ON CONDITIONS FOR UNRECTIFIABILITY OF A METRIC SPACE

PIOTR HAJLASZ AND SOHEIL MALEKZADEH

ABSTRACT. We find necessary and sufficient conditions for a Lipschitz map f : R¥ > F —
X into a metric space to satisfy H*(f(F)) = 0. An interesting feature of our approach is
that despite the fact that we are dealing with arbitrary metric spaces, we employ a variant
of the classical implicit function theorem. Applications include pure unrectifiability of the
Heisenberg groups and that of more general Carnot-Carathéodory spaces.

1. INTRODUCTION

We say that a metric space (X, d) is countably k-rectifiable if there is a family of Lipschitz
mappings f; : R¥ D E; — X defined on measurable sets £; C R* such that

M (X \ Uﬁ-(E») = 0.

A metric space (X,d) is said to be purely k-unrectifiable if for any Lipschitz mapping
f:RF D E — X, where E C R” is measurable we have H*(f(F)) = 0.

The theory of rectifiable sets plays a significant role in geometric measure theory and
calculus of variations. See e.g. [7, 18] for results in Euclidean spaces. Recent development
of analysis on metric spaces extended this theory to metric spaces. See e.g. [1, 2, 4, 13] and
references therein. Considering the importance of this theory, it is reasonable to search for
simple geometric conditions which would guarantee that the image of a Lipschitz mapping
from a subset of a Euclidean space into a metric spaces would have measure zero. One of
the main results of this paper (Theorem 1.1) establishes such conditions.

Let f: Z — (X,d) be a mapping between metric spaces and let {y;,...,yx} C X be
given. The mapping ¢ : Z — R* defined by

g(x) = (d(f(x), 1), ..., d(f(z),yr))
will be called the projection of f associated with the points yi, ..., Y.

The mapping 7 : X — R*, 7(y) = (d(y,v1),...,d(y,yx)) is Lipschitz. Since g = 7o f,
we conclude that if f is Lipschitz, then its projection g = 7 o f is Lipschitz too.

A measurable function g : £ — R defined in a measurable set £ C R¥ is said to be
approximately differentiable at x € FE if there is a measurable set £, C E and a linear
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function L : R™ — R such that x is a density point of E, and

lim 9(y) —g(z) — L(y — x)
Edy—ax |y — :L'|

=0.

This definition is equivalent with other definitions that one can find in the literature. The
approximate derivative L is unique (if it exists) and it is denoted by ap Dg(z). Lipschitz
functions ¢g : £ — R are approximately differentiable a.e. (by the McShane extension and
the Rademacher theorem). In the case of mappings into R¥ approximate differentiability
means approximate differentiability of each component.

Theorem 1.1. Let X be a metric space, let E C R* be measurable, and let f : E — X be
a Lipschitz mapping. Then the following statements are equivalent:

(1) HA(F(E)) = 0;

(2) For any Lipschitz mapping ¢ : X — R¥, we have H*(o(f(E))) = 0;

(3) For any collection of distinct points {y1,ys,...,yx} C X, the associated projection
g: E — RF of f satisfies H*(g(E)) = 0;

(4) For any collection of distinct points {y1,ye,...,yx} C X, the associated projection
g: E — RF of f satisfies rank (ap Dg(z)) < k for H*-a.e. z € E.

Here HF stands for the k-dimensional Hausdorff measure.

Remark 1.2. It follows from the proof that in conditions (3) and (4) we do not have to
consider all families {y1, ya,...,yx} C X of distinct points, but it suffices to consider such
families with points y; taken from a given countable and dense subset of f(E).

The implications from (1) to (2) and from (2) to (3) are obvious. The equivalence
between (3) and (4) easily follows from the classical change of variables formula which
states that if g : R¥ D E — R is Lipschitz, then

(L) L1l = [ e )

Here J, stands for the Jacobian of g and Ny(y, E') is the number of points in the preimage
g ' (y) N E, see e.g. [6, 7, 10]. Therefore, it remains to prove the implication (4) to (1)
which is the most difficult part of the theorem. We will deduce it from another result
which deals with Lipschitz mappings into ¢°°, see Theorem 2.2.

Note that in general it may happen for a subset A C X that H¥(A) > 0, but for all
Lipschitz mappings ¢ : X — R* H*(o(A)) = 0. For example the Heisenberg group
H" satisfies H?"T2(H") = oo, but H*"*2(o(H")) = 0 for all Lipschitz mappings ¢ : H" —
R?*"2 see [4, Section 11.5]. Hence the implication from (2) to (1) has to use in an essential
way the assumption that A = f(F) is a Lipschitz image of a Euclidean set. Since by [4,
Section 11.5] the condition (2) is satisfied for H" with k£ = 2n + 2, we conclude that H" is
purely (2n + 2)-unrectifiable. For more general results see Theorem 3.2 in Section 3 and
Theorem 5.3 in Section 5.

Theorem 1.1 is related to the work of Kirchheim [13] and Ambrosio-Kirchheim [1] on
metric differentiability and the general area formula for mappings into arbitrary metric
spaces. However, our approach in this paper is elementary and does not involve neither
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the Kirchheim-Rademacher theorem [13, Theorem 2] nor any kind of the area formula for
mappings into arbitrary metric spaces [1, Theorem 5.1].

Although conditions (3) and (4) are necessary and sufficient for the validity of (1), often
it is not easy to verify them. The problem is that even if X is smooth, the distance function
y — d(y,y;) is not smooth at y; and we need to consider such distance fucntions for y; from
a dense subset of X, thus creating singularities everywhere in X. Actually a collection
of such distance functions gives an isometric embedding of X into ¢* (for a more precise
statement see Theorem 2.2 and the proof of Theorem 1.1 which shows how Theorem 1.1
follows from Theorem 2.2). In applications we often deal with spaces X that have some
sort of smoothness (like Heisenberg groups or more general Carnot-Carathéodory spaces)
and often for such spaces there is a more natural Lipschitz mapping ® : X — RY_ than the
embedding into >, a mapping that takes into account the structure of X. In Section 4
we state a suitable version of Theorem 1.1 (Theorem 4.2) and in Section 5 we show how it
applies to Carnot-Carathéodory spaces.

The paper is organized as follows. In Section 2 we prove a version of the Sard theorem
for Lipschitz mappings into ¢*°. We also prove Theorem 1.1 as a simple consequence of
this result. In Section 3 we provide a new proof of the unrectifiability of the Heisenberg
group as a consequence of Theorem 1.1. In the proof we will encounter a problem with
the lack of smoothness of the distance of the function y — d(y,y;). In Section 4 we will
generalize Theorem 1.1 in a way that it will easily apply to general Carnot-Carathéodory
spaces (including Heisenberg groups). This approach will allow us to avoid singularities of
the distance function. Applications will be presented in Section 5.

Our notation is fairly standard. By C' we will denote various positive constant whose
value may change in a single string of estimates. By writing C' = C(k) we mean that
the constant C' depends on k only. H® will denote the s-dimensional Hausdorff measure.
We will also write H* to denote the Lebesgue measure on R¥. Sometimes in order to
emphasize that the Hausdorff measure is defined with respect to a metric d we will write
‘H;. If V is a Banach space, then Hj, denotes the Hausdorff measure with respect to the
norm metric of V. By H; we will denote the Hausdorff content which is defined as the
infimum of Y .2, r# over all coverings by balls of radii r;. Clearly H2_ is an outer measure
and H*(A) = 0 if and only if H5 (A) = 0. The barred integral will denote the integral

average + . f dp = p(E)™" [ fdp.
2. LIPSCHITZ MAPPINGS INTO >

A measurable function coincides with a continuous function outside a set of an arbitrarily
small measure. This is the Lusin property of measurable functions. The following result
due to Federer shows a similar C'-Lusin property of a.e. differentiable functions, [22].

Lemma 2.1 (Federer). If f : Q — R is differentiable a.e. on an open set Q C R¥, then
for any € > 0 there is a function g € C1(R¥) such that

H ({z e Q: flz) # g(o)}) <e.

The original proof was based on the Whitney extension theorem; for another, more
direct, approach, see [16, Theorem 1.69].
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In particular if £ C R’f is measurable and f : £ — R is Lipschitz, then f can be extended
to a Lipschitz function f : R¥ — R (McShane) to which the above theorem applies. Hence
for any € > 0 there is g € C'(R¥) such that

H ({z € E: f(x) # g(2)}) <e.

Note that at almost all points of the set where f = g we have that ap Df(z) = Dg(x).
This holds true at all density points of the set {f = g}.

Let now f = (fi, f2,...) : R¥ > E — (> be an L-Lipschitz mapping. Then the
components f; : £ — R are also L-Lipschitz. Hence for H*-almost all points z € E, all
functions f;, ¢+ € N are approximately differentiable at z € E. We define the approximate
derivative of f componentwise

ap D f(z) = (ap Dfi(x),ap D fa(), .. .).
For each i € N, ap D f;(x) is a vector in R¥ with component bounded by L. Hence ap D f(z)
can be regarded as an k X oo matrix of real numbers bounded by L, i.e.

ap Df(z) € (), [lapDf| < L,

where the norm in (¢>°)* is defined as the supremum over all entries in the k x oo matrix.
The meaning of the rank of the k x oo matrix ap D f(z) is clear; it is the dimension of the
linear subspace of R* spanned by the vectors ap D f;(z), i € N. Hence rank (ap Df(z)) < k
a.e.

If f:Q — ¢~ is Lipschitz, where  C R* is open, components of f are differentiable
a.e. and we will write D f(z) in place of ap D f(z).

The next theorem is the main result of this section. It is a crucial step in the remaining
implication (4) to (1) of Theorem 1.1. The proof of Theorem 2.2 is based on ideas similar
to those developed in [3, Section 7).

Theorem 2.2. Let E C R* be measurable and let f : E — (> be a Lipschitz mapping.
Then H*(f(E)) = 0 if and only if rank (ap Df(x)) < k, H¥-a.e. in E.

Before we prove this result we will show how to use it to complete the proof of Theo-
rem 1.1.

Proof of Theorem 1.1. As we already pointed out in the Introduction, it remains to prove
the implication (4) to (1). Although we do not assume that X is separable, the image
f(E) C X is separable and hence it can be isometrically embedded into ¢>°. More precisely
let {y;}3°, C f(F) be a dense subset and let yo € f(E). Then it is well-known and easy
to prove that the mapping

F(E) 3y = kly) ={d(y,y:) — d(yi,y0) }i2y € £
is an isometric embedding of f(FE) into ¢*°. It is the so called Kuratowski embedding.

Clearly

Hi(f(B)) = Hix((r 0 [)(E)),
where subscripts indicate metrics with respect to which we define the Hausdorff measures.
It remains to prove that H5.((k o f)(E)) = 0. Since

(ko f)(x) ={d(f(x),y:) — d(ys, vo) }i21,
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it easily follows from the assumptions that
rank (ap D(k o f)) < k HF-ae. in E.
Hence (1) follows from Theorem 2.2. O

Thus it remains to prove Theorem 2.2. Before doing this let us make some comments
explaining why it is not easy. Theorem 2.2 is related to the Sard theorem for Lipschitz
mappings which states that if f : R¥ — R™, m > k is Lipschitz, then

H*(f({zr € R" :rank Df(x) < k})) = 0.

The standard proof of this fact [18, Theorem 7.6] is based on the observation that if
rank D f(z) < k, then for any € > 0 there is r > 0 such that

|f(z) = f(x) = Df(x)(z —z)| <er forze B(zx,r)

and hence
dist(f(z), W) <er for z € B(x,r),

where W, = f(x) + Df(z)(R¥) is an affine subspace of R™ of dimension less than or equal
to k — 1. That means f(B(x,r)) is contained in a thin neighborhood of an ellipsoid of
dimension no greater than k¥ — 1 and hence we can cover it by C(L/g)*~! balls of radius
Cer, where L is the Lipschitz constant of f. Now we use covering by these balls with the
help of Vitali’'s lemma to estimate the Hausdorff content of the image of the critical set.
For more details, see [18, Theorem 7.6].

The proof described above employs the fact that f is Frechet differentiable and hence this
argument cannot be applied to the case of mappings into £*°, because in general Lipschitz
mappings into > are not Frechet differentiable, i.e. in general the image of f(B(x,r)NE)
is not well approximated by the tangent mapping ap D f(z). To overcome this difficulty
we need to investigate the structure of the set {ap D f(x) < k} using arguments employed
in the proof of the general case of the Sard theorem for C™ mappings, [20]. In particular
we will need to use a version of the implicit function theorem.

In the proof of Theorem 2.2 we will also need the following result which is of independent
interest.

Proposition 2.3. Let D C R* be a bounded and convex set with non-empty interior and
let f: D — > be an L-Lipschitz mapping. Then

diam D)k

diam(f(D)) < C‘(k‘)L< Hr D) H(D\ A)V/*

where
A={zxeD: Df(x)=0}.
In particular of D is a cube or a ball, then

(2.1) diam(f(D)) < C(k)LHH(D \ A)'/*

Proof. We will need two well-known facts.
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Lemma 2.4. If £ C R* is measurable, then
k k l/k‘
/Ix—y|“_ CRHAE)

Proof. Let B = B(z,r) C R¥ be a ball such that H*(B) = H*(E). Then
dy / dy / k(\1/k
— < | ———— = CO(k)r = C'(k)yH"(E)V*.

Jomr = e — o - cwns

For the next lemma see for example [6, Lemma 7.16].
Lemma 2.5. If D C R¥ is a bounded and conver set with non-empty interior and if
u: D — R is Lipschitz continuous, then
(diam D)* Vu(y)|
kKHMD) Jp |z —y/Ft

lu(z) —up| < dy forallx € D,

where up = DCD x)dx.

Now we can complete the proof of Proposition 2.3. If Df(z) = 0, then Vf;(z) = 0 for
all + € N. For each i € N we have

(diam D)k |V fi(y)] L(diam D)* dy
R e W A Lyl i

(diam D)*
< C(k)LW

HE(D\ A)VE,

Hence for all z,y € D

|fi(w) = fi(y)| < |fi(z) = fipl + | fily) — fipl < 2C(k)L

Taking supremum over ¢ € N yields
(diam D)*

and the result follows upon taking supremum over all z,y € D. O

(diam D)*

D) MDA

Hk(D \ A)l/k

Proof of Theorem 2.2. The implication from left to right is easy. Suppose that H*(f(E)) =
0. For any positive integers i1 < 15 < ... < 1} the projection
3 (917927 e ) — (yi17yi27 s 7yzk) € Rk

is Lipschitz continuous and hence the set

(fin .. afzk>(E) C Rk

has H*-measure zero. It follows from the change of variables formula (1.1) that the ma-
trix [0f;;/ 8@]?111 of approximate partial derivatives has rank less than k almost every-
where in E. Since this is true for any choice of iy < iy < ... < i, we conclude that
rank (ap Df(z)) < k a.e. in E.
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Suppose now that rank (ap Df(z)) < k a.e. in E. We need to prove that H*(f(E)) = 0.
This implication is more difficult. Since f; : E — R is Lipschitz continuous, for any ¢ > 0
there is g; € C*(R") such that

H'{x € E: fi(z) # gi(x)}) < /2",
Moreover ap D f;(x) = Dg;(x) for almost all points of the set where f; = g;. Hence there
is a measurable set F' C E such that H*(E \ F) < ¢ and

f=g and apDf(x) = Dg(x) inF
where
g = (917927 A ')7 Dg - <D917Dg27 A ')'

It suffices to prove that H¥(f(F)) = 0, because we can exhaust £ with sets ' up to a
subset of measure zero and f maps sets of measure zero to sets of measure zero. Let

F ={x € F: rank (ap Df(z)) = rank Dg(z) < k}.
Since HF(F \ F) = 0, it suffices to prove that H¥(f(F)) = 0. For 0 < j < k — 1, let
K; = {r € F :rank Dg(x) = j}.

Since F = Uf;é K, it suffices to prove that H*(f(K;)) = 0 for any 0 < j < k — 1. Again,
by removing a subset of measure zero we can assume that all points of K are density
points of K. To prove that H*(f(K;)) = 0 we need to make a change of variables in R,
but only when j > 1.

If z € R¥\ F, the sequence (g1(x), g2(z), . ..) is not necessarily bounded. Let V be the
linear space of all real sequences (y1, s, . ..). Clearly g : R¥ — V. We do not equip V with
any metric structure. Note that g|p : F' — (> C V, because g coincides with f on F.

Lemma 2.6. Let 1 < j < k—1 and xo € K;. Then there exists a neighborhood xy € U C
R*, a diffeomorphism ® : U C R¥ — ®(U) C R*, and a composition of a translation (by a
vector from (>°) with a permutation of variables V: V — V such that

o & 1(0) =z and ¥(g(xy)) = 0;
o There is € > 0 such that for v = (x1,9,...,71) € B(0,e) CRF andi=1,2,...,7,

(Pogod™) (z) =,
i.e., Wogo® ! fires the first j variables in a neighborhood of 0.

Proof. By precomposing g with a translation of R* by the vector z, and postcomposing it
with a translation of V' by the vector —g(x¢) = —f(zo) € £>° we may assume that o =0
and g(zg) = 0. A certain j x j minor of Dg(x¢) has rank j. By precomposing g with a
permutation of j variables in R¥ and postcomposing it with a permutation of j variables
in V we may assume that

OGm .
(2.2) rank {L(%)} =J.
Oy 1<m, (<]
Let H : R* — R* be defined by

H(l’) = (gl(x>7 S ’gj<x>’xj+1’ ‘e 717k)'
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It follows from (2.2) that Jy(z) # 0 and hence H is a diffeomorphism in a neighborhood
of o = 0 € R*. Tt suffices to observe that for all i = 1,2, ..., 7,

(g o H_l)i (x) = x;.
O

In what follows, by cubes, we will mean cubes with edges parallel to the coordinate
axes in R¥. It suffices to prove that any point 2y € K; has a cubic neighborhood whose
intersection with K is mapped onto a set of H¥-measure zero. Since we can take cubic
neighborhoods to be arbitrarily small, the change of variables from Lemma 2.6 allows us
to assume that

(2.3) K; C (0,1)%, gi(x)=a; fori=1,2,...,jand z € [0,1]".

Indeed, according to Lemma 2.6 we can assume that o = 0 and that ¢ fixes the first j
variables in a neighborhood of 0. The neighborhood can be very small, but a rescaling
argument allows us to assume that it contains a unit cube () around 0. Translating the
cube we can assume that @ = [0,1]*. If z € K}, since rank Dg(z) = j and g fixes the first
7 coordinates, the derivative of ¢ in directions orthogonal to the first j coordinates equals
zero at x, dgy(x)/0x; =0 fori =7+ 1,...,k and any /.

Lemma 2.7. Under the assumptions (2.3) there exists a constant C' = C(k) > 0 such that
for any integer m > 1, and every x € K;, there is a closed cube Q, C [0,1]F with edge
length d, centered at x with the property that f(K; N Q,) = g(K; N Q) can be covered by
m? balls in £°°, each of radius CLdym™", where L is the Lipschitz constant of f.

The theorem is an easy consequence of this lemma through a standard application of the
Sr-covering lemma, [12, Theorem 1.2]. First of all observe that cubes with sides parallel
to coordinate axes in R¥ are balls with respect to the £5° metric

|2 = ylloo = gl%f |z; — il

Hence the 5r-covering lemma applies to families of cubes in R*. By 57'Q we will denote
a cube concentric with @ and with 57 times the diameter. The cubes {567'Q,}scx, form
a covering of K. Hence we can select disjoint cubes {571Q,, }52; such that

K; c| Q.
i=1

If d; is the edge length of (),,, then Z;’il(ffldi)k < 1, because the cubes 57'Q,, are disjoint
and contained in [0, 1]¥. Hence

H(f(K;) < i?‘i’éo(f (K; N Q) < imj (CLdym™")F < 5*C*Lrmi "

=1

Since the exponent j — k is negative, and m can be arbitrarily large we conclude that
HE (f(K;)) = 0 and hence H*(f(K;)) = 0. Thus it remains to prove Lemma 2.7.
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Proof of Lemma 2.7. Various constants C' in the proof below will depend on £ only. Fix
an integer m > 1. Let o € K. Since every point in Kj is a density point of K, there is a
closed cube Q C [0,1]* centered at z of edge length d such that

(2.4) HHNQ\ K;) < m™*H¥(Q) = m*d".
By translating the coordinate system in R¥ we may assume that
Q= [0,d x [0,d]".

Each component of f : QNK; — £*° is an L-Lipschitz function. Extending each component
to an L-Lipschitz function on @) results in an L-Lipschitz extension f : () — ¢*°. This is
well-known and easy to check.

Divide [0,d}’ into m’ cubes with pairwise disjoint interiors, each of edge length m~'d.
Denote the resulting cubes by @, v € {1,2,...,m?}. It remains to prove that

F(@Qu x [0.d*7) N K;) € f(Qu x [0,d)*)

is contained in a ball (in £>°) of radius CLdm™!. Tt follows from (2.4) that
H(Qu x [0,d* )\ K;) < HHQ\ K;) <m™"d".

Hence

H(Qu x [0,d* ) N K;) > (m™ —m™*)d".
This estimate and the Fubini theorem imply that there is p € @), such that

H = (({p} > [0,d]" ) NV EG) > (1 —m/~H)d".
Hence
H 7 (({p} > [0,d]" )\ K;) <m?~Fd*,

It follows from (2.1) with k replaced by k — j that
(2.5)  diame=(f({p} x [0,d]* 7)) < CLH*I(({p} x [0,d)* ) \ ;)" < CLm™"d.

Indeed, the rank of the derivative of g restricted to the slice {p} x [0, d]*™7 equals zero at
the points of ({p} x [0,d]*77) N K; and this derivative coincides a.e. with the approximate
derivative of f restricted to {p} x [0,d]*9 N K; which by the property of g must be zero
as well.

Since the distance of any point in Q, x [0,d]*~7 to {p} x [0,d]*7 is bounded by Cm~1d
and f is L-Lipschitz, (2.5) implies that f(Q, x [0,d]*~7) is contained in a ball of radius
CLdm™', perhaps with a constant C' bigger than that in (2.5). The proof of the lemma is
complete. 0

This also completes the proof of Theorem 2.2. O
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3. HEISENBERG GROUPS

As an application we will show one more proof of the well-known result of Ambrisio-
Kircheim [1] and Magnani [15] that the Heisenberg group H" is purely k-unrectifiable for
k > n. Another proof was given in [3] and our argument is related to the one given in [3]
in a sense that the proof of Theorem 2.2 is based on similar ideas. We will not recall the
definition of the Heisenberg group as this is not the main subject of the paper. The reader
may find a detailed introduction for example in [3]; we will follow notation used in that
paper. The following result is well-known, see for example Theorem 1.2 in [3].

Lemma 3.1. Let k > n and let E C R* be a measurable set. If f: E — H" is locally
Lipschitz continuous, then for H*-almost every point x € E, rank (ap Df(z)) < n.

The Heisenberg group H" is homeomorphic to R?**! and the identity mapping id : H" —
R27*+L is locally Lipschitz continuous. Hence f is locally Lipschitz as a mapping into R?"+1.
The approximate derivative ap D f(z) is understood as the derivative of the mapping into
R2*1 As an application of Theorem 1.1 we will prove unrectifiability of H".

Theorem 3.2. Let k > n be positive integers. Let E C R* be a measurable set, and let
f: E — H" be a Lipschitz mapping. Then H*(f(E)) = 0.

Here the Hausdorff measure in H" is with respect to the Carnot-Carathéodory metric
or with respect to the Koranyi metric dx which is bi-Lipschitz equivalent to the Carnot-
Carathéodory one.

Proof. Let f : R¥ > E — H", k > n be Lipschitz. We need to prove that H*(f(E)) = 0.
Recall that by Lemma 3.1, rank (ap Df(x)) < n. Fix a collection of k distinct points
Vi, ...,y in H® and define the mapping g : R¥ 5 E — R* as the projection of f

g9(x) = (dr (f(2), 1), dic(f(2), yx))-
The mapping 7 : H" — R* defined by 7(2) = (dx(2,v1),...,dx(z,yx)) is Lipschitz contin-
uous, but it is not Lipschitz as a mapping 7 : R?***! — R*. Hence it is not obvious that we
can apply the chain rule to ¢ = 7o f and conclude that rank (ap Dg(z)) < n < k a.e. in
E which would imply H*(f(E)) = 0 by Theorem 1.1. To overcome this difficulty we use
the fact that the Koranyi metric R* 1 5 2 i dg(z,y) € R is C°° on R***!\ {y}. Hence
the chain rule applies to g = 7 o f on the set £\ (", E;), where

Ei={z € E: f(z) =y}
and rank (ap Dg(z)) < n < k a.e. in E\ (U, E)). If z € E;, then f(x) # y; for j # i and
9(x) = (dx (f(2),1), - di (f(2),4i-1), 0, di (f (2), yit), - -, dic(f (), we)),  for z € E;.
Thus g = m; o f on E;, where
mi(2) = (dr(z,v1), - di (2, 9i-1), 0, di (2, Yix1), - - - di (2, k).

The function 7; is smooth in a neighborhood of y; = f(x), x € E; and hence the chain
rule shows that the approximate derivative of g|g, has rank less than or equal n < k a.e.
in F;. It remains to observe that at almost all points of E; the approximate derivative of
g equals to that of g|g,. O
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4. GENERALIZATION OF THEOREM 1.1

Definition 4.1. We say that a metric space (X, d) is quasiconver if there is a constant
M > 1 such that any two points x,y € X can be connected by a curve v of length
0(y) < Md(z,y).

The next result is a variant of Theorem 1.1.

Theorem 4.2. Suppose that (X, d) is a complete and quasiconvexr metric space and that
® : X — RY is a Lipschitz map with the property that for some constant Cy > 0 and all
rectifiable curves v in X we have

(4.1) () < Cal(® 0 ).

Then for any k > 1 and any Lipschitz map f : R¥ D E — X defined on a measurable set
E C R the following conditions are equivalent.

(1) H*(f(E)) =0in X;
(2) HM@(f(E))) =0 in RY;
(3) rank (ap D(® o f)) < k, H*-a.e. in E.

Since the set f(E) is separable, H*(f(E)) = 0 if and only if every point in the set f(E)
has a neighborhood whose intersection with f(F) has measure zero. This also implies that
a local version of Theorem 4.2 is true: We can assume that the space is quasiconvex in a
neighborhood of each point, that ® is locally Lpschitz continuous and that for each x € X
there is a neighborhood z € U C X and a constant Cg s such that (4.1) holds for all
rectifiable curves v in U with the constant Cy ;. The reader will have no problem to state
a suitable version of the theorem.

In the proof of Theorem 1.1 we embedded f(F) isometrically into /*° and we concluded
the result from Theorem 2.2. Here instead of the isometric embedding into ¢*° we have
the mapping ®. The proof of Theorem 4.2 is similar to that of Theorem 2.2 and for that
reason our arguments will be sketchy, but an essential difficulty arises in the proof of the
counterpart of the estimate (2.5). One of the reasons for this difficulty is that unlike £>°,
the space X does not necessarily have the Lipschitz extension property and we cannot
extend f from @) N K to a Lipschitz mapping f 1 QQ — X; we will need a slightly different
argument and this part of the proof will be furnished with all the necessary details.

Proof of Theorem 4.2. The implication from (1) to (2) is obvious. If N < k, the equivalence
between (2) and (3) is also obvious, so we can assume that N > k. In that case the
equivalence between (2) and (3) follows from the area formula which generalizes (1.1) to
the case when the target space may have larger dimension than the domain: If A : R* D
E — R¥ is Lipschitz, then

/E ()] M (2) = / Vil P ),

[6, 7], and the observation that |J,(x)| = 0 if and only if rank (ap Dh(x)) < k. It remains
to prove that (3) implies (1). Suppose that rank (ap D(® o f)) < k a.e. in E. For any
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e > 0 there is a set F' C F and a mapping g = (g1,...,9ny) € CY(RF,RY) such that
HE(E\ F) < € and

g=®of, Dg=apD(®of), rankDg<k on F.
Since F = U]?_é K;, where

=

K; ={x € F :rank Dg(x) = j},

it suffices to show that H*(f(K;)) = 0. By removing a subset of measure zero we can
assume that all points of K; are the density points of K. Since the problem is local in the
nature using a variant of Lemma 2.6 we can assume that

(4.2) K; C (0,1)F, gi(x)=a; fori=1,2,...,5and z €[0,1]".
Now the result will follow from the following version of Lemma 2.7.

Lemma 4.3. Under the assumption (4.2) there is a constant C = C(k)CeMLip (®) > 0
such that for any integer m > 1, and any x € K;, there is a closed cube Q, C [0,1]
centered at x of edge length d, such that f(K; N Q) can be covered by m? balls in X, each
of radius C Ldym™', where L is the Lipschitz constant of f.

To prove the lemma we choose @ C [0,1]* with edge length d, centered at x such that
HY(Q\ K;) < m*d*. We can assume that @ = [0,d]*. Divide Q into m? rectangular
boxes @, x [0,d]*™7. We need to show that f((Q, x [0,d]*7) N K;) is contained in a ball
of radius CLdm™'. We find p € Q, such that

(4.3) HY I ({p} x [0,d)" )\ K;) < m?=hd"

By the volume argument every point in {p} x [0,d]*7 is at the distance no more than
C(k)m~'d to the set ({p} x [0,d]*7) N K. Hence every point in @, x [0,d]*, and thus
every point in (Q, x [0,d]*77) N K, is at the distance less than or equal to C'(k)m~!d from
the set ({p} x [0,d]*™7) N K. Since f is L-Lipschitz it suffices to show that

(4.4) diamy f(({p} x [0,d)* )N K;) < CLdm™.
This is the estimate that plays the role of (2.5), but the proof has to be different now.

Lemma 4.4. Let E C Q be a measurable subset of a cube QQ C R™. For x,y € Q let I.(y)
be the length of the intersection of the interval Ty with E, i.e. I,(y) = H' (zy N E). Then
there is a constant C' = C(n) > 0 such that for any x € Q

H"(Q)
R

(4.5) H'({y € Q: L(y) < CH"(B)'"}) >

The lemma says that if the measure of E' is small, then more than 50% of the intervals
Ty intersect E along a short subset.

Proof. It suffices to show that for some constant C' = C(n)

][ 1,(y) dy < CHM(E)".
Q
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Then (4.5) will be true with C' replaced by 2C. For z € S™ ! let 6(z) = sup{t > 0 :
xr +tz € Q}. An integral over () can be represented in the spherical coordinates centered
at x as follows

(4.6) /Q Fly)dy = /5 /0 " Flz + )" dt do(2).

If 2 € S"°!, then

We have

1 o) n—1
]{?]x(y) dy = Q) /S"—1/0 t" L (r+tz)dtdo(2)
1

IN

H(Q)
1 diam @ 4(z)
< ) /S L ! dt/o xe(T + 72)dr do(z)
6(z)
(4.7) — C(n) XBl £T2) 0ot g do(2)
sn=1.Jo Tl

Qlr—yl

by Lemma 2.4. Equality (4.7) follows from (4.6). O

Now under the assumptions of the lemma, if x,y € @), we can find z € @ such that
L(2) + 1,(z) < CH"(E)Y", i.e. the curve Tz + z connecting x to y has length no bigger
than 2diam () and it intersects the set E along a subset of length less than or equal to
CH™(E)Y™. Applying it ton =k —j, Q = {p} x [0,d]*7, and E = ({p} x [0,d]*9) \ K;,
every pair of points z,y € @ N K, we can be connected by a curve v = 7z + Zy of
length ¢(v) < 2dv/k — j (two times the diameter of the cube) whose intersection with the
complement of K; has length no more than C(k)m~'d by (4.3). We can parametrize v
by arc-length ~ : [0,4(y)] — {p} x [0,d]*7 as a 1-Lipschitz curve. The mapping f o v
is L-Lipschitz and defined on a subset v~'(Kj). It uniquely extends to the closure of
7 1(Kj;) (because it is Lipschitz and X is complete). The complement of this set consists
of countably many open intervals of total length bounded by C'(k)m~'d. Since the space

X is quasiconvex we can extend f o from the closure of v7'(Kj;) to JTS/V :[0,4(y)] = X
as an M L-Lipschitz curve connecting = to y; here M is the quasiconvexity constant of the
space X. The curve

®o(fory):[0,0(y)] —RY

is Lip (®) M L-Lipschitz. Note that on the set v !(K;) this curve coincides with g o v and
hence for a.e. t € y~1(K;) we have

—_~—

(Po(foy)(t)=(g07)(t)=0.
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—_—~—

Hence the length of the curve ® o (f o) is bounded by

P

£(v) o
(@o(for) = / (@ o (Fo7))(8)] dt < Lip (®)MLH ([0, ()] \ v~ (K,))
< Lip (®)MLC(k)m 'd.
Now (4.1) implies that

A(f(2). F(y)) < U(F 07) < Cal(® o (f o)) < ColLip (R)MLC(k)m™"d
Since this is true for all z,y € {p} x [0,d]* 7N K, (4.4) follows. The proof is complete. [

5. APPLICATIONS

5.1. Mappings of bounded length distortion.

Definition 5.1. A mapping f : X — Y between metric spaces is said to have the weak
bounded length distortion property (weak BLD) if there is a constant C' > 1 such that for
all rectifiable curves v in X we have

(5.1) CHx(y) < by (for) < Clx(v).

The class of mappings with bounded length distortion (BLD) was introduced in [17]
under the assumption that f : R” D  — R” is a continuous mapping on an open
domain such that it is open, discrete, sense preserving and satisfies (5.1) for all curves
v in ©. A more general definition without any topological restrictions was given in [14,
Definition 2.10]. This definition is almost identical to ours, but it was assumed that
(5.1) was satisfied for all curves v in X. The two notions are different: it may happen
that a mapping has the weak BLD property, but some curves of infinite length in X are
mapped onto rectifiable curves and hence such a mapping is not BLD in the sense of [14,
Definition 2.10]. For example the identity mapping on the Heisenberg group id : H* —
R2"*! satisfies the weak BLD condition locally. However, any segment on the t-axis has
infinite length in the metric of H" (actually its Hausdorff dimension equals 2) and it is
mapped by the identity mapping to a segment in the t-axis in R?"*! of finite Euclidean
length.

As a consequence of Theorem 4.2 we obtain.

Theorem 5.2. If a mapping f : R® D QQ — R™ defined on an open set 2 C R™ has the
weak BLD property, then f is locally Lipschitz, m > n and rank D f(x) =n a.e. in .

Proof. For any y € B(z,r) C €, the segment Ty is mapped on a curve of length bounded
by Clx — y|. Hence |f(x) — f(y)| < Clz — y|. Let X be a closed ball contained in 2,
equip it with the Euclidean metric and let & = f|y : X — R™. Let £ C X be the set
of points where rank Df < n and let + : E — X be the identity mapping. According to
Theorem 4.2, H™(E) = H"(.(E)) = 0 if and only if rank (ap D(® 0 ¢)) = rank Df < n,
a.e. in E. Since the last condition is satisfied by the definition of E, we conclude that
H™(E) = 0, and hence rank D f(x) = n a.e. in 2, because (2 is a countable union of closed
balls. This however, implies that m > n. O
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Gromov proved in [9, 2.4.11] that any Riemannian manifold of dimension n admits a
mapping into R™ that preserves lengths of curves. It follows from Theorem 5.2 that the
Jacobian of such mapping is different than zero a.e. and hence there is no such mapping
into R™ for m < n (this result is known).

In [17] it was proved that a mapping f : R” D Q — R" is BLD (under the topological
assumptions: open, discrete, sense preserving) if and only if f is locally Lipschitz and
|J¢| > ¢ > 0 a.e. We proved without any topological assumptions that |J¢| > 0 a.e.

5.2. Carnot-Carathéodory spaces. Let X;, Xs,..., X,, be a family of vector fields de-
fined on an open and connected set 2 C R™ with locally Lipschitz continuous coefficients.
Assume that the vector fields are linearly independent at every point of 2 and that for
every compact set K C 2

inf  inf }|Xi(p)| > 0.

peEK ie{l,...m
For v =%, a; X;(p) € span{X;(p), ..., Xmn(p)} we define
m 1/2
ol = (Da?)
i=1
It follows from our assumptions that on compact subsets of ), |v|y is comparable to the

Euclidean length |v| of the vector v, i.e. for every compact set K C Q there is a constant
C' > 1 such that

(5.2) CHou| < |v|lg < Clv| forallp € K and all v € span {X1(p),..., Xm(p)}.

We say that an absolutely continuous curve v : [a,b] — §2 is horizontal if there are mea-
surable functions a;(t), a <t <b,i=1,2,...,m such that
. m
7 (t) = Zai(t)Xi(v(t)) for almost all ¢ € [a, b].
i=1
The horizontal length of ~ is defined as

b
la(y) = / () .

Denoting the Euclidean length of a curve v by ¢(v), it easily follows from (5.2) that if
G € €, then there is a constant C' > 1 such that for any horizontal curve v : [a,b] — G
we have

(5.3) C™H(y) < Lu(y) < CU().

Assume that any two points in €2 can be connected by a horizontal curve. This is the case
for example if the vector fields satisfy the Hérmander condition [21, Proposition I11.4.1].
All the assumptions about the vector fields given above are satisfied by Carnot groups (and
in particular by the Heisenberg groups), [11, Section 11.3], but not by the Grushin type
spaces [8]. Namely in general in the Grushin type spaces the inequality (g () < C¥(v)
need not be satisfied.

The Carnot-Carathéodory distance d..(z,y) of the points x,y € Q is defined as the
infimum of horizontal lengths of horizontal curves connecting x and y. Since we assume
that any two points in € can be connected by a horizontal curve, (€2, d..) is a metric space.
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Clearly horizontal curves are rectifiable and it is well-known that every rectifiable curve
with the arc-length parametrization is horizontal. Moreover ¢ (7) equals the length £..(7)
of v with respect to the Carnot-Carathéodory metric. A detailed account on this topic
can be found in [19]. Hence (5.3) implies that the mapping id : (Q,d..) — £ from the
Carnot-Carathéodory space onto €2 with Euclidean metric is locally weakly BLD.

The next result follows immediately from a local version of Theorem 4.2. It applies to
Carnot groups and in particular to the Heisenberg groups.

Theorem 5.3. Let X1,...,X,, be a family of locally Lipschitz vector fields in an open and
connected domain 2 C R™ such that for every compact set K C €2

5.4 inf inf |X] > 0.

( ) peEK ie{l,...,m} | (p)|

Assume also that any two points in € can be connected by a horizontal curve. Then for
k > 1 and any Lipschitz mapping f : R > E — (Q,d,.) the following conditions are
equivalent.

(1) Hg, (f(E)) =0 in (2, dec);
(2) H*(f(E)) = 0 with respect to the Euclidean metric in Q;
(3) rank (ap Df) < k a.e. in E.

Let us briefly describe how this result applies to Carnot groups. For more details, see
[15]. If G is a Carnot group and the first layer of the stratification of the Lie algebra g does
not contain a k-dimensional Lie subalgebra, then it follows from the Pansu differentiability
theorem that the rank of the approximate derivative of any Lipschitz mapping f : R D
E — G is less than k a.e., so H} (f(F)) = 0 by Theorem 5.3. Hence G is purely k-
unrectifiable. This slightly simplifies the proof of Theorem 1.1 in [15].

REFERENCES

[1] AMBROSIO, L., KIRCHHEIM, B.: Rectifiable sets in metric and Banach spaces. Math. Ann. 318
(2000), 527-555.

[2] AMBROSIO, L., KIRCHHEIM, B.: Currents in metric spaces. Acta Math. 185 (2000),1-80.

[3] BALOGH, Z. M., HaJrAsz, P., WILDRICK, K.: Weak contact equations for mappings into Heisen-
berg groups. Indiana Univ. Math. J. (to appear).

[4] DaviD, G., SEMMES, S.: Fractured fractals and broken dreams. Self-similar geometry through metric
and measure. Oxford Lecture Series in Mathematics and its Applications, 7. The Clarendon Press,
Oxford University Press, New York, 1997.

[5] DIBENEDETTO, E.: Real analysis. Birkh&user Advanced Texts: Basler Lehrbiicher. [Birkh&user
Advanced Texts: Basel Textbooks] Birkhauser Boston, Inc., Boston, MA, 2002.

[6] Evans, L. C., GARIEPY, R. F.: Measure theory and fine properties of functions. Studies in Ad-
vanced Mathematics. CRC Press, Boca Raton, FL, 1992.

[7] FEDERER, H.: Geometric measure theory. Die Grundlehren der mathematischen Wissenschaften,
Band 153 Springer-Verlag New York Inc., New York 1969

[8] FraNcHI, B., GUTIERREZ, C. E., WHEEDEN, R. L.: Weighted Sobolev-Poincaré inequalities for
Grushin type operators. Comm. Partial Differential Equations 19 (1994), 523-604.

[9] GrRoMmOV, M.: Partial differential relations. Ergebnisse der Mathematik und ihrer Grenzgebiete (3)
[Results in Mathematics and Related Areas (3)], 9. Springer-Verlag, Berlin, 1986.

[10] HaJtasz, P.: Change of variables formula under minimal assumptions. Collog. Math. 64 (1993),
93-101.



UNRECTIFIABILITY OF METRIC SPACES 17

[11] HaJtasz, P., KOSKELA, P.: Sobolev met Poincaré. Mem. Amer. Math. Soc. 145 (2000), no. 688,
x+101 pp.

[12] HEINONEN, J.: Lectures on analysis on metric spaces. Universitext. Springer-Verlag, New York,
2001.

[13] KIRCHHEIM, B.: Rectifiable metric spaces: local structure and regularity of the Hausdorff measure.
Proc. Amer. Math. Soc. 121 (1994), 113-123.

[14] LE DONNE, E.: Lipschitz and path isometric embeddings of metric spaces. Geom. Dedicata 166
(2013), 47-66.

[15] MAGNANI, V.: Unrectifiability and rigidity in stratified groups. Arch. Math. (Basel) 83 (2004),
568-576.

[16] MALY, J., ZIEMER, W. P.: Fine regularity of solutions of elliptic partial differential equations.
Mathematical Surveys and Monographs, 51. American Mathematical Society, Providence, RI, 1997.

[17) MARTIO, O., VAISALA, J.: Elliptic equations and maps of bounded length distortion. Math. Ann.
282 (1988), 423-443.

[18] MATTILA, P.: Geometry of sets and measures in Euclidean spaces. Cambridge Studies in Advanced
Mathematics, Vol. 44. Cambridge University Press, Cambridge, 1995.

[19] MoNTI R.: Distances, boundaries and surface measures in Carnot-Carathéodory spaces, PhD thesis
2001.

[20] STERNBERG, S.: Lectures on differential geometry. Second edition. With an appendix by Sternberg
and Victor W. Guillemin. Chelsea Publishing Co., New York, 1983.

[21] VAROPOULOS, N. TH., SALOFF-COSTE, L., COULHON, T.: Analysis and geometry on groups.
Cambridge Tracts in Mathematics, 100. Cambridge University Press, Cambridge, 1992.

[22] WHITNEY, H.: On totally differentiable and smooth functions. Pacific J. Math. 1 (1951), 143-159.

P. HAJLASZ: DEPARTMENT OF MATHEMATICS, UNIVERSITY OF PITTSBURGH, 301 THACKERAY
HarLL, PITrTsBURGH, PA 15260, USA, hajlasz@pitt.edu

S. MALEKZADEH: DEPARTMENT OF MATHEMATICS, UNIVERSITY OF PITTSBURGH, 301 THACKERAY
HarL, PITTSBURGH, PA 15260, USA, som13@pitt.edu



