallel to a coordinate axis
in € is a horizontal curve. Along horizontal curves in H", the Hausdorff 1-measures
computed with respect to the Euclidean and Carnot-Carathéodory metrics are mu-
tually absolutely continuous. Hence f is ACL as a map to H" and so also as a
map to x(H") C £°°. It now follows that the weak™ partial derivatives of f exist
almost everywhere and are bounded above (almost everywhere) by an LP function.
By Proposition Bl f lies in WP (Q, H?). O

7. DENSITY AND NONDENSITY OF LIPSCHITZ MAPS IN W1P (M, H")

7.1. Proof of Proposition [I.3l Let ¢) : S* — H" be a bi-Lipschitz embedding
whose existence was established in Theorem We can also assume that 1) is a
C*> embedding as a map from S™ to R?"*!. Let

flz) =1 (%) cWHPB L H"), 1<p<n+l.

x

We will prove that the mapping f cannot be approximated by Lipschitz mappings
Lip (B!, H") when n < p < n + 1. To the contrary suppose that there is a
sequence gy, € Lip (B"™1, H") such that

gk — [ in WhP(B"HL H").

Clearly f € WhHP(B"T! R?"*1) and g, € Lip (B"™!,R*"1). However, we cannot
use Corollary [[.8 because we cannot assume that the mappings gx are uniformly
bounded.

By Theorem [Z5] H%F (gx (B" 1)) =0 for all k. Consequently, H" ! (gi(B"*1))=
0 for all k as well, since the identity map from H" to R2"*! is locally Lipschitz.
(Recall that H* denotes the k-dimensional Euclidean Hausdorff measure.)
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Consequently, in order to arrive at a contradiction, it suffices to show that
(7.1) H" (g (B™ ) >0 for sufficiently large k.

Let w be the pullback by 1~ of the volume form from 9B"+! = S" to (S").
We can assume that w is a smooth compactly supported n-form on R?*+!. We used
a similar construction in the proof of Proposition 4.7

By S™(r) and B"*!(r) we will denote the sphere and the ball of radius r centered
at the origin. Observe that since f|sn(,) is just a rescaling of the map 1, then

/ Frw=H"(S") > 0.
s (r)

Let K = suppw, let S, = {z € B : gy(2)— f(v) € Z} and let E}, = SxUg;, ' (K).
We claim that
(Var)xe, — Vf in LP(B"H1).
Indeed, according to Lemmal[68 Vg, = V[ a.e. in S, hence fSk IVf—Vgi|P =0.
Since the mappings f and gk|g;1(K)7 k =1,2,... are uniformly bounded Theo-
rem [[7] yields

/ VP + [VaulPxs, < C V1L + Vel — 0.

Brt1\Sy Br1\S,

Thus

/ IVﬂ%V%M&WSC< Wf—V%W+/1 |Vﬂﬂuv%pmh>%a
Bt Sk Bit1\S,

It follows from the Fubini theorem (again, see [27, pp. 189-190]) that we may select
a subsequence of (g ), still denoted (gi), such that

(Var)xelsm ) = Vflsney in LP(S™(r)) for a.e. 0 <7 < 1.

Fix such r. Since K = suppw, gjw = 0 in B"*!\ g, '(K) and hence gjw = 0 in
B!\ Ej. It follows from Lemma L9 that

/ ﬁ@@z/ ng/’ 6w,
Brt(r) §7(r) S (r)NEy,

and an application of Hélder’s inequality (note that gjw, f*w € LP/™(S™(r)) and
£ > 1 by assumption) yields

/ grw — ffw=H"(S") > 0.
S™(r)NEy Sn(r)

Hence

[ gilde) >0
Bn+1(r)

for sufficiently large k. Using the same argument involving the area formula as in
the proof of Proposition .7 we conclude that

H (gr(B")) > H M (gu (BT (r))) > 0,
which proves (ZI)). This completes the proof of Proposition [[3l O
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Proof of Theorem [L2a). Suppose that dimM > n + 1. We need to prove that
Lipschitz mappings Lip (M, H") are not dense in W1?(M,H") whenn < p < n+1.
This result will follow from Proposition in a standard way; the same technique
has already been used in the case of maps into manifolds in [8] and [27]. For the
sake of completeness we provide the details.

It is easy to construct a smooth mapping f : B*t! — S™ with two singular
points such that f restricted to small spheres centered at the singularities has
degree +1 and —1 respectively and f maps a neighborhood of the boundary of the
ball B**! into a point. We can model the singularities on the radial projection
mapping as in Proposition [J so the mapping f belongs to WP, Now, let g :
Brtl x sdmM-=n=1 _, §n he defined by g(b,s) = f(b). We can embed the torus
Brtl x Sdim M—n—1 intg the manifold M and extend the mapping on the completion
of this torus as a mapping into a point. Clearly, g € W1P(M,S").

Now let ¢ : S — H" be a smooth and horizontal (hence bi-Lipschitz) embed-
ding. We will prove that the mapping 1yog € W1P(M, H") cannot be approximated
by Lipschitz mappings from Lip (M,H"). By way of contradiction suppose that
uy, € Lip (M, H"™) converges to 1o f in the norm of WP, In particular, ux — og
in Whe(Bnt! x §dimM-n—1Hn) Tt follows from Fubini’s theorem that there is
a subsequence of (uy), still denoted (ug), such that for a.e. s € SHMM=—n=1 4,
restricted to the slice B"*1 x {s} converges to the corresponding restriction of 1) og
in the Sobolev norm. Take such a slice and denote it simply by B"™!. Hence uy
restricted to a ball (of dimension n + 1) centered at the singularity of degree 41
converges to 1 o g restricted to the same ball. This is, however, impossible as was
demonstrated in Proposition [.3 (|

Proof of Theorem [L2A(b). Let M be a compact Riemannian manifold of dimension
at most n and let f € WHP(M,H"). Then f = ko f € WIP(M, ¢>). According to
Lemma 5.0, || f(z) — f(y)|| < Cd(z,y) (M\Vft(x) + M|V f|(y)) for a.e. z,y. Let
E, ={x e M: M|Vf|(z) < t}. The map flg, : Ex — (> is Ct-Lipschitz, so
flg, : Ex — H™ is also. According to Theorem there is a C’t-Lipschitz map
ft + M — H"™ which coincides with f on E;. By the same argument as in the proof
of Proposition 5.4, f; — f in WHP (M, H"). O

8. SOBOLEV MAPS INTO (GRUSHIN PLANES

The Grushin plane G, is the sub-Riemannian manifold whose underlying space
is M = R?, with horizontal distribution HM defined by the vector fields

9] n O
= — =Tr —.
& Ers &2 3y
We note that this distribution does not have constant rank, however, it is bracket
generating: after n brackets we obtain [¢1,[&1,[...,&] -] = n!a%. We define a

sub-Riemannian (Carnot-Carathéodory) metric d.. on M by declaring & and &; to
be an orthonormal basis at each point (z,y) € M with  # 0, and declaring &; to
be normal at each point (0,y) € M. We obtain a sub-Riemannian manifold G,, of
step n + 1.

In this section we prove the following theorem.

Theorem 8.1. Equip G,, with the Carnot-Carathéodory metric d... Then Lipschitz
mappings from B% to G,, are not dense in WHP(B2, G,,) provided 1 < p < 2.
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For simplicity we consider only the case G = G;. For y; > 0, G contains infinitely
many geodesics (local length minimizers) joining (0,0) and (0,y;). See, e.g., [9] p.
275]. They are given by

(8.1) T (s) = i\/%sm(m”% ym(s) =11 <5 B %>

for m € Z*. When m = 1 we obtain a single arc rising to (0,%;) in the first
quadrant and another in the second quadrant.

Concatenating these two geodesics for y; = 1 yields a set which is bi-Lipschitz
parameterized by S'. Let ¢ : S' — G be a bi-Lipschitz mapping whose image is
this union of geodesics. Let ug : B> — S! be the cavitation map as in ([LT)). Since
up € WHP(B2,S) for p € [1,2), the map

(8.2) [ =doug

is in W1P(B?, G) for the same range of p. We will show that f cannot be approxi-
mated by Lipschitz functions from B? to G.

The analog of the center Z of the Heisenberg group is the vertical line YV :=
{(z,y) € G : © = 0}. The key technical result in the proof of Theorem B1]is the
following lemma. Note that the restriction of the Hausdorff 2-measure in the metric
dee to the set Y coincides (up to a constant) with the Euclidean length measure
onY.

Lemma 8.2. Let f : B2 — G be a Lipschitz map. Then H2.(f(B?)NY) = 0.

Proof. Let X = f~1(Y) C B?. As a substitute for the horizontal (Pansu) differ-
ential, we will use Kirchheim’s metric differential [35]. It follows from Kirchheim’s
metric differentiability theorem [35, Theorem 2] that f is almost everywhere metri-
cally differentiable. That is, at a.e. point in B? there exists a seminorm mdf, := |||,
such that d(f(z), f()) — [}y — zll, = oy — 2| as y — .

For a seminorm s on R?, the Jacobian is defined as

JQ(S)

7r
C H2({x : os(w) < 1))
By the area formula [3}, Theorem 5.1],

/ To(mdf,) de = / HO(F () dH2.(y).
X Y

Hence HZ.(f(B*)NY) < [y Ja(mdf,) and we claim that
Jo(mdf,) =0 for a.e. z € X.

To see why this claim holds, note that the identity map from G to R? is locally
Lipschitz, so f is still Lipschitz when considered as a map into R2. By Rademacher’s
theorem, the differential df exists a.e. At points where df exists, it is clear that
Jo(mdf,) = det(df,). It remains to show that df is singular for a.e. z € X.
Suppose df, is nonsingular at € X and let v := (dfz)_l(a%). Then |f(z+tv) —

f(x) = (0,t)|g is O(t?), whence
dee(f(z + tv), f(z) + (0,2)) = O(t)
as t — 0, by ([2.8). On the other hand, there exists a constant ¢ > 0 so that

dece(f (), f(z) + (0,1)) = eVt
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for all ¢ > 0, since x € X and d..|y is a multiple of \/dg|y. We conclude that
deo(f(z + tv), f(z)) > eVt — O(t)

as t — 0, which contradicts the assumption that f is Lipschitz.
In conclusion, df, is defined a.e. and is singular where defined. Using the area
formula, the proof is complete. |

We next reduce the question of Sobolev convergence to one about Euclidean
targets.

Lemma 8.3. If fr, — f in WYP(B2,G), then f — f in WHP(B2 R?).

Proof. The same method applies here as in the case of Heisenberg targets. The
only difference is that for p,q € G, the phrase “p and ¢ are vertically separated”
must be interpreted “p,q € Y. Since the metric is Riemannian outside of Y, it is
C>®onG\Y. a

Proof of Theorem Bl Let f be the map in ([82]). Suppose there exists a sequence
of Lipschitz maps fi. : B> — G approximating f in W?(B2, G). By Lemma B.3]
fr converges to f in W1P(B? R?). Fix ¢ > 0 sufficiently small (to be determined
later) and fix k sufficiently large so that

||f - kaWl’P(IBz,R?) < €.

Let g = f — fi. By Fubini’s theorem, g|g, € W1P(S,.,R?) for almost every r €
(0,1], where S, denotes the circle of radius r centered at the origin. Furthermore,
there exists r € (1 —27P,1) so that the Sobolev norm of g|s, is less than 2¢. We
claim that fj(B,) intersects Y in a set of positive length (and hence positive H2,
measure). Here B, denotes the disc of radius r centered at the origin.

Since ||g||1r(s,) < 2€, there exists zg € S, with [g(zo)| < 2€(2rr)~1/P. Further-
more, ||dg| rr(s,) < 2¢. Applying the Fundamental Theorem of Calculus along S,
gives

gll s,y < 9@o)l + dgllzacs,) < 2e((2mr) 7 + (2mr)2=1/r),
Since r is bounded away from zero, it is clear that by choosing e sufficiently small
(depending only on p) we may ensure that || fi — f|lr=(s,) = [|gllr=(s,) < 3. We
conclude that there exists a nondegenerate interval J contained in Y so that the
winding number of fi(S,) around each point of J is nonzero. By a degree theory
argument similar to those used previously, we conclude that (0,y) € fi(B,) for all
(0,y) € J. This completes the proof of the claim. Since fj is Lipschitz, the validity
of this claim violates Lemma Hence the approximating sequence fj cannot
exist and the proof of Theorem [B.I]is complete. O

Remark 8.4. The proof of Theorem [B] relied on the construction of a bi-Lipschitz
embedding of S! into G whose image enclosed a nontrivial segment on the y-axis
Y. Such a bi-Lipschitz embedding admits no Lipschitz extension to B2. By way of
contrast, we have the following

Theorem 8.5. Let ¢ : S — G be an L-Lipschitz map with (S')NY = 0. Then
¢ admits an L-Lipschitz extension @ : B? — G.

Theorem follows from a generalized form of Kirszbraun’s theorem proved by
Lang and Schroeder [37, Theorem A]. For simplicity we only state a special case
of the Lang—Schroeder theorem sufficient for our purposes. See also [36, Theorem
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1.3] for a related result (which implies a weaker form of Theorem where the
Lipschitz constant of the extension may be larger than L).

Theorem 8.6 (Lang—Schroeder). Let M and N be Riemannian manifolds (possibly
with boundary). Assume that M has all sectional curvatures bounded below by some
k € R, while N is complete and has all sectional curvatures bounded above by the
same k. Then every 1-Lipschitz map f : A — N, A C M, admits a 1-Lipschitz
extension f: M — N.

Proof of Theorem B Let ¢ : S' — G be L-Lipschitz with o(S')NY = 0. By
rescaling the metric in R? if necessary, we may assume without loss of generality
that L = 1.

Observe that ¢(S') is contained in {(x,y) € G : |z| > €} for some € > 0. In
particular, ¢(S) lies completely within a Riemannian component of G. We next
compute the curvature of such a component. The Riemannian metric in {(z,y) :
x > 0} is given by the length element ds®> = da?+x~2dy?. Using Brioschi’s formula

v ). (),

for the (Gauss) curvature of a Riemannian metric ds? = Edx? + Gdy? with E =1
and G = 272, we obtain K = —2272. Thus K < —2¢ 2 < 0on {(z,y) € G : 2 > €}.
A similar computation applies in {(z,y) € G : z < —¢}.

It remains to show that the set {(z,y) € G : x > €}, equipped with the aforemen-
tioned Riemannian metric, is complete and geodesic. The latter assertion follows
from the explicit form (8I) for the geodesics. Since {(z,y) € G : x > ¢} is locally
compact, it is proper and hence complete. The proof of Theorem [R.His finished. [

Question 8.7. Does every Lipschitz map ¢ : S — G whose image encloses no
segment on the y-axis extend to a Lipschitz map of B? into G?
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