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ABSTRACT. Suppose that (X,d, 1) is a metric measure space of finite Hausdorff
dimension and that, for every Lipschitz f: X — R, Lip(f,-) is dominated by
every upper gradient of f. We show that X is a Lipschitz differentiability space,
and the differentiable structure of X has dimension at most dimyp X. Since our
assumptions are satisfied whenever X is doubling and satisfies a Poincaré in-
equality, we thus obtain a new proof of Cheeger’s generalisation of Rademacher’s
theorem.

Our approach uses Guth’s multilinear Kakeya inequality for neighbourhoods
of Lipschitz graphs to show that any non-trivial measure with n independent
Alberti representations has Hausdorfl dimension at least n.

1. INTRODUCTION

Throughout this article, a metric measure space (X, d, ) will refer to a complete
and separable metric space (X, d) equipped with a o-finite Borel measure p.

Rademacher’s theorem states that any Lipschitz f: R® — R is differentiable
almost everywhere. Cheeger [11] gave a far reaching generalisation of Rademacher’s
theorem to any Pl-space, that is, a doubling metric measure space satisfying a
Poincaré inequality. One of the novelties of Cheeger’s work is the introduction of a
notion of a derivative in the setting of metric spaces:

Definition 1.1. Fix zg € X and, for n > 0 an integer, fix a Lipschitz ¢: X — R™.
A function f: X — R is differentiable with respect to ¢ at xg if there exists a unique,
linear D f(zp): R™ — R such that

i (@) = F(@0) = DI @0)(@(z) = 6(a0)]

z—0 d(x, zg)

=0.

With a notion of a derivative established, it is easy to define what it means for a
metric measure space (X, d, p) to satisfy a generalisation of Rademacher’s theorem:

Definition 1.2. A metric measure space (X,d,u) is a Lipschitz differentiability
space if there exist a countable Borel decomposition X = U;U; and countably many
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Lipschitz ¢;: X — R™_ ¢ € N, such that, for every Lipschitz f: X — R and every
1 € N, f is differentiable at p-a.e. point in U; with respect to ¢;.

Theorem 1.3 (Cheeger). Every PI space is a Lipschitz differentiability space.

One remarkable consequence of this theory is the non-biLipschitz embeddability
of PI spaces into a large class of Banach spaces, and the relationship to the sparsest
cut problem. See [12-14,24].

After the work of Cheeger, Keith [21] gave a second proof of Cheeger’s theorem,
clarifying many of Cheeger’s ideas, by studying a “Lip-lip” inequality for Lipschitz
functions on X. Following this, Kleiner-Mackay [23] gave a refinement of the argu-
ments of Cheeger and Keith, giving an accessible account of the results and proof
strategy.

Sometime later, the first author [6] gave several characterisations of Lipschitz
differentiability spaces in terms of a rich structure of rectifiable curves, known as
an Alberti representation of p - a collection of rectifiable curves that gives rise
to a partial derivative of any Lipschitz function on X at p almost every point (see
Definition 3.4). Assuming that p has many independent Alberti representations (see
Definition 4.1), the partial derivatives obtained from each Alberti representation
can be combined to form the Cheeger derivative, similarly to how the gradient on
FEuclidean space consists of partial derivatives.

Alberti representations first appear in the work of Alberti [1] on the rank one
property of functions of bounded variation. They later appeared in the work of
Alberti, Csérnyei and Preiss [2,3] and Alberti and Marchese [4] on the converse to
Rademacher’s theorem in Euclidean space.

After [6], Alberti representations have been used to study other questions in the
setting of metric spaces [7-9, 15,16, 26,27|. The goal of this note is to use these
recent developments, and connections to geometric measure theory and harmonic
analysis, to give another independent proof of Cheeger’s theorem. By considering
Alberti representations, the main difference in our strategy to the strategies of
Cheeger—Keith—Kleiner—-Mackay is that we mostly study 1-rectifiable subsets of X,
rather than Lipschitz functions defined on X. That is, in some sense, we study the
“tangent bundle” of X, rather than the “co-tangent bundle”.

Let X be a metric space and f: X — R Lipschitz. A Borel p: X — R is an upper
gradient of f if, for every 1-Lipschitz v: [0,1] — X,

1
[f(v(1)) = F(2(0))] </0 p(y(t)) dt.

Our main result is the following.

Theorem 1.4. Let (X, d, p) be a metric measure space with dimp X < oo. Suppose
that there exists a C' > 1 such that, for every Lipschitz f: X — R and every upper
gradient p of f,

(1.1) Lip(f,z) < Cp(z) p-a.e. x € X.

Then (X,d,p) is a Lipschitz differentiability space. Further, one can take n; <
dimp X for all i € N in Definition 1.2.
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It is easy to check that (1.1) holds in any PI space. Indeed, it is obtained by
combining the Poincaré inequality (see [11, eq. 4.3]) with [21, Proposition 4.3.3],
and applying the Lebesgue differentiation theorem. See also [11, Proposition 4.26].
Consequently, Theorem 1.3 follows from Theorem 1.4.

For a Lipschitz ¢: X — R", the set

ind¢ = {z € X : Lip(D - ¢,xz) >0VYD e "1}

will play a key role in this article. Indeed, after a short reduction (see Propo-
sition 2.1), to prove Theorem 1.4 it is sufficient to establish the following: if
n > dimy X, then p(ind ¢) = 0 for any Lipschitz ¢: X — R™. The proof divides
into the following two steps.

First, in Theorem 4.5, given a Lipschitz ¢: X — R", we find a decomposition
ind¢ = |J;2, 4; U S where puA; has n independent Alberti representations, and S
belongs to a certain class of singular sets denoted by S(¢) (see Definition 4.4). Under
the hypothesis (1.1), S(¢) subsets of ind ¢ have measure zero (see Proposition 6.3).
Therefore, if pu(ind ¢) > 0, there exists A C X of positive measure such that pu. A
has n independent Alberti representations.

The second step is to show that any positive measure on X with n independent
Alberti representations — in particular uLA — has Hausdorff dimension at least n.
This implies that n < dimyg A < dimg X and completes the proof.

Recent developments give several ways to accomplish this second step. First, the
statement follows from a deep result of De Philippis and Rindler [18] regarding the
structure of measures on Euclidean space satisfying a PDE constraint. Indeed, using
this result, De Philippis, Marchese and Rindler [17] show that any measure on R"
with n-independent Alberti representations is absolutely continuous with respect
to Lebesgue measure. Similarly, the required dimension estimate follows from the
related work of Arroyo-Rabasa [5].

Here we give another, elementary, proof (see Theorem 5.3) using a version of the
multilinear Kakeya inequality. The inequality we need is due to Guth [20, Theorem
7]. It is a generalisation (for neighbourhoods of Lipschitz graphs) of the original
multilinear Kakeya inequality (for nearly axis-parallel tubes), due to Bennett, Car-
bery, and Tao [10, Theorem 1.15].

We also mention that David [15] and Schioppa [26] showed earlier that the As-
souad dimension of A is at least m. This conclusion is weaker than ours, since
Assouad dimension is generally larger than Hausdorff dimension. Unlike these re-
sults, and also unlike the approaches of Cheeger—Keith—Kleiner-Mackay, by using
the multilinear Kakeya inequality, our approach does not involve Gromov—Hausdorff
tangents of X.

The paper consists of six sections. In Section 2 we prove the reduction involving
ind ¢ mentioned above.

In Section 3 we give the definition of an Alberti representation and develop a
simple, intrinsic construction of an Alberti representation. In particular, our proof
of Theorem 3.8 is new. Previous approaches relied on isometric embeddings into
Banach spaces.
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In Section 4 we define independent Alberti representations and prove the decom-
position result involving S(¢) sets mentioned above. The results in this section are
a refinement of results from [6].

In Section 5 we use Guth’s proof of the multilinear Kakeya inequality to show
that any set which supports a positive measure with n independent Alberti repre-
sentations must have Hausdorff dimension at least n.

In Section 6, we give a general criterion for a space (X,d, u) to be a Lipschitz
differentiability space (see Theorem 6.1) and show that it implies a stronger version
of Theorem 1.4 (see Theorem 6.2).

Finally, we mention that both Theorem 6.1 and Theorem 6.2 are characterisa-
tions of Lipschitz differentiability spaces (and hence also of spaces satisfying Keith’s
hypotheses, see [6, Corollary 10.5]), up to a countable decomposition of X. The
converse directions are a direct consequence of [6, Theorem 6.9] and [6, Theorem 7.8]
respectively, and were the initial motivation for studying Alberti representations of
metric measure spaces.

2. A REDUCTION

We require the following standard result of measure theory: Suppose that p is a
o-finite measure on X and that 7T is a collection of ;1 measurable sets such that any
positive measure subset of X contains an element of T of positive measure. Then
1 almost all of X can be decomposed into a countable union of sets from 7.

Proposition 2.1. Let (X,d, ) be a metric measure space and suppose that there
exists N € N such that, for any Lipschitz ¢: X — RN, u(ind ¢) = 0. Then (X, d, )
is a Lipschitz differentiability space. Moreover, in Definition 1.2, we can take n; <
N —1 for alli € N.

Proof. We start with an observation: if ¢: X — R”, 2y € ind¢, and f is not
differentiable with respect to ¢ at xg, then z¢ € ind(¢, f). To see this, assume to
the contrary that xo ¢ ind(¢, f). Then there exists D = (dy,...,dp+1) € S" such
that

1D - (¢, f)(x) = (¢, f)(20))]

2.1 lim su = 0.
( ) ff*mfop d(l" xO)
Since zg € ind ¢, we have d,, 1 # 0, and hence we can define D; := (dfﬁ, ey diL) €

R™. Tt now follows from (2.1) that
(2.2) lim sup |(f(z) = f(20)) = D1 - (é(2) — ¢(0))|

=0.
T—x0 d(m, 530)

This implies that f is differentiable at zg, contrary to our assumption. A fine point
to observe here is that the vector D; € R™ satisfying eq. (2.2) is unique, which
is part of the requirement that f is differentiable at xg: if there existed another
Dy € R™ such that that (2.2) holds, then Lip((D2 — D1) - ¢, z9) = 0, which implies
Dy = D4y by the assumption xg € ind ¢.

Now we start the proof of the proposition in earnest. Let 7 be the collection of
all Borel U C X for which there exist an n € N and a Lipschitz ¢: X — R" such
that every Lipschitz f: X — R is differentiable p-a.e. in U with respect to ¢.
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Let U C X be a Borel set of positive measure. Either every Lipschitz ¢: X — R
satisfies Lip(¢, z) = 0 for p almost every x € U or there exists a Lipschitz ¢;: X —
R with p(ind¢; NU) > 0. Given the first option we stop; in this case U € T,
because every Lipschitz f: X — R is differentiable with respect to the constant
map ¢: X — R° = {0}.

Otherwise we proceed iteratively. Suppose that, for some n € N, there exists a
Lipschitz ¢, : X — R™ with u(ind ¢, NU) > 0. Then either

e every Lipschitz f: X — R is differentiable p-a.e. in ind ¢,, N U with respect
to ¢, or
e there exists ¢"t!: X — R which is not differentiable with respect to ¢, in
a subset of ind ¢, of positive p measure. In this case, by the observation at
the beginning of the proof, ¢, 11 := (¢, ") satisfies pu(ind ¢, 1 NU) > 0.
Note that, in the first option, the uniqueness of the derivative of any Lipschitz
f: X — R" with respect to ¢, at all zg € ind ¢, N U is guaranteed because xy €
ind ¢,. As we already saw before, if Dy, Dy are two derivatives of a f at zg, then
Lip((Dl — Dg) . ¢n,3}0) = 0, so that D = Ds.

By hypothesis, the second option cannot hold for n = N — 1, and so for some
n < N — 1 the first option holds. Then ind¢, N"U € T. Applying the standard
measure theory result to 7 completes the proof. O

3. ALBERTI REPRESENTATIONS AND ANALYSIS OF CURVE FRAGMENTS

We will consider the following structure of 1-rectifiable subsets of a metric mea-
sure space. Let I = [0,1]. Given a metric space X we write (X)) for the set of
non-empty compact subsets of I x X equipped with the Hausdorff metric dg. If X
is complete and separable, respectively compact, then so is C(X).

Definition 3.1. For a metric space X, the set of curve fragments in X is
I'X)={y: domvy C I — X : dom~ compact, non-empty, v 2-biLipschitz}.

We emphasise that the domain of each v € I'(X) does not need to be connected.
Given v € I'(X), the graph of v is

gr(y) ={(t,~v(t)) : t € dom~} C I x X.

We metrise I'(X) by setting dr(v1,72) := dg(gr(y1),gr(72)). This formula indeed
defines a metric on I'(X), because if dg(gr(y1),gr(v2)) = 0, then dom~; = dom 2
and v1 = 2 on dom ;.

Whenever it is clear from the context, we will identify v with its image im~y =
~v(dom ). We will consider integral combinations of the measures

L =~ L' (dom ),

where, in general, f,v refers to the push-forward of a measure v under a map f. To
do so, we first consider the measurability of the integrand.

Lemma 3.2. Let X be a metric space and C C X closed. Then
[(X) 37— LY (C)

1S upper semi-continuous.
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Proof. Let v, — v in I'(X). Observe that, for every ¢ > 0,
7 (C) € B(yH(C),¢)

for sufficiently large n. Indeed, if this were not true then (after passing to a sub-
sequence) for each n € N there exists ¢, € 7, 1(C) with d(t,,7 *(C)) > e. There
exists t € I such that (after passing to a further subsequence) ¢, — t and so, since
Yo = Y, Yn(tn) — (). Since C is closed, v(t) € C, hence t € y~1(C), and this
contradicts d(t,,y *(C)) > € for all n € N.

It follows that

en = L1 (7, (C)\ 7 H(C)) < LYB(yH(C),e) \ v H(C))

for n € N sufficiently large. Since C' C X is closed, the right hand side above can
be taken arbitrarily small by choosing € > 0 small. This implies that

limsup (7,)+L(C) < %LY(C) + limsup €, = 7.L1(C),

as required. O

Lemma 3.3. Let X be a metric space and P a finite Borel measure on I'(X). For
any Borel B C X, the map y — . LY(B) is Borel, and the set function v(P) defined

by

(3.) vBB) = [ L (B)dp)
for any Borel B C X is a Borel measure.

Proof. 1t is easy to check that the set family

A:={A C X Borel : v — v, L'(A) is a Borel function}

is a Dynkin system: X € A, and A is stable under taking complements and
countable unions of disjoint sets. For example: if A € A, then v +— v L'(A¢) =
LY (X) — 7.LY(A) is a Borel function, so A° € A. Moreover, Lemma 3.2 states
that A contains the (m-system of) closed sets, so it follows from Dynkin’s lemma
that A equals the Borel sets. Hence the formula (3.1) makes sense for all Borel
B C X. Once well defined, it is clear that v(P) defines a measure. O

Definition 3.4. An Alberti representation of a metric measure space (X, d, ) con-
sists of a Borel probability measure P on I'( X)) such that p < v(P).

The motivation for considering Alberti representations in [6] was the following.
Suppose that f: X — R is Lipschitz and that v € I'(X). Then the composition

fo~v: domy— R

is Lipschitz and so is differentiable almost everywhere. That is, for H!-a.e. z € im,
there exists a partial derivative of f at x given by (f o) (y"!(z)). The existence
of an Alberti representation is precisely the condition required for such a partial
derivative to exist p almost everywhere on X.

In this article, we will only be interested in the geometric structure an Alberti
representation imposes. To describe this structure, we make the following definition.
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Definition 3.5. Let X be a metric space, ¢: X — R" Lipschitz and C' C R" a
cone. By a cone in R™, we refer to sets of the form C' = {v € R" : |v- w| > 0]||v||}
for some w € S*~! and 6 € (0,1). We say that v € ['(X) is a C-curve (with respect
to ¢) if there exists a § > 0 such that

¢(v(t)) — ¢(v(s)) € C\ B(0,0]s —t[) Vs,t € dom~.

An Alberti representation P, is a C-Alberti representation (with respect to ¢) if
P-a.e. v is a C-curve (with respect to ¢). A Borel S C X is C-null (with respect to
¢) if H(yN S) = 0 for each C-curve v (with respect to ¢).

Often the function ¢ will be clear from the context and we will not explicitly
mention it. In the case that X = R", we will only consider ¢ = id.

Observe that if (X,d, u) supports a C-Alberti representation, then any C-null
subset of X is p-null. In this section we show that the converse statement holds.

For a metric space X, let M(X) and P(X) be the set of Borel measures on X
with total mass < 1 and = 1, respectively. Note that M(X) and P(X) are compact
metric spaces with respect to weak* convergence if X is compact.

Lemma 3.6. Let X be a metric space and K C I'(X) compact. Then the set
N(K)={m e M(X): 3P e P(K) such that m < v(P)}
is convex and compact.

Proof. Evidently N (K) is convex. To show compactness, first note that every mea-
sure in NV (K) is supported on the compact set

im K :=U{im~v:v € K}.

Hence, replacing X by im K, we may assume that X is compact. Now, let {my, }nen C
N(K) C M(X). After passing to a subsequence, we may assume that m, — m €
M(X). So, it remains to show that m € N'(K). To this end, let P, € P(K) be such
that m,, < v(P,). Since K is compact, we may suppose that there exists P € P(K)
with P, — P. We then argue that m < v(P).

Let C C X be closed, 6 > 0, and C(9) := {z € X : dist(z,C) < d}. By
Lemma 3.2, the sets {y € K : 7.£L(C(5)) > A} are compact for A € R. Therefore,
using that m, — m, P, = P, v,.£(X) < 1, and the reverse Fatou lemma,

m(C) < liminf m,(C(J)) < lim Sup/K'y*El(C’((S)) dPy, (%)

n—00 n—o0

n—o0

1 [
— limsup / Poly € K : 1LY (T[0)) > A} dA
0

< | Py € K :.LAC@) 2 A} dh = v(B)(CT).
0

The right hand side converges to v(P)(C) as 6 — 0, so we have the inequality
m(C) < v(P)(C) for closed sets C C X. For a general Borel set B C X and
any € > 0, there exists a closed set C C B with m(B \ C) < e. This implies
m(B) < v(P)(B). O
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Proposition 3.7. Let X be a metric space, pu a finite Borel measure on X and
K C I'(X) compact. Then, there exists a Borel decomposition X = AU S and a
P € P(K) such that i A < v(P) and H'(yN S) =0 for every vy € K.

Proof. Let N' = N(K) be as in Lemma 3.6 and apply the GKS decomposition
theorem [25, Theorem 9.4.4] to N. The set N satisfies the hypotheses of the GKS
decomposition theorem, except that its elements have total measure at most 1,
rather than exactly 1. However, the proof of the GKS theorem holds with minor
superficial changes if we only assume the measures have total measure at most 1.
The conclusion of the GKS theorem gives a decomposition pu = p1 + 2, a Borel
set S C X, and a measure my € N(K) such that u; < mg, pg is concentrated
on S, and m(S) = 0 for all m € N(K). In particular i A = (1)L A < myg for
A := X\S. Since mg € N(K), there further exists P € P(K) such that u. A < v(PP),
as claimed. Finally, if v € K, note that v(d,) € N, so v..L(S) = v(4,)(S) = 0.
Since v: dom~ — X is biLipschitz, this implies that H!(y N .S) = 0. O

By suitable measure theoretic manipulations, we arrive to the following charac-
terisation of the existence of Alberti representations.

Theorem 3.8. Let (X,d, ) be a metric measure space, ¢: X — R™ Lipschitz and
C C R™ a cone. There exists a decomposition X = AU S such that pLA has a
C-Alberti representation and S is C-null.

Proof. Let I'c be the set of C-curves in I'(X). Since (X, d) is complete and separable
and g is o-finite, there exists an increasing sequence of compact sets X; C X of
finite measure such that p(X \ U;X;) = 0. Fix a j € N. We will identify I'(X})
with its isometric copy in I'(X). Note that the set I'c NT'(X;) is not compact, but
it is o-compact. Indeed, for each i € N, the set K; of v € I'c NT'(X;) with

[6(y(t)) = e(v(s)ll = [t = 5]/
is compact and U; K; = T'c NT'(Xj).

Apply Proposition 3.7 to pX; and K;. This gives a measure P; € P(K;) and
Borel decomposition X; = A; U S; such that i A; < v(P;) and HY(yN S;) =0 for
every v € K;. Repeat this for each ¢ € N and set

P = Z 2_iPi € P(FC N F(Xj)), Al = UiAi, Sj = N;5;.
i

Then X; =AU Sj and H'(y N S7) = 0 for every v € T'c NT'(X;). Also, since

v(P Z 27 w(P;), we have uL A7 < v(IPY).
Now set
A=X\ux)u U4, s={JNs P=> 27PecPTo).
n j>n n j>n 7

Then u A < v(P). Also, since the X; are increasing, X = AUS and H*(yNS) =0
for every v € U;I'(X;) NI'¢. Finally, we can write any v € I'c as

v =[(X\u;X;) Ny u JIX; N4,
J
where each X;Ny € ['cNI'(Xj). Since S C U; X}, this implies that S is C-null. O
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Remark 3.9. Theorem 3.8 is often vacuous outside ind ¢. Consider, for example,
¢(x) = (z,x) on R and any cone centred on (1, —1).

4. EXISTENCE OF INDEPENDENT ALBERTI REPRESENTATIONS

In this section we give criteria for when a metric measure space possesses many
“independent” Alberti representations. We say that cones C4,...,C,, C R™ are
independent if {vi,...,v,} is a linearly independent set for any choices of v; €
CZ'\{O}, 1<y <n.

Definition 4.1. A collection of Alberti representations Pq, ..., P, of a metric mea-
sure space (X,d, p) is independent if there exists a Lipschitz ¢: X — R™ and in-
dependent cones C1,...,C, C R” such that P; is a C;-Alberti representation with
respect to ¢ for each 1 <17 < n.

By applying Theorem 3.8 multiple times using a collection of independent cones
C1,0C5,...,C,, we obtain a decomposition X = AUS;USyU...US,, where each S;
is C;-null and puL A has n independent Alberti representations. However, in practice,
we can only deduce that a C-null set is p-null whenever C' is very wide. We now
work towards a similar decomposition involving wide cones.

Lemma 4.2. Let X be a metric space and ¢: X — R"™ Lipschitz. Suppose that
S C X is C-null with respect to ¢. Then for any v € T'(X),

HE({t € v H(S) : (¢ 07)(t) € interior(C)})
Proof. Suppose that the conclusion is false: for some v € I'(X)

H ({t €7 HS) : (p0~)(t) € interior(C)}) > 0.
Then, we can pick ¢+ € N and R > 0 such that

Bir = {t e~ 1(9): A(y(t + 7‘)2 — d(7(t))

has positive measure. Further, we can find a compact subset K C B; g of positive
measure with diam(K) < R. In particular, for any s,t € K C v~1(S5),

¢(1(t)) — d(7(s)) € C\ B(0, 7]t — s]).
Then v K is a C-curve intersecting S in a set of positive measure, and a contradic-
tion has been reached. g

0.

eC\B(0,})Vre domm(o,R)}

The previous lemma gives us a method to “refine” the cones associated to an
Alberti representation. One should think of the cones C; in the following lemma as
being very thin.

Lemma 4.3. Let X be a metric space, ¢p: X — R™ Lipschitz and C C R™ a cone.
Suppose that a measure p has a C'-Alberti representation. Then, for any collection
of cones C1,...,Cy, CR™ such that

C\ {0} C U interior(C;),
i=1

there exists a Borel decomposition X = A1 U...U A, such that each uLA; has a
C;-Alberti representation.
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Proof. By Theorem 3.8 there exists a decomposition X = A; U Sy such that A;
has the required form and S; is Cy-null. By applying Theorem 3.8 again (to uS7)
we obtain a decomposition X = Ay U Ay U Sy where As has the required form
and Ss is both Ci-null and Cs-null. Repeating, we obtain a decomposition X =
AyU...UA, US such that each A; has the required form and S is C;-null for each
1 < i <m. Now, if v is a C-curve, then

H (v 1(S) =H' ({t e 771(S) : (po)(t) € C\{0}})
<> H'({teyH(S) : (po7)(t) € interior(Ci)}) =0
i=1

by Lemma 4.2, which implies that S is C-null. Since p has a C-Alberti representa-
tion, we have u(S) = 0. Therefore, A] = A; U S also has the required properties of
Ay, and X = AJU A2 U...U A, is the required decomposition. O

Definition 4.4. For w € S* ! and 0 < # < 1, recall the notation C(w,0) = {v €
R™: |v-w| > O||v||}. Note that C'(w, #) becomes wider as # — 0. Let X be a metric
space and ¢: X — R"™ Lipschitz. Define the set S(¢) to be the collection of Borel
S C X for which the following is true: For any 0 < 6 < 1 there exists a Borel
decomposition

S=51USU...US,

and wy, ..., wy, € S"! such that S; is C(w;, #)-null for each 1 < i < m.

Theorem 4.5. Let (X,d, 1) be a metric measure space and ¢: X — R™ Lipschitz.
There exists a Borel decomposition

x=s5ulJ4
€N
such that each pu_A; has n independent Alberti representations and S € S(¢).

Proof. We first prove the following. Given any 0 < § < 1 and 1 < d < n there exists
a Borel decomposition

(4.1) x=J4aulJs
=1 =1

such that each uLA; has d independent Alberti representations and each S; is
C(w;, 0)-null for some w; € S*!. We find these representations iteratively as fol-
lows.
First apply Theorem 3.8 to an arbitrary cone C' = C(w, #) to obtain a decompo-
sition X = AU S where uLA has a C-Alberti representation and S is C-null.
Choose o = a(f) < 1 such that if wy, ..., w, € S* ! and w,, L w; for 1 <i < n,
then

(4.2) C(wp, 0) N C(w;, ) = {0}, 1<i<n.

Suppose then that, for some 1 < d < n, there exists a decomposition as in eq. (4.1)
where each pLA; has d independent Alberti representations. By applying Lemma 4.3
(and increasing m) we may suppose that there exists w?, ... ,wé € S"! such that
these representations, for i fixed, are C' (w;-, a)-Alberti representations for each 1 <
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j < d, and that these cones are independent. Fix 1 < i < m and pick wfl 11 €
St Nspan(w?,. .., w%)*t. Then the cones

C(wiva)a cee 7C(wzlaa) and C(wzl+170)

are independent by eq. (4.2). Applying Theorem 3.8 once more gives a decomposi-
tion A; = A, US" where A} has d + 1 independent Alberti representations and S’
is C(wl, ,0)-null.

Repeating this for each 1 < d < n completes the proof of eq. (4.1). To complete
the proof of the Theorem 4.5, we apply eq. (4.1) for each § = 1/j, j € N, to obtain a
decomposition X = Aj us 7 where each flj is a finite union of sets with n independent
Alberti representations, and each 5}- has a decomposition Sj = Sj1 u...u S;-nj,
where each Sji» is C (w;-, 6)-null for some wj» € S"1. Setting S = N;S; completes the
proof. O

5. ALBERTI REPRESENTATIONS AND HAUSDORFF DIMENSION

In this section we show, using Guth’s multilinear Kakeya inequality [20, Theorem
7] for neighbourhoods of Lipschitz graphs, that any non-trivial measure with n in-
dependent Alberti representations has lower Hausdorff dimension at least n. Recall
that the lower Hausdorff dimension of a Borel measure y is

dimy g := inf{dimy B : B is Borel and u(B) > 0}.

Fix n > 2 and for m € N let D,, be the family of dyadic sub-cubes of [0,1)"
of side-length 27™. For @) € D,, write |Q| = 27" for the Lebesgue measure of
Q. For 0 < 6 < 1/4 and for each 1 < j < n let I';(6) C I'(R™) be the set of
C(ej,1 — 6)-curves in R™ (with respect to ¢ = id) and let P; € P(I';(d)). Recall
that that the cone C(e;,1 — §) gets narrower as § — 0.

For each 1 < j < n, cover I'j(4) by a countable collection R; of disjoint non-
empty subsets of diameter at most 27". For each 1 < j < n and every R € R,
pick one curve fragment v € R, extend it to a C(e;, 1 — d)-curve yr homeomorphic
to R, and let

fj = 2mn-b) Z Pi(R)X B(im g, 2ym2-m)-
RER]'

We will use the notation <. for an inequality that holds up to a constant that
depends on n and €. The following is a direct consequence [20, Theorem 7).

Theorem 5.1. For every € > 0 there exists a § > 0 such that
n 1
[ @) de <2
[0,1]™ j=1

Proof. Guth formulates his result in terms of unit neighbourhoods of Lipschitz
graphs, so to make his result applicable we first need to precompose each f; with a
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dilation by A, := 2" /2\/n:
1

[ e e 1 1o

(5.1) = /[O Am]njHl [ ()] 7T da.

Here
f]m( ) )\1 " f]( ) C Z XB (im AmyR,1 )(x)v
ReR;

where A, vg is the Ap,-dilation of yp (which is still a C'(e;, 1 — d)-curve), and C,, is
a constant depending on n. Thus, applying the weighted version of [20, Theorem
7] (as in [20, Corollary 5]) to the right hand side of (5.1) gives

n—1
(/ IIJ; "1 dr <, 2mfII > Pi(R) < ome,
0,1]" j=1 \RER,
recalling that the sets R € R; are disjoint for each 1 < j < n. (|

Lemma 5.2. For every € > 0 there exists a § > 0 such that the following is true.
Suppose that p is a measure on R™ for which there exist My, ..., M, > 0 such that
p < Mv(P;) for all 1 < j <n, where P; € P(I';(0)). Then

(5.2 > () s I om0,
QEDm, j=1

Proof. Fix 1 < j < n, m > 0, and ) € D,,. For any v € R € R; such that
TNQ #0,

Q C B(im~,/n2™™) C B(im~g,2v/n2™™).
Consequently, for any x € Q,

fi(x) > 2mn-b Z{Pj(R) :ReRj, Iy € R with imyNQ # 0}
> QI Bi({r €Ty :imynQ #0}).

Further, 1.£1(Q) < \Q|% for all v € I';(9) € I'(R™), which consists of 2-biLipschitz
curves, and so, by our assumption on pu,

wQ) S My 1Ql7 - Py({y €Ty - yNQ £ B}) < M;[Q| f;(x).

Dividing by |Q|, taking a geometric average over 1 < j < n, and integrating the

result over @) gives
AL(Q)) nﬁl < |n| £ nil d

Summing over ) € D,, and applying Theorem 5.1 completes the proof. O

Theorem 5.3. Let (X,d, i) be a metric measure space with n independent Alberti
representations. Then dimpg p > n.
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Proof. Suppose that ¢: X — R" is Lipschitz and C',...,C, C R™ are independent
cones such that p has a Cj-Alberti representation with respect to ¢ for each 1 <
J < n. Then ¢,pu also has a C)j-Alberti representation for each 1 < j < n. To see
this, it suffices by Theorem 3.8 to argue that if S C R" is Cj-null (with respect
to id), then ¢.u(S) = 0. So, fix 1 < j < n and a set S C R™ which is Cj-
null (with respect to id). We will show that ¢—1(S) is Cj-null (with respect to
#): then ¢.u(S) = p(¢~1(9)) = 0, since u has a Cj-Alberti representation. Let
v € I'(X) be a Cj-curve (with respect to ¢). Then it follows from Definition 3.5
that ¢: im~ — R"™ is biLipschitz, and hence

¢x(H'iy) < HlLo(v).

Also, ¢ oy: domy — R"™ is a Cj-curve (with respect to id), so H1(S N ¢(y)) = 0,
and consequently H!(y N ¢~1(9)) = ¢« (H'L7y)(S) = 0. This means that ¢~1(9) is
Cj-null (with respect to ¢), as desired.

The previous discussion shows that it suffices to prove the result for X = R",
because ¢, is a measure on R" satisfying the same hypotheses as p. So, suppose
then that u is a measure on R™ which has Alberti representations with respect to
independent cones C(wj, 6;) for 1 < ¢ < n. Then there exists a 7 > 0 such that the
cones C(w;, 0; + 7) are also independent. Further, there exists an L > 1, depending
on the w; and 6, such that, for any choice of v; € S"~! N C(w;,6; + 7) for each
1 <i < n, there exists a linear mapping 7: R™ — R of norm at most L that maps
each v; to e;.

Fix € > 0 and let 6 > 0 be given by Lemma 5.2. For any Borel Y C R” with
w(Y) > 0, we will show that dimgY > n — e¢(n — 1). Since € > 0 is arbitrary, this
will complete the proof. By reducing ¢ if necessary, we may suppose that § < 7.
By applying Lemma 4.3, we may find a Borel set A C Y with u(A) > 0 and cones
C(vi,7/L) C C(w;,0; + J) such that p A has a C(v;,7/L)-Alberti representation
for each 1 <i < n. Then T,(uA) has a C(e;, 7)-Alberti representation for each 1 <
i < n. By the Radon-Nikodym theorem, there exists B C A of positive measure for
which T (uLB) satisfies the hypotheses of Lemma 5.2 for some My, ..., M, < M <
oo. By translating, we may also assume that T (pB) charges [0,1)". Applying the
lemma, it then remains to prove that for any measure p on R"™ satisfying eq. (5.2),
and any Borel Y C [0,1)" with u(Y) > 0, dimpY >n —e(n — 1).

This can be seen by estimating the L#7 dimension of u[0,1)". By definition
this quantity is

lo =
d:= (n —1)liminf 8 2qenn Q) .

m—o0 log 2—m

For any Q € D,,, |Q|/|Q|% = 27T and so eq. (5.2) gives

log ZQG’Dm M(Q)"%1 S log M#CmeQ*m(ﬁ*e) . n
log 2—™ - log 2—m n—1

€

as m — 00, so that d > n —e(n —1). Since uc[0,1)™ is finite and non-zero, the first
inequality of [19, Theorem 1.4] states that the L#-1 dimension of W is at most the
lower Hausdorff dimension of u. Hence dimg p[0,1)" > d > n — e¢(n — 1), and the
proof is complete. O
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6. CONCLUSION
Combining our previous results gives the following.

Theorem 6.1. Let (X, d, p) be a metric measure space with dimp X < oo. Suppose
that (S Nind(¢)) = 0 for every n € N, every Lipschitz ¢: X — R™ and every
S € S8(p). Then (X,d,pn) is a Lipschitz differentiability space. Further, one can
take n; < dimg X for all i € N in Definition 1.2.

Proof. By Proposition 2.1 it suffices to show that, for any n > dimp X and any
¢: X — R" p(ind¢) = 0. To prove the contrapositive, suppose that ¢: X — R”
is Lipschitz with u(ind¢) > 0. By Theorem 4.5, there exists a decomposition
indp = SUJ;Z, Ai where S € S(¢) and each juA; has n independent Alberti
representations. By assumption p(S) = 0 and so p(A;) > 0 for some i € N.
Theorem 5.3 implies that dimy X > dimyg A; > n, as required. Il

We say that a Borel p: X — R is a *-upper gradient' of a Lipschitz f: X — R
if, for every 1-Lipschitz v € T'(X),

(f o) (1)l < p(y(t)) Ll-ace. t € domr.

If v: [0,{] — X is 1-Lipschitz, by applying [22, Lemma 4], we may cover almost all
of [0,1] by countably many compact sets K; such that each y_K; is 1-Lipschitz and
2-biLipschitz, and hence belongs to I'(X). If p is a *-upper gradient of f then

(F o) ()] = |(F oy K (O] < p(1(t)  Ll-ae. t € K, Vi€ N.

Therefore, by the fundamental theorem of calculus, any *-upper gradient is an upper
gradient. However, because *-upper gradients only consider curve fragments, the
converse is not true in general (consider X C R a Cantor set of positive Lebesgue
measure). Thus the following theorem implies Theorem 1.4.

Theorem 6.2. Let (X, d, p) be a metric measure space with dimpg X < oo. Suppose
that there exists a C > 1 such that, for every Lipschitz f: X — R and every *-upper
gradient p of f,

(6.1) Lip(f,z) < Cp(z) p-a.e. z € X.

Then (X,d,p) is a Lipschitz differentiability space. Further, one can take n; <
dimp X for all i € N in Definition 1.2.

Theorem 6.2 follows by combining Theorem 6.1 with the following.

Proposition 6.3. Let (X,d, ) be a metric measure space and suppose that there
exists a C' > 1 such that, for any Lipschitz f: X — R and any *-upper gradient
p of f, (6.1) holds. Then for every n € N, every Lipschitz ¢: X — R™ and every
S e S(¢), n(SNind(¢)) =0.

Proof. For each x € ind ¢, the function
D e S Lip(D - ¢,2)

L upper gradients were introduced in [9] using a different, but equivalent, definition.
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is Lipschitz (this follows from Lip(f + g,z) < Lip(f,x) + Lip(g,z)) and hence
bounded away from 0. Let A\, > 0 be its minimum value. Now, it suffices to show
that any S(¢) subset of U; = {z € ind ¢ : A\, > %}, 1 €N, for i € N fixed, is p-null.

Fix a §(¢) subset S C U;. Then, fix = 6(i) > 0 (to be determined momentarily),
and decompose S = S1U...US,,, where each S; is C(wj, §)-null for some w; € S*~L.
It suffices to show that p(S;) = 0 for each 1 < j < m, so we may assume to begin
with that S is C'(w, §)-null for some w € S*~1. Now, define f :=w-¢: X — R. We
claim that

p = Lip ¢(fxs + xs)
is a *-upper gradient of f. Indeed, if v € I'(X) is 1-Lipschitz, then by Lemma 4.2,
(po)(t) ¢ interior(C(w, #)) for almost every t € y~1(S). That is, for almost every
ten1(9),

(6.2) ((f o) @) =|w-(¢oy) () <Oll(¢oy) ()l < OLipé = p(v(t)).

Of course, for almost every t € v71(5¢), |(f o7)'(t)| < Lip ¢. Therefore, by (6.1),
for p almost every = € S,

1/i < Lip(f,z) < CLip¢-0.

This shows that p(S) = 0 for § = 6(i) > 0 sufficiently small, and the proof is
complete. O

Remark 6.4. Note that the proof of Proposition 6.3 did not use the full strength of
the hypothesis eq. (6.1). It would, instead, suffice to assume the following. For all
x € X there exists a “modulus of continuity” w;: (0,00) — (0,00) with wz(r) N\, 0
as r N\ 0 such that Lip(f,x) < w,(p(x)) for all Lipschitz f: X — R, for all *-upper
gradients p of f, and for p almost every z € X.
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