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Abstract

This thesis is concerned with problems relating to the Lipschitz category of metric spaces. We are chiefly
interested in building machinery that can be used to deduce the existence or nonexistence of biLipschitz
embeddings from one class of metric spaces into another. We will discuss two families of results along these
lines.

The first family deals with the problem of biLipschitz embeddability of metric spaces into Banach spaces
with Radon-Nikodym property (henceforth, RNP spaces). A major role in this story is played by differentia-
tion theories of Lipschitz functions on metric measure spaces. Nonabelian Carnot groups are prime examples
of spaces which support a good differentiation theory, and as a consequence they do not biLipschitz embed
into any RNP space, as observed independently by Cheeger-Kleiner and Lee-Naor as a corollary of Pansu’s
theorem. In search of a nonlinear, metric characterization of the RNP, Ostrovskii found another class of
metric spaces that do not biLipschitz embed into RNP spaces, namely spaces containing thick families of
geodesics. His proof used an elementary martingale argument and involved no differentiation theory. Our
first result is that any metric space containing a thick family of geodesics also contains a subset and a proba-
bility measure on that subset that supports a weak differentiation theory for RNP-valued Lipschitz functions.
A corollary is a new nonembeddability result: the product of a Carnot group and an RNP space does not
contain a biLipschitz copy of a thick family of geodesics. A second result from this project is that, if the
metric space is a nonRNP Banach space, a subset consisting of a thick family of geodesics can be constructed
to support a true differentiation theory of RNP-valued Lipschitz functions, like the one supported by Carnot
groups. An intriguing question is whether the only obstructions to biLipschitz embeddability of complete
metric spaces into RNP spaces, like the ones arising from differentiation theory, are local. If this question
has a positive answer, it would imply that every complete, topologically discrete metric space biLipschitz
embeds into an RNP space. Our third result is a proof of this statement in the special case where the metric
space (X,d) is essentially uniformly discrete, meaning there is a 6 > 0 such that |Bs(p)| < oo for every
p € X. This generalizes a result of Kalton who proved that every uniformly discrete metric space biLipschitz

embeds into an RNP space. Like Kalton, we prove our result by showing that the Lipschitz free space of X
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has the RNP.

The second family of results contained in this thesis is on the calculation of Markov convexity exponents
of Carnot groups and applications. Markov convexity, developed by Lee-Naor-Peres and Mendel-Naor, is
a biLipschitz and Lipschitz quotient invariant of metric spaces arising as a nonlinear generalization of the
property of p-convexity of Banach spaces. It depends only on the finite subsets of the metric space and is
thus of a different nature than theories of differentiation, which necessitate the existence of cluster points.
Our first main result from this family is that every Carnot group G of step r is Markov p-convex for all
p € [2r,00). Our second result is that this is sharp whenever G is a Carnot group with r < 3 or a model
filiform group; such groups are not Markov p-convex for any p € (0,2r). This continues a line of research
started by Li who proved this sharp result when G is the Heisenberg group. Finally, we obtain the following
corollaries of these theorems, which are not attainable by differentiation methods: let G be a Carnot group
of step r such that » < 3, G is a free Carnot group, or G is a jet space group. Let G’ be any Carnot group

of step r’ < r.

1. For any lattice I' < G, the biLipschitz distortion of the I'-ball of radius R (with respect to a fixed finite
1 1
In(R)2 ~ 27

enerating set) into G’ is 2> .
& g set) In(In(R)) 207 * 3

2. (G is not a Lipschitz quotient of any subset of G’.

3. G is not a Lipschitz quotient of any subset of LP (or any p-convex space) for any p € (1,2r).

4. The model filiform group of infinite step is not a Lipschitz quotient of any subset of a superreflexive

Banach space.

The main question left open by this work is whether there is some Carnot group of step r that is Markov

p-convex for some p < 2r.
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Chapter 1

Introduction

1.1 Background

1.1.1 BiLipschitz Embeddings and Assouad’s Theorem

A metric space is a pair (X, d), where X is a set and d: X x X — [0,00) is a metric, or distance, satisfying

for all z,y,z € X,
e d(z,y) =0« z =y (Positive definiteness)
¢ d(z,y) = d(y,x) (Symmetry)
o d(z,z) < d(x,y) + d(y, z) (Triangle inequality)

We will often suppress notation and just write X instead of (X, d). Although the most important examples
of metric spaces are the (finite dimensional) Fuclidean spaces (R™,(z,y) — ||z — yl||2), the population is
much more varied - metric spaces range from graphs to (sub)Riemannian manifolds to infinite dimensional
Banach spaces. Metric spaces also support an extremely rich mapping theory; one may consider, for example,
categories whose mappings are continuous, uniformly continuous, quasisymmetric, quasi-isometric, coarse,
Lipschitz, or isometric, to name a few. The first two categories are fundamental to basic calculus. The
next two are central to geometric group theory and the proof of Mostow’s rigidity theorem ([Mos73]), and
the fifth gained popularity for its application to the Novikov conjecture ([Yu00]). It is, however, the sixth
category, and in particular biLipschitz embeddings, that are the concern of this thesis. Let us state the

relevant definitions here.

Definition 1.1. A map f : X — Y between metric spaces (X,dx) and (Y,dy) is called Lipschitz or
a Lipschitz map if there exists an L < oo such that dy (f(x), f(y)) < Ldx(z,y) for all z,y € X. The
smallest such L is called the Lipschitz constant of f. We also say that f is L-Lipschitz an L-Lipschitz
map. [ is called biLipschitz or a biLipschitz embedding if there are 0 < D < oo and L < oo such that

dx(z,y) < Ddy(f(z),f(y)) < Ldx(z,y) for all x,y € X. The least such L is called the biLipschitz



distortion, or just distortion of f. We also say that f is L-biLipschitz or an L-biLipschitz embedding. If f is
also surjective, f is called an L-biLipschitz equivalence, or just biLipschitz equivalence and X and Y are said
to be biLipschitz equivalent. A 1-biLipschitz embedding is called an isometric embedding, and a 1-biLipschitz
equivalence is called an isometry. In this case X and Y are said to be isometric. If a set X is equipped
with two metrics such that the identity map between them is biLipschitz, then the metrics are biLipschitz
equivalent, or just equivalent.

Given z € X and r > 0, we let B,(x) denote the ball of radius r centered at x; By(z) == {y € X :
dx(z,y) < r}. A surjective map f: X — Y is a Lipschitz quotient if there exist 0 < D < oo and L < oo
such that B,(f(z)) C f(Bpr(z)) C Br,(f(x)) for all r > 0, z € X. We also say that f is an L-Lipschitz

quotient map.

The Lipschitz category also has its applications, especially to approximations in computer science. See
[Vem04] for applications of the Johnson-Lindenstrauss lemma ([JL84]) and [LN06] and [NY18§] for a discussion
of the Sparsest Cut problem and the Goemans-Linial conjecture. Even so, our reasons for studying biLipschitz
embeddings are pure mathematical, and we hold that the theory has intrinsic interest for the wealth of
its results and diversity of its tools. Of the embeddings in the metric categories we named, biLipschitz
embeddings are the second most rigid behind isometric ones. Why study biLipschitz maps instead of isometric
ones then? We'll give two reasons. The first is that it often happens that a particular mathematical structure
may be naturally equipped with an equivalence class of metrics, but not with any one particular metric. For
example, consider a finitely generated group I' and a finite generating set S with e ¢ S and S~ = S. Define
the Cayley graph of (T',.S) by letting the vertex set be T and the edge set being all pairs (g, h) such that
g 'h € S. Then we may equip this graph with the shortest path metric and obtain a metric on I. This
metric generally depends on the choice of generating set .S, but any two finite generating sets yield biLipschitz
equivalent metrics. Thus, knowing only the algebraic structure of I', the statement “I" biLipschitz embeds
into X7 is well-defined, but the statement “I" isometrically embeds into X” is not. Another reason is that
isometric embeddings are in many cases simply too rigid and lead to a void theory rather than a rich one.

Doubling Holder spaces furnish such an example.

Definition 1.2. A metric space X is called doubling if there is C' < oo such that for every r > 0 and = € X,
there is a finite set Y C X with [Y| < C and Uyey B,/2(y) 2 By(z). A metric space (X, d) is called Hdélder

if there is ¢ > 1 such that d? satisfies the triangle inequality.
The isometric category does not allow for a rich embedding theory for these spaces into Euclidean spaces.

Theorem 1.1 ([LDRWTIS]). An infinite Holder space does not isometrically embed into any Euclidean space.



This is in sharp contrast to the biLipschitz category, which allows the for the beautiful Assouad embedding

theorem.
Theorem 1.2 ([Ass83]). Every doubling Hélder space biLipschitz embeds into some Fuclidean space.

The doubling assumption in Assouad’s theorem is easily seen to be necessary, so the obvious question is

whether the Holder assumption is necessary.
Question 1.1. Does every doubling metric space admit a biLipschitz embedding into a Euclidean space?

The answer to this question is trivial if “biLipschitz” is replaced with “isometric”. Indeed, let X =

{w,z,y, 2z} and
0 a=1b

d(a,b) =1 {a,b} € {{w,z},{z,y}, {y. 2}, {z 2}
2 {a,b} € {w,y},{z,2}}

X can be pictured as the vertices of a square, where the distance between adjacent vertices is 1 and opposite
vertices is 2. X is doubling since | X| < oo, but admits no isometric embedding into a Euclidean space. This
is because Euclidean spaces have the property that if w,z,y,2 € R” and |w — 2| = ||z — y|| = L|w —y[| =
|z —y|| = ||w— z||, then x = wT-H/ = z. Of course, this argument does not apply equally well to biLipschitz
embeddings, since |X| < oo implies that it does biLipschitz embed into R. Nevertheless, the answer to
Question [T.1] is a resounding NO, and the examples and tools used to provide this answer are the starting

points for the research in this thesis.

1.1.2 The Heisenberg Group

Definition 1.3. Let H denote R? equipped with the binary operation (z,y,t) * (2/,y/,t) = (x + 2',y +
y',t+t' — 2xy’ 4 22’y). This binary operation is a group product, and H is called the Heisenberg group. We
denote the abelianization map 72" : H — R2, 72 (z, y,t) = (2, 7). Let |[(z,y,t)|x := (22 + y?)? +#2)7 and
di(z,y,2), (2,9, 2") == |(z,y,2) "L * (2, ¥, )| . di is a metric on H, called the Kordnyi metric. When

we refer to the Heisenberg group, we are typically referring to the metric space (H, dg).

The Heisenberg group is doubling, and it was observed by Semmes ([Sem96]) that Pansu’s differentiation
theorem implies that no Euclidean space admits a biLipschitz embedding of the Heisenberg group, thus
negatively answering Question (see Section for background on Pansu’s theorem). Later, Cheeger-
Kleiner and Lee-Naor independently extended this observation to Banach spaces with the Radon-Nikodym

property (henceforth, RNP, see Section for further background).



Definition 1.4. A Banach space V has the RNP, or is an RNP space if every Lipschitz map R — V is

differentiable Lebesgue-almost everywhere.

Theorem 1.3 ([CKO06], Theorem 6.1; [LNOG], Section 1.2). H does not biLipschitz embed into any RNP

space.

Li found a fundamentally different proof of the non-biLipschitz embeddability of the Heisenberg group
into Hilbert space using Markov convexity (see Section for background on Markov convexity). The
proof is fundamentally different because Markov convexity is a finitary notion, as opposed to differentiation

which requires cluster points.

Theorem 1.4 (|[Lil6], Theorem 1.1, Corollary 1.3). H is Markov p-convex if and only if p > 4. Consequently,

H does not biLipschitz embed into Hilbert space.

A question left open by the work of Li is whether a similar statement holds true for Carnot groups of

higher step (H has step 2, see Section for background on Carnot groups).
Question 1.2. If G is a Carnot group of step r, is G Markov p-convex if and only if p > 2r?

The Banach space L([0,1]) is not an RNP space, but despite this fact it also admits no biLipschitz

embedding of the Heisenberg group.
Theorem 1.5 ([CK10]). H does not biLipschitz embed into L'([0,1])

The proof method used here by Cheeger-Kleiner is still differentiation-based. A stronger, quantitative
version of this theorem was found by Naor-Young in [NY18] using method of quantitative rectifiability.
Importantly, it also solved a strong version of the Goemans-Linial conjecture (see [NY1§| for a discussion).

The differentiation theorem of Pansu is a generalization of Rademacher’s theorem from Euclidean spaces
to Carnot groups. In [Che99], Cheeger found an even vaster generalization of Rademacher’s theorem for a
class of metric measure spaces called PI spaces (see Section . In addition to the Heisenberg group,
one of the first and most important examples of a PI space is Laakso space, our next example of a doubling

space non-biLipschitz embeddable into Euclidean spaces.

1.1.3 Laakso Space

Definition 1.5. We define a sequence of metric graphs Gy, Gy, ... recursively, as follows:

e (G consists of two vertices connected by a single edge, whose length is 1. The metric on Gy is denoted

dp.
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Figure 1.1: The Laakso diamond graphs. Each new graph G;;1 is obtained from G; by replacing each edge
with a copy of G1, scaled down so that the diameter of G;11 remains 1. There are 1-Lipschitz surjections
mit1 : Gip1 — Gy, and the Laakso space, G, is defined to be the inverse limit of this system.

e Each new graph G, is obtained from G; by replacing each edge of G; with a copy of G, shown in
Figure scaled down so that the diameter of GG;4; remains 1. That is, the length of each edge in
Gi4+1 is one fourth of the length of each edge in G;. G,y1 is equipped with the shortest path metric

dit1.

There are canonical 1-Lipschitz surjections m; 11 : G;41 — G; defined by collapsing each scaled down copy of
(1 back onto the edge which it replaced. Laakso space, G, is defined to be the inverse limit metric space
of the system. Specifically, G is the set {z € II32,G; : Vi, m;(zi+1) = x;} equipped with the metric deo

defined by doo (2, y) 1= im0 di (x4, yi)-

In the form we present, Laakso space was actually first introduced by Lang-Plaut in [LP0T], inspired by
a construction of Laakso in [Laa00]. In any case, it has become conventional in the field to refer to G as
Laakso space.

In [LP0OI, Theorem 2.3], Lang-Plaut proved that Hilbert space does not admit a biLipschitz embedding
of Laakso space. In [CK09], Cheeger-Kleiner extended this to RNP spaces using the theory of differentiation

on metric measure spaces.

Theorem 1.6 ([CK09|, Corollary 1.7). G, satisfies the differentiability nonembeddability criterion into
RNP spaces (see Definition . Consequently, G does not biLipschitz embed into any RNP space.
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In [Ost14b], Ostrovskii proved a nonlinear characterization of RNP spaces as those that do not admit
biLipschitz embeddings of a class of metric spaces called thick families of geodesics (see Theorem and
Definition . As a consequence, he provided a different proof of the non-biLipschitz embeddability of

Laakso space into RNP spaces.

Theorem 1.7 ([Ostl16], Example 3.3). G contains a thick family of geodesics. Consequently, G does not

biLipschitz embed into any RNP space.

Ostrovskii’s method of proof via martingales and is quite elementary compared to that of Cheeger-Kleiner.

1.1.4 The RNP and Thick Families of Geodesics

It’s been known since 1973 that Lipschitz maps from separable Banach spaces to RNP spaces are, in a
suitable sense, differentiable almost everywhere. This is due independently to [Aro76], [Chr73], and [Man73]
(see [BLOQ, section 6.6]). It follows that the RNP is inherited under biLipschitz embeddability of Banach
spaces, since it is inherited under isomorphic embeddability. It is then natural to ask for a purely metric
characterization of the RNP - one that does not rely on the linear structure. This question was asked by

Bill Johnson in 2009 and answered in 2014 by Ostrovskii (see [Ost14bl Section 1]).

Theorem 1.8 ([Ost14b], Corollary 1.5). A Banach space does not have the RNP if and only if it admits a

biLipschitz embedding of a thick family of geodesics.

Definition 1.6. Let (X, d) be a metric space and p,q € M. A p-q geodesic is an isometric embedding from
some closed bounded interval into X mapping the left endpoint of the interval to p and the right endpoint
to ¢q. The distance function d is said to be geodesic if there exists a p-q geodesic for every p,q € X. A family
of p-q geodesics I' with common domain [a, b] is said to be concatenation closed if for every ¢ € [a,b] and
v1,72 € T with 71(¢) = 72(c), the concatenated curve v defined by y(t) = 71 (¢t) if ¢ € [a, ], Y(t) = 72(t) if
t € [c,b], also belongs to T

Given a > 0, a concatenation closed family of p-¢ geodesics T' sharing a common domain [a,b] is said
to be a-thick or an a-thick family of geodesics if for every v € I' and a =ty < t; < ...t = b, there exist

a=qo <51 <q <s82<...5;<gqgj=>band ¥ €I such that
o {ti} € {ai}
o v(g:) =7(a:)

o Zle d((si),7(si)) > @



A concatenation closed family of p-q geodesics I' sharing a common domain [a,b] is said to be thick or a

thick family of geodesics if it is a-thick for some a > 0.

Remark 1.1. Informally, a family of geodesics is concatenation closed if for any 7;,72 in the family, the
geodesic obtained by concatenating an initial segment of ; and a terminal segment of v, also belongs to the
family. Informally, a concatenation closed family of p-q geodesics is a-thick if for any geodesic v in the family
and any finite set of points F' in the image of v, there is another geodesic 4 in the family that intersects y
at each point of F' (but possibly more points), and so that the deviation of 4 from ~ between their points of

intersection adds up to at least «.

On the other hand, according to another intriguing result of Ostrovskii, the Heisenberg group does not
admit a biLipschitz embedding of a thick family of geodesics. This is due to Theorem the fact that

Markov convexity is inherited under biLipschitz embeddings, and the following result of Ostrovskii.

Theorem 1.9 ([Ostl4al, Theorem 1.5). Metric spaces admitting a biLipschitz embedding of a thick family of
geodesics are not Markov p-convex for any p. Consequently, H does not admit a biLipschitz embedding of a

thick family of geodesics.

So although containing a thick family of geodesics is a necessary condition for the non-biLipschitz em-
beddability of Banach spaces into RNP Banach spaces, the same is not true of general metric spaces, even

for quasi-convex ones such as H.

Question 1.3. When does a metric space fail to biLipschitz embed into RNP spaces?

1.1.5 Uniformly Discrete Metric Spaces

The proofs of Theorems and actually imply something stronger than non-biLipschitz embed-

dability, namely non-local biLipschitz embeddability.

Definition 1.7. A metric space (X, dx) is said to locally biLipschitz embed into a class of metric spaces
Y if for every x € X, there are an open set U, C X and a metric space Y, € ) such that x € U, and U,

biLipschitz embeds into Y.

Differentiation methods (and also the closely related martingale methods) are inherently local, so in fact
we know that the Heisenberg group and Laakso space do not locally biLipschitz embed into RNP spaces.
As far as we are aware, these are the only known techniques used to prove non-biLipschitz embeddability.

Thus, a specific form of Question is:



Question 1.4. Are the only obstructions to the biLipschitz embeddability of complete metric space into
RNP spaces local? That is, if a complete metric space X locally biLipschitz embeds into RNP spaces, must

X biLipschitz embed into some RNP space?

An example where the hypothesis is trivially satisfied is when the metric space is discrete. In this case,

Question [T.4] takes the form:
Question 1.5. Does every complete, discrete metric space biLipschitz embed into an RNP space?
The strongest partial result towards a positive answer to Question [I.5]is due to Kalton.

Definition 1.8. A metric space (X, d) is called uniformly discrete if there is 6 > 0 such that d(z,y) > 6 for

all x £y € X.
Theorem 1.10 ([Kal04], Proposition 4.4). If X is uniformly discrete, then LF (X) has the RNP.

This theorem implies uniformly discrete metric spaces isometrically embed into RNP spaces, since every

metric space X isometrically embeds into its Lipschitz free space LF (X) (see Definition [1.17).

1.1.6 The Ribe Program and Markov Convexity

See [Naol2] and [Naol§| for good surveys on the Ribe program.

Definition 1.9. A Banach space V is finitely representable in another W if there exists A < oo such that for
any finite dimensional F' C V, there is an injective linear map T : F' — W with ||T||||T~!|| < A\. Properties

of Banach spaces that are preserved under mutual finite representability are called local.

In [Rib76], Ribe showed that if two Banach spaces E, F are uniformly homeomorphic, then they are
mutually finitely representable. This theorem implies that local properties are really metric properties,
suggesting that each should have a reformulation that involves only the metric structure of the Banach
space and not the linear structure. The research program concerned with finding these reformulations is
known as the Ribe program. The program was initiated by Bourgain in [Bou86] in which he made the
first substantial contribution by characterizing superreflexive Banach spaces as those which do not admit
biLipschitz embeddings of the binary trees of depth k£ with uniform control on the biLipschitz distortion.
Another major contribution to the Ribe program is a purely metric reformulation of p-convexity (see Section
for background on superreflexivity and p-convexity). The metric property Markov p-converity was
originally defined by Lee-Naor-Peres in [LNP09] and proved by Mendel-Naor in [MN13] to be a reformulation

of p-convexity. Here are the specifics:



Definition 1.10 (JMNT13], Definition 1.2). Let {X;};cz be a Markov chain on a state space Q. Given an
integer k > 0, we denote by {Xt(k)}teZ the process which equals X; for time ¢ < k and evolves independently
(with respect to the same transition probabilities) for time ¢ > k. Fix p > 0. A metric space (M, d) is called

Markov p-convez if there is TI < oo so that for every Markov chain { X}z on a state space Q, and for every

f:Q— M,

Sy 2,;?( ") < ST Bl ). £

k=0 teZ tez
Set II,,(M) equal to the least value of II so that the above inequality holds (whenever it exists). II,(M) is

called the Markov p-convexity constant of M.

Definition 1.11. Fix p > 0. A metric space (X, d) is 4-point p-convez if there exist a symmetric function

p: X x X —[0,00) and constants C, K < oo such that for all z,y,w,z € X,
1

and

P, 2)? | plyw)  p@2)P  pla,w)?  p(zw)?

P
Ply,2)" + =5 2 2 » - K

Theorem 1.11 (Theorem 1.3, [MN13]). A metric space that is 4-point p-convex is Markov p-convez, and a

Banach space is p-convez if and only if it is 4-point p-convez if and only if it is Markov p-convex.

We have already seen an application of Markov convexity in Theorem[I.9] Here is another very interesting

application.

Theorem 1.12 ([LNPQ09], Lemma 3.8). If a finitely generated group T' admits a nonconstant, bounded
harmonic function, then I' is not Markov p-convez for any p. Consequently, T' does not biLipschitz embed

into any superreflexive Banach space.
In addition to Theorem [I.4] the following is known about the Markov convexities of Carnot groups.

Theorem 1.13 ([Lil4], Proposition 7.2 and Theorem 7.4). Every graded nilpotent Lie group of step r is

Markov 2(r!)?-convez.

1.2 Summary of Results

1.2.1 Thick Families of Geodesics and Differentiation

See Chapter|[q for further discussion and proofs of the statements in this subsection.

9



We sought to study nonembeddability into RNP spaces (Question in more detail. The Heisenberg

group (Theorem shows that it can not be determined using thick families of geodesics.

Question 1.6. Is there a more general RNP non-biLipschitz embeddability criterion that works equally well
for thick families of geodesics and the Heisenberg group? The Heisenberg group satisfies the differentiability
nonembeddability criterion into RNP spaces (see Definition and the proceeding examples) - do thick

families of geodesics also satisfy this criterion?

We prove that the answer to this question is yes if the notion of differentiability is weakened. The type of
RNP LDS (see Definition [1.24) we construct is weaker than a true RNP LDS because the almost everywhere
approximation of RNP-valued Lipschitz functions by their derivative only holds on some sequence of scales
tending to 0 instead of all scales. More specifically, we prove Theorems and which can be summarized

as:

Theorem 1.14 (Summary of Theorems and . For any complete metric space M containing a thick
family of geodesics, there exist a compact subset X, Borel probability measure pioo on X, Lipschitz map
7T Xoo — [0,1], Borel subset Soo C Xoo, a sequence of scales r;(x) N\, 0 for almost every x € X, and a

nonprincipal ultrafilter U(z) on N for each x € So such that:

23 poo(Seo) > 0, and for every x € Sy the tangent cone ng'i(w)’u(I)XOo admits no continuous injection

into R.

For every RNP space B and Lipschitz map f: Xoo = B, for peo-almost every x € Xoo, [ is differen-

tiable at x with respect to m along the sequence of scales (r;(z))52,.
As a corollary, we obtain a new proof of nonembeddability into RNP spaces:

Corollary 1.1. A metric space M containing a thick family of geodesics does not biLipschitz embed into

any RNP space.

The proof is the same as for the true differentiation nonembeddability criterion into RNP spaces (see

Theorem [1.21)).

Proof. Let B be an RNP space and assume there is a biLipschitz map f : M — B. We may assume

M is complete. Let Xoo € M, fio, Soo, 7i(x), and U(x) be as in the statement of Theorem Since

oo (Sso) > 0, there exist a point x € Sy, and a nonprincipal ultrafilter ¢(x) such that f is differentiable at
ri(x),U(

x along (r;(z))5°, with respect to m and Ty © X oo admits no continuous injection into R. The function

f being differentiable with respect to m at = along (r;(x))$2, implies that there exists a unique linear map
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f/(z) : R — B such that, for every nonprincipal ultrafilter I, the blowup of f at z, f, : @Yy B,
exists and factors though the blowup of 7 at x, m, : TJ,Z”"(JC)’Z’IXOO — R, and f’(z) : R — B. That is,
fz = f'(x) o my. Since T @M@ ¥ admits no continuous injection into R, 7, cannot be injective, which

by the factorization implies f, cannot be injective, in turn implying f cannot be biLipschitz. O

Theorem [1.14] actually proves a stronger statement, Corollary We postpone the proof until Section
We chose to give a separate proof Corollary [I.I because it is easier and requires no knowledge of Carnot

groups.

Corollary A complete metric space M containing a thick family of geodesics does not biLipschitz embed

into the product metric space G X B, where G is a Carnot group and B is an RNP space.

At the time of this writing, Theorems [1.8| and were the only known nontrivial means by which one
could prove nonembeddability of thick families of geodesics into metric spaces. Suppose G is a nonabelian
Carnot group, such as the Heisenberg group, and B is an RNP which is not superreflexive, such as ¢'. Then
G embeds into no RNP space by the differentiation nonembeddability criterion, so Theorem does not
apply to G x B, and B is not Markov p-convex for any p, so Theorem does not apply to G x B. That
non-superreflexive spaces are not Markov p-convexity for any p follows from the fundamental theorem of
Mendel-Naor on Markov convexity ([MNI3| Theorem 1.3]), and Pisier’s renorming theorem (Theorem .
Thus, Corollary is a genuinely new nonembeddability result.

In our second result, Theorem we restrict our attention from a general metric containing a thick
family of geodesics to a nonRNP Banach space B. This is indeed a “restriction” since every such B contains
a thick family of geodesics by Theorem In this setting, we prove that the subset X, and measure po
can be constructed to satisfy the true RNP differentiation nonembeddability criterion (not just the weakened
form described in Theorem . That it satisfies the true RNP differentiation criterion is a consequence
of the fact that it is an inverse limit of an admissible system of graphs, defined in [CK15]. In that article,
Cheeger and Kleiner proved that such spaces are PI spaces. They also gave a necessary and sufficient
condition for these spaces to satisfy the differentiation nonembeddability criterion into RNP spaces, stated
in [CK15l Theorem 10.2]. We verify this condition for our subset X, C B, and thus our result can be viewed

as a converse to [CK15, Theorem 10.2].

Theorem Every nonRNP Banach space contains a biLipschitz copy of a metric measure space satisfy-
ing the differentiation nonembeddability criterion. The metric measure space is an inverse limit of admissible

graphs, as in [CK15|], with nonEuclidean tangent cones at almost every point.
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1.2.2 Essentially Uniformly Discrete Spaces

See Chapter[3 for further discussion and proofs of the statements in this subsection.
Our main result is a generalization of Theorem and a step closer to a positive answer to Question

Theorem 1.15. If X is essentially uniformly discrete, then LF (X) has the RNP.

Let us also mention other metric spaces whose Lipschitz free space is known to have the RNP: (1) Proper,
countable spaces ([Dall5l, Theorem 2.1]). (2) Proper biLipschitz-Holder spaces ([Jen68, Theorem 4.1]). Recall
that a metric space (X, p) is proper if its closed and bounded subsets are compact and biLipschitz-Holder if
it is biLipschitz equivalent to a Holder space. Actually, in both of [Dall5, Theorem 2.1] and [Jen68, Theorem
4.1], the Lipschitz free spaces are shown to be isomorphic to separable dual spaces, which is strictly stronger
than RNP ([MO80], [Pis16l Corollary 2.15]). In light of this and Theorems and one may ask if
uniformly discrete and essentially uniformly discrete countable spaces biLipschitz embed into separable dual
spaces. For uniformly discrete spaces, this is an open question (equivalent to [dLPP19, Problem 1.3]), and
indeed we do not have an essentially uniformly discrete counterexample either.

We will give the proof of Theorem [1.15|at the conclusion of this subsubsection, after stating the relevant

definitions and collecting the main ingredients that are proven in Chapter

Definition 1.12. Let (X, d) be a topologically discrete metric space, i.e., every set is open in the metric
topology. For each p € X and r > 0, we let B.(p) := {¢g € X : p(p,q) < r}. For each p € X, let
rad(p) := sup{r < diam(X) : B.(p) = {p}}, essrad(p) := sup{r < diam(X) : |B,(p)| < co}. We say that
X is B-uniformly discrete if 0 < 6 = inf,cx rad(p) and 8-essentially uniformly discrete if 0 < 6 = infpecx
essrad (p). We say that X is uniformly discrete if there exists a § > 0 such that X is f-uniformly discrete,

and similarly for essentially uniform discreteness.

Note the following implications:
uniformly discrete = essentially uniformly discrete = complete

The first implication is obvious, and we explain how to prove the second. We’ll show that every Cauchy
sequence is eventually constant, which is equivalent to discrete and completeness. Suppose we have a Cauchy
sequence taking values in an essentially uniformly discrete metric space. Since it is Cauchy, it eventually
belongs to a ball of arbitrarily small radius B. By definition of essentially uniformly discreteness, the radius
of B can be chosen small enough so that |B| < oco. Thus, our Cauchy sequence eventually belongs to a finite

set. This implies it must be eventually constant.
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Since X is discrete, finitely supported functions on X are Lipschitz. Let Lipg, (X) denote the subspace
of Lip, (X) consisting of the finitely supported functions. The inclusion Lipg, (X) < Lip, (X) dualizes to
a quotient Lip, (X)* — Lipg, (X)*. Let res denote the restriction of this map to LF (X), res : LF (X) —
Lipg, (X)".

Theorem If X is bounded and countable, then Lipg, (X) is separable.

Theorem If X is bounded and countable, then res : LF (X) — Lipg, (X)” is an isomorphic embedding

if and only if X is essentially uniformly discrete.

Proof of Theorem[1.15. We'll cite [Pis16l Chapter 2] for standard results we need on RNP (our definition
of RNP is different but equivalent to that in [Pis16], see [Pisl6, Remark 2.17]). Assume X is essentially
uniformly discrete. The RNP is separably determined; that is, if every separable closed subspace of a Banach
space has the RNP, then so does the entire space ([Pis16l Corollary 2.12]). Clearly, any separable subspace
of LF (X) is contained in LF (Y) for some countable Y, so it suffices to prove LF (Y) has the RNP for
any countable Y C X. Let Y C X be countable. By [Kal04, Proposition 4.3], LF (Y') isomorphically
embeds into the ¢!-direct sum @, LF (B;(0)), where B;(0) denotes the ball of radius i in Y centered
at the basepoint 0 € Y. Since an ¢! sum of RNP spaces has the RNP, it suffices to assume that Y is
bounded. But now Theoremkicks in (essentially uniform discreteness passes to subsets), and we get that
LF (Y) isomorphically embeds into Lipg, (Y)". Separable dual spaces have the RNP, so Theoremimplies
Lipg, (Y)" has the RNP. Since LF (Y) isomorphically embeds into the RNP space Lipg, (Y)", LF (V) has
the RNP. O

1.2.3 Markov Convexity of Carnot Groups

See Chapter[]] for further discussion and proofs of the statements in this subsection.
We present in this subsection our results on the calculation of the Markov convexities of Carnot groups

(Question [1.2]). We now state our main theorems, which sharpen Theorems and

Theorem Every graded nilpotent Lie group of step r, equipped with a left invariant metric homogeneous
with respect to the dilations induced by the grading, is 4-point p-convex - and consequently Markov p-convex

- for every p € [2r,00).

Theorem For every p > 0, r > 1, coarsely dense set N C J""1(R), and R > 3, let By(R) := {z € N :
deco(0,2) < R}. Then

where the implicit constant can depend on r,p but not on N, R.
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Recall that a subset N of a metric space (X,dx) is coarsely dense if there exists C' < oo such that
X =Upen{zr € X : dx(z,2") < C}. See Sectionfor the definition of J"~!(R). Theorem .1is restated
and proved at the end of Section and similarly for Theorem at the end of Section [4.4.2

We can extend this result to other groups using the notion of subquotients. X is a Lipschitz subquotient of
Y with constant C' if there is a metric space Z such that Z embeds isometrically into Y and X is a Lipschitz
quotient of Z with constant C', or, equivalently, there is a a metric space Z such that Z is a Lipschitz quotient
of Y with constant C' and X isometrically embeds into Z. It follows from [MN13| Proposition 4.1] that if X
is a Lipschitz subquotient of ¥ with constant C then II,(X) < CIL,(Y).

Every free Carnot group of step r > 2 has J"~!(R) (in fact every graded nilpotent Lie group of step r
with 2-dimensional horizontal layer) as a graded quotient group, and the projection map R* — R dualizes to
a graded embedding J"~}(R) — J"~}(R¥). See [BLUOT, Chapter 14 ] for background on free Carnot groups

and [War05] for background on the jet spaces groups J"~1(R¥).

Corollary 1.2. Let G be a Carnot group of step r that has J""Y(R) as a graded subquotient group, for
ezample G may be a free Carnot group, J"~H(R¥), or any Carnot group if r < 3. The set of p > 0 for which

G is Markov p-convez is exactly [2r, 00).
Proof. This follows from Theorems [4.1] and [£:2] and the preceding discussion. O

Recall that a subgroup I' < G of a Lie group G is a lattice if the subspace topology on I' is discrete and

G/’ carries a G-invariant, Borel probability measure.

Corollary 1.3. Let G be a Carnot group of step r that has J""Y(R) as a graded subquotient group, for
ezample G may be a free Carnot group, J"~*(R¥), or any Carnot group if r < 3 (by Lemma . LetT' <G
be a lattice equipped with the word metric with respect to a finite generating set (which exists by [Rag72,
Theorem 2.21]), and let Br(R) denote the ball of radius R in T centered at the identity. Then for any p > 0,

11
I, (Br(R) 2 —2 7

In(In(R))» 2
Proof. Let G,T',p be as above. The inclusion I' < G is a biLipschitz embedding onto a coarsely dense
subset when I' is equipped with the word metric with respect to a finite generating set (this can be proven
using Mostow’s theorem that lattices in nilpotent Lie groups are cocompact ([Mos62]) and applying the
fundamental theorem of geometric group theory). Thus it suffices to prove the conclusion for any coarsely
dense N” C G. Let N” be such a subset. By assumption, there is a Carnot group G’ and a graded quotient

homomorphism ¢ : G — G’ such that J""!(R) is a graded subgroup of G’. Then ¢ is a Lipschitz quotient
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map, so there is a constant C' < oo such that for any R > 3,

1, (Bnr(R)) 2 Ly (By(nn (R/C))

Thus it suffices to prove the conclusion for any coarsely dense subset N’ C G’. Let N’ be such a subset.
Fix B >> 1 and let N C J""}(R) be a coarsely dense, B-separated subset (each pair of distinct points in
N is separated by a distance at least B - such sets always exist by Zorn’s Lemma). Then since J"~!(R) is
a graded subgroup of G’, there is a biLipschitz embedding N — G’. If B is chosen large enough, we map
postcompose with a nearest neighbor map G — N’ to obtain another biLipschitz embedding N — N’. Then
the conclusion follows from Theorem O

The following quantitative nonembeddability estimate follows from the previous corollary and Theorem

A1

Corollary 1.4. Let G be a Carnot group of step v that has J""1(R) as a graded subquotient group, for
ezample G may be a free Carnot group, J"~(R¥), or any Carnot group if r < 3. Let I' < G be a lattice
equipped with the word metric with respect to a finite generating set, and let Br(R) denote the ball of radius
R in T centered at the identity. Let G’ be any graded nilpotent Lie group of step v’ < r. Then we have the

following estimate for cq/(Br(R)), the biLipschitz distortion of Br(R) in G':

ca'(Br(R)) 2

where the implicit constant depends on G and G’ but not on R.

Such quantitative nonembeddability estimates have been the subject of much attention for embeddings of
Heisenberg groups into certain Banach spaces, see [ANT13] and [LN14] for uniformly convex Banach space
targets and [NYIS8| for L' targets. In particular, it can be deduced from [ANTT3] and [Ass83|] that the
biLipschitz distortion of the ball of radius R in a lattice in the Heisenberg group into Hilbert space equals,
up to universal factors, m . Thus, our estimates in the previous corollary cannot be sharp when r = 2
and 7 = 1. However, these estimates seem to be the first of their type when the target is allowed to be
a nilpotent group of step larger than 1. Other quantitative nonembeddability estimates of between Carnot
groups were obtained in [Lil4], but they are of a different flavor. Since our estimates are not sharp for
r = 2,7 = 1, we speculate that they are not sharp for larger values of 7,7’ either. Next, we obtain new

results on the nonexistence Lipschitz subquotient maps.

Corollary 1.5. Let G be a Carnot group of step r that has J""1(R) as a graded subquotient group, for
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ezample G may be a free Carnot group, J"~1(R¥), or any Carnot group if r < 3. Let G’ be any graded

nilpotent Lie group of step r'.
1. G is not a Lipschitz subquotient of LP (or any p-convex space) for any p € (1,2r).
2. If r > 7', G is not a Lipschitz subquotient of G'.

Proof. These follow from the previous corollary, the fact that Markov p-convexity is preserved under Lipschitz

subquotients, Theorem and the classical fact that LP is max(2, p)-convex for p > 1. O

Essentially all of the previously know results of this flavor are proved as a corollary of Pansu differentiation
(Theorem , which applies when the domain is a (finite dimensional) Carnot group and the target is an
RNP Banach space or (finite dimensional) Carnot group. There is also a more recent differentiation theorem
of Le Donne-Li-Moisala ([LDLMI8]) which applies when the domain is a “scalable” group filtrated by (finite
dimensional) Carnot groups and the target is an RNP space. However, there does not seem to be a clear
way to deduce Corollary in full generality from any of these methods.

We may use Markov convexity again to prove nonexistence of subquotient maps onto some “infinite step”
graded Lie groups. See Section for the definitions of inverse limits, J°(R¥), and the free Carnot group

on k generators, F°.

Corollary 1.6. Let Gy < G1 < ... be an inverse system of graded nilpotent Lie groups such that for every
r, there is an i with J"~Y(R) a graded subquotient of G;, and let G, be the inverse limit group. For example,

G may be J®(RF) or F2e. Then Go is not a Lipschitz subquotient of any superreflexive space.

Proof. Pisier’s renorming theorem (Theorem [1.17)), states that any superreflexive Banach space is p-convex
for some p € [2,00). Thus it suffices to show that G is not Markov p-convex for any p € (0,00). For every
r > 1, J'77H(R) is a Lipschitz subquotient of G, so since Markov p-convexity is preserved under Lipschitz

quotients, the conclusion follows from Corollary O

Finally, we provide a positive result on the existence of embeddings using one of the main results of
[LNPQ9]. A metric tree is the vertex set of a weighted graph-theoretical tree equipped with the shortest

path metric.

Theorem 1.16 (Theorem 4.1, [LNP09|). If T is a metric tree and T is Markov p-convex, then T biLipschitz

embeds into LP.

Corollary 1.7. If a metric tree T is a Lipschitz subquotient of a graded milpotent Lie group G of step r,

then T biLipschitz embeds into LP for every p > 2r.

16



Proof. This follows from Theorem the fact that Markov convexity is inherited by Lipschitz subquotients,
and Theorem [[LT6] O

We conclude this introduction with a conjecture and a question.

Conjecture 1.1. For each graded nilpotent Lie group G, the set of p for which G is Markov p-convex is the

same as that of the largest Carnot subgroup of G.

Question 1.7. Let I' be a lattice in a Carnot group that does not biLipschitz embed into some other Carnot

Br(R
group G. What is the infimal o so that limsupp_, o CGI((;())) < 007
n [e3
1.3 Preliminaries
1.3.1 Banach Spaces
Definition 1.13. A normed space is a pair (V||| -||) where V is a vector space over R and || - || : V' — [0, 00)

is a morm, satisfying for all z,y € V and ¢ € R,
o ||z]| =0 = 2 =0 (Positive definiteness)
e ||cz| = |c|||lz]| (Absolute homogeneity)
o llo+yll < llz] + Iyl (Triangle inequality)

We will often suppress notation and just write V instead of (V, ||-||). These axioms imply that (z,y) — |Jz—y||
is a metric on V', and we will always treat normed spaces as metric spaces equipped with this norm. A normed
space for which the associated metric is complete is called a Banach space.

A linear map between normed spaces is bounded if it is Lipschitz, an isomorphic embedding if it is a
biLipschitz embedding, and an isomorphism if it a biLipschitz equivalence. Two norms on a vector space
are equivalent if the identity map is an isomorphism.

We let By denote the closed unit ball of V' centered at the origin.

Every finite dimensional normed space is a Banach space, and any two norms on a finite dimensional

space are equivalent.

Example 1.1. Given any Banach space (V, || - ||), there is a new Banach space (V*, | - ||v~) called the dual
space of V, consisting of the linear functionals A : V' — R for which sup,¢p, (o) [A(v)| < oo, equipped with

the norm [|[A|y+ := sup,cp, [A(v)].
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Example 1.2. See [Pis16, Chapter 1] for the following discussion. Given a Banach space (V,]|-]|), a measure
space (2,4, 1), and p € [1,00], we get a new Banach space LP(u; V) of (equivalence classes of) Bochner

measurable functions equipped with the norm

1 oy = ( / IIfIIPdu) '

A function Q — V is called Bochner measurable if it is a pointwise p-almost everywhere limit of a sequence
of simple functions.

When V =R, we get the classical Lebesgue space LP ().
Bochner measurable functions are Borel measurable, but generally not conversely.

Definition 1.14. A Banach space V is p-convez for some p € [2,00) if there exists an equivalent norm || - ||

and K < oo such that for every e € [0, 2],
sup{[[(z +v)/2[| : [l=]l, [yl < L[]z =yl = e} <1—-€"/K
Example 1.3. For any ¢ € (1,00) and measure u such that L?(u) is infinite dimensional, L9(u) is p-convex

if and only if p > max(2,q). Every finite dimensional normed space is p-convex for all p > 2.

Definition 1.15. Given a Banach space V', there is a canonical linear isometric embedding J : V. — V**

defined by J(v)(A) = A(v). V is reflezive if J is surjective.

Definition 1.16. A Banach space V' is superreflezive if every Banach space that is finitely representable in

V is reflexive.
An deep and important fact is Pisier’s renorming theorem.

Theorem 1.17 ([Pis16], Theorem 11.37). A Banach space is superreflexive if and only if it is p-convex for

some p € [2,00).
We recall again the definition of RNP spaces.

Definition A Banach space V has the RNP, or is an RNP space if every Lipschitz map R — V is

differentiable Lebesgue-almost everywhere.

Example 1.4. Separable dual spaces and reflexive spaces have the RNP. In particular, ¢! = ¢} has the
RNP. L'([0,1]) and ¢y do not have the RNP. For L!([0,1]), an example of a nowhere differentiable Lipschitz

map is furnished by ¢ — 1 4, and for co, t — (sin(nt)/n)oL,.
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It will be helpful to keep in mind the following chain of implications regarding Banach spaces.
p-conver = superreflexive = reflerive = RNP

See [Pis16l Chapter 2] for further background on the RNP and its many characterizations. We will state
a few important definitions and theorems as they concern this thesis, and the proofs can be found in [Pis16,

Chapter 2].

Theorem 1.18. A Banach space V' has the RNP if and only if for every probability space (2, A, P), filtration
(Ap)22y, and (Ap)S2-adapted martingale (M), taking values in a bounded subset of L (P; V'), there
exists an M € L>(P; V) such that EA»(M) = M,, for all n € N. Moreover, EA~(M) = M,, for all n € N if

n—oo

and only if M, "= M P-almost surely.

1.3.2 Lipschitz Free Spaces

Definition 1.17. Let (X, p) be a metric space with distinguished basepoint 0 € X. Let Lip, (X) denote the
Banach space of Lipschitz functions f : X — R satisfying f(0) = 0 equipped with the norm || f||Lip (x) =
Sup,,_;, W. Then X isometrically embeds into Lip, (X)* via § = p + §,, where 6,(f) = f(p). The

linear span of {d,},cx in Lipy (X)" is denoted by LFg, (X), and its closure by LF (X). LF (X) is a Banach

space called the Lipschitz free space over X.

Lipschitz free spaces are a very well-studied class of Banach spaces. See [Ost13, Chapter 10] and [Wea99]
(note that Lipschitz free space are called Arens-Eells spaces in that text) for textbook introductions to
Lipschitz free spaces and [God15] for a survey on more recent research.

We'll recall four fundamental facts about Lipschitz free space. The first is that LF (X)" = Lip, (X)
([Wea99, Theorem 2.2.2]). Let A € X x X denote the diagonal and set X := X x X \ A. Then p is
nonvanishing on X. Let ¢t (X )/ p denote the Banach space of countably supported measures y on X equipped
with the norm ||u|| = [ pd|u|. The second fact is that there is a linear quotient map  : £'(X)/p — LF (X)
defined on the canonical basis by 7(d(,4)) = 6, — 4. The third fundamental fact is that if 0 € ¥ C X,
the natural inclusion LF (Y') — LF (X) is an isometric embedding. This is due to the McShane extension
theorem: every Lipschitz function from Y to R can be extended to a Lipschitz function on all of X without
increasing the Lipschitz norm ([Wea99, Theorem 1.5.6(a)]). The fourth and final fact is the universal linear
extension property: Given any Lipschitz map f: X — V into a Banach space V with f(0) = 0, there exists

a unique bounded linear map Ty : LF (X) — V with f =T} o 6. Moreover, ||T¢|| = || f||Lip,(x)-
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1.3.3 Carnot Groups

The next several subsubsections don’t follow any particular reference, but ones we recommend are [BLUQ7]
for Carnot groups and [LD17] for graded nilpotent groups. We mostly follow [War05| for the subsection on

jet spaces.

Graded Nilpotent and Stratified Lie Algebras and their Lie Groups

Definition 1.18. A graded nilpotent Lie algebra (g, [-,]) of step r is a Lie algebra equipped with a grading
g = ®]_,0;, meaning g, # 0, [i,9;] C giy; if i +j <7, and [g;,9;] = 0if ¢ + j > r. A stratified Lie algebra
(g,[,"]) of step r is a graded nilpotent Lie algebra of step r such that the Lie subalgebra generated by g; is
all of g. The grading is called a stratification, g1 is often called the horizontal layer (or stratum), and g is
said to be horizontally generated. Whenever a Lie algebra g (not presumed to be equipped with a grading)
admits a stratification, it is unique (Lemma 2.16, [LD17)). A graded nilpotent Lie group of step r is a simply
connected Lie group whose Lie algebra is graded nilpotent of step r. A graded nilpotent Lie group whose
Lie algebra is stratified is a Carnot group. A graded homomorphism or map is a Lie group homomorphism
between graded nilpotent Lie groups whose derivative is a graded Lie algebra homomorphism. One graded
nilpotent Lie group G’ is a graded subgroup of another graded nilpotent Lie group G if there is an injective
graded homomorphism from G’ into G. One graded nilpotent Lie group G’ is a graded quotient group of
another graded nilpotent Lie group G if there is a surjective graded homomorphism from G onto G’. One
graded nilpotent Lie group G’ is a graded subquotient group of another graded nilpotent Lie group G if
there is another graded nilpotent Lie group G such that G” is a graded subgroup of G and G’ is a graded
quotient group of G”, or, equivalently, there is another graded nilpotent Lie group G such that G” is a

graded quotient group of G and G’ is a graded subgroup of G”.

Given a graded nilpotent Lie group G and its Lie algebra g, since g is nilpotent and G is simply connected,
the exponential map is a diffeomorphism, and thus we can use it to equip g with a graded nilpotent Lie group
structure such that it becomes graded isomorphic to G. The Baker-Campbell-Hausdorff formula provides a

formula for the group product on g in terms of the Lie algebra structure (Section 2, [War(05]):

Yy = Z D™ Z +(adz)P* (ady)®" ... (adz)P" (ady) ™" 'y (1.1)

n>0 0<pi+q:
1<i<n

where (adz)y = [z,y] and Cpq = pilai!...pulgn! (O pi + ¢;). In this formula and what follows,
whenever g is a graded nilpotent Lie algebra, we equip it with the product defined by (1.1)) and simultaneously

think of g as a graded nilpotent Lie group and Lie algebra. We will always use juxtaposition to denote the
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group product.

Definition 1.19. Every graded nilpotent Lie group G has a canonical family of dilations §; : G — G

parametrized by t € (0,00) whose derivative d; : g — g is defined by

6p(x) == toy +Pay + .. "2,

where g is the Lie algebra, and z; € g; is the g;-component of x € g.

t — §; is an automorphic Rsg-action on G. It can be deduced that a Lie group homomorphism 6
between graded nilpotent Lie groups is a graded homomorphism if and only if it is d;-equivariant, that is,
0(0:(x)) = 6:(0(x)), where we’ve abused (and will continue to do so) notation and written d; for the dilation

on both the domain and codomain.

Norms and Metrics

Definition 1.20. Let G be a graded nilpotent Lie group. A homogeneous quasi-norm on G is a continuous

function N : G — R such that for all x € G and t € Ry,
e N(z) > 0 (Positive semi-definite)
o N(@1) = N(z) (Symmetry)
e N(d:(z)) =tN(z) (Homogeneity)

If additionally N(z) = 0 implies © = 0, then N is a positive definite homogeneous quasi-norm, and if

N(zy) < N(x) 4+ N(y) for all z,y € G (triangle inequality), N is a homogeneous norm.

For any two positive definite homogeneous quasi-norms N, N’ on G, the continuity, homogeneity, and
positive definiteness of N, N’, together with the compactness of the unit sphere in @Lleim(gi), imply that

N and N’ are biLipschitz equivalent, that is, there is a constant 0 < C' < oo such that

C™'N(x) < N'(z) < CN(x)

for all z € G.

Positive definite homogeneous norms always exist, most famously those considered in [HS90]. Thus any
positive definite homogeneous quasi-norm N satisfies the quasi-triangle inequality: there is a 0 < C' < oo
such that for all z,y € G,

N(ay) < C(N(x) + N(y))
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Typically one requires that every homogeneous quasi-norm N satisfies the quasi-triangle inequality. Al-
though it turns out that the quasi-norms we consider in this article do satisfy the quasi-triangle inequality,
we only need to know this for positive-definite quasi-norms and thus do not explicitly make this requirement.

There is a bijective correspondence between homogeneous, positive definite quasi-norms N on G and

left-invariant, homogeneous quasi-metrics dy on G via N +— dy defined by

Positive definiteness of N implies positive definiteness of dy, symmetry of N implies symmetry of dy,
homogeneity of N implies the homogeneity of dy (meaning dy(:(z),d:(y)) = tdn(z,y)), and the quasi-
triangle inequality of N implies the quasi-triangle inequality of dy. The left-invariance of dy is automatic
from the definition. N satisfies the triangle inequality if and only if dy does. The inverse of N +— dy is
d — Ny, where Ny(x) := d(0,z). In addition to those determined by the homogeneous, positive definite
norms from [HS90], there are canonical left-invariant, homogeneous metrics on Carnots groups called Carnot-
Caratheodory metrics, denoted doc. These metrics are also geodesic. See [BLUQT] or [LD17] for further
information.

Whenever dealing with a graded nilpotent Lie group, we will automatically assume it is equipped with
a left-invariant, homogeneous quasi-metric. By the preceding discussion, this quasi-metric is well-defined
up to biLipschitz equivalence, so any biLipschitz-invariant property of metric spaces we may well attribute
to a graded nilpotent Lie group G knowing only the algebraic structure of its graded Lie algebra. The
d¢-equivariance of graded group maps implies that any graded map between graded nilpotent Lie groups is
Lipschitz, and thus graded group embeddings are biLipschitz embeddings, graded quotient maps are Lipschitz

quotient maps, and graded group isomorphisms are biLipschitz equivalences.

Pansu’s Differentiation Theorem

A Carnot group is in particular, a locally compact group, and thus supports a Haar measure. It turns
our that nilpotent Lie groups are unimodular, so we make no distinction between the left and right Haar
measures. It also turns out that Haar measure is homogenous with respect to the dilations, that is, there
is some s > 0 such that A(§;(E)) = t*A(F), where E C G is Borel and A is Haar measure. Given a Carnot
groups G, we will always consider it equipped with a left-invariant homogeneous metric d and Haar measure
A so that (G, d, \) is a metric measure space.

As far as the biLipschitz theory is concerned, the following theorem is the most fundamental.

Definition 1.21. Let (G, dg) be a Carnot group and (X, dx) a Carnot group or a Banach space, f : G = X
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a map, and p € G. We say that f is Pansu differentiable at p if there exists a Carnot group homomorphism

0 : G — X such that, for each K C G compact,

sup dx (8, (F(p) ™"+ f(p+ 8:())). 6(a) ) ' 0

qeK

Theorem 1.19 ([Pan89)). Fvery Lipschitz map from a Carnot group to another Carnot group or RNP
Banach space is Pansu differentiable almost everywhere. Consequently, if G biLipschitz embeds into H, then

G is a Carnot subgroup of H.

In the preceding definition and theorem, we need to interpret the notion of “Carnot group homomor-
ab
phism” when the target is a Banach space V to mean a map that factors G — G2 =~ g; LV where T is a
linear map.

Pansu’s theorem has another important consequence, the unique lifting theorem.

Theorem 1.20. For any Carnot group G and Lipschitz maps f,g: R — G, if f(p) = g(p) for somep € G

and Tap 0 f = Tap 0 g (Tap : G — G2 denotes the abelianization), then f = g.

Model Filiform Groups and Jet Spaces over R

We follow [War(5] (especially Example 4.3) throughout this subsection. The model filiform group of step
r > 1 is the Carnot group with stratified Lie algebra g = (RX @& RY7) @]_, RY;, where X, Y] is a basis for
g1 and Y; is a basis for g; for 2 < i < r, and the nontrivial bracket relations are given by [X,Y;] = Y;41 for
1 <4 <r—1. Clearly, for s > r, there is a canonical Carnot group quotient map from the model filiform
group of step s to that of step . The model filiform group of step 2 is frequently called the Heisenberg group,
and the one of step 3 the Engel group. The corresponding Lie algebras are the Heisenberg algebra and Engel
algebra.

The jet space over R of step r > 0, denoted J"~1(R), is a certain Carnot group of step 7 graded isomorphic
to the model filiform group of step 7. There are also jet space groups J"~'(R*) over higher dimensional
Euclidean space, but we will focus on k& = 1 in this discussion. As a set, J"~}(R) consists of equivalence
classes of pairs (z,f) where z € R and f € C""}(R). Two pairs (z, f), (y,9) are equivalent if z = y
and f®)(z) = g®(y) for all 0 < k < r — 1. We define maps m,, 7 : J*7Y(R) = R, 0 < i <r—1, by
7.([(y,9)]) = v and 7;([(y,9)]) = ¢ (y). These maps are obviously well-defined and the direct sum map
Ty 69?;01 mr—1—i: JTTHR) = R x R" is a bijection. For v € J"~}(R), the quantity 7, (v) is referred to as the
x-coordinate and 7;(v) as the u;-coordinate. We equip J"~1(R) with a topological vector space structure so

that this map is a linear homeomorphism, and from this point on will represent elements of J"~!(R) using
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these coordinates. We will especially represent elements as pairs (y,v) € J""}(R) = R x R” so that y € R,

v € R", and 7,((y,v)) = y. Although we won’t explicitly use it, the group operation on J"~!(R) is given by

7 (T, Up1, .. o) * (Y, Vr1,. .. 00)) =2+ Yy

r—1 —i
mi((@y w1y ug) * (Y, Up—1, ... 00)) = u; +v; + Z Uj
Pt Ul

Given y € R and g € C"}(R), we get an element [j"~1(y)](g) € J"*(R) defined by

called the jet of g at y. The following two Lemmas are essentially all we need to know about jet spaces. The
first is a special case of [RWT0]. Although their lemma is stated for C" functions, the proof works the same

in the case of C™~1! functions.

Lemma 1.1 (pages 4-5, [RW10]). For any [a,b] CR and ¢ € C"~11([a,b]),

) b—al
Le°([a,b])

Lemma 1.2. There is a constant ¢ > 0 such that for all (z,u), (z,v) € J"}(R),

dec(l B0 @l < (1+ 6

doc((x,u), (z,v)) > c|mo(u — v)|%

Proof. By left invariance of dce and the ball-box theorem (see Corollary 2.2 of [Junl9], there is a constant

¢ > 0 such that for all (z,u), (z,v) € J"~}(R),

3=

dcc((.ﬁ,u), ('T’U)) 2 c|7r0((a:,v)71(x,u))|
and by Lemma 3.1 from [Junl7],
mo((w,v) ™ (x,u)) = mo(u —v)
O

The following lemma will be used to obtain lower bounds on the Markov convexity of Carnot groups of

step 2 or 3.
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Lemma 1.3. Every Carnot group of step 2 or 8 contains the model filiform group of the corresponding step

(the Heisenberg or Engel group) as a graded subquotient group.

Proof. Let G be a Carnot group of step 2 with stratified Lie algebra g = g1 @ g2. Since g has step 2, there
is a nonzero Va5 € go. Since g is horizontally generated, there exist U, Vi € g1 such that [U, V1] = V5. Recall
that the Heisenberg algebra has first layer generated by linearly independent vectors X, Y7, second layer
generated by Yo # 0, and nontrivial bracket relation [X,Y7] = Y5. Then it easily follows that X — U,
Y1 — Vi, Yo = V5 is a graded algebra embedding into g. This proves that the Heisenberg group is a graded
subgroup of G.

Now assume G is of step 3 with stratified Lie algebra g = g1 ® g2 @ g3. By the grading property, any
subspace of g3 is an ideal, and thus there is a graded algebra quotient map onto another step 3 stratified Lie
algebra whose third layer is one dimensional. Thus we may assume g3 = RW, W £ 0, and prove that the
Engel algebra embeds into g. Since g is horizontally generated, W = [Uy, [Ua, Us]] for some Uy, Us, Us € g;.
First we claim that there is a 2-dimensional subspace of the span of Uy, Us, U3 that generates a Lie subalgebra
of step 3. After proving the claim, we’ll show that this subalgebra must be graded algebra-isomorphic to the

Engel algebra. To prove the claim, we’ll show that at least one of the following is nonzero:

1. [Un, U1, Us]]
2. [Uy, U1, Us]]
3. [Us, Uz, Us]]
4. [Us, [Us, Us]]

5. [Ur + U, [Uy 4 Uy, Us]]
6. [U1 + Us, [Ur + Us, Us]]

Assume that all terms are 0. First let’s see that [Us, [Us, Up]] = W.
()]
0= [U1+ Uy, [Us + Uz, Us]] = [Uy, [Uy, Us]] + [Un, [Us, Us]] + [Uz, [Us, Us]] + [Uz, [Uz, Us]]

W+ [Us, [Ur, Us]] = W — [Uz, [Us, Un]]

Using (6), (1), (4) in place of (), (2), (3) shows [Us, [U1,Us]] = W. Putting these together yields:

[Ul, [UQ,U;;H + [UQ, [Ug, Ul]] + [Ug, [Ul, Ug]] =3W #0
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in violation of the Jacobi identity. This proves the claim.

So now the situation is that there are 7y, Zy € g1 with [Zy,[Z1, Z5]] = zW for some z # 0. Recall that
the Engel algebra has first layer spanned by X, Y7, second layer by Y5, and third layer by Y3 with nontrivial
bracket relations [X,Y;] = Y2 and [X,Ys] = Y3. Let 2/ € R such that [Zs,[Z1, Z2]] = 2’W. Then since
[Z1,[Z1, Z5]] = z2W # 0, the map from the Engel algebra into g defined by

!/
X2y, YieZo—=2i, Yo [Z1,Z)),  Yser W
z

is a graded algebra embedding. O

Remark 1.2. The analogue of Lemma [I.3] is false for groups of step larger than 3. Let g be the stratified
Lie algebra g = @legi with g1 = RX1; & RX19, g2 = RX5, g3 = RX3; & RX39, g4 = RXy and nontrivial
brackets [X11, X12] = Xo, [X11, X2] = X531, [X12, Xo] = X390, [X11, X51] = X4, [X12, X32] = X4. The only
graded quotient maps from g onto another step 4 stratified Lie algebra or graded embeddings into g from

another step 4 stratified Lie algebra are isomorphisms.

Infinite Step Carnot groups

Given an inverse system of graded nilpotent Lie groups Gy & Gy & ..., where each p; is a graded quotient
map, we define the inverse limit metric group, G, to be the subgroup of (€52, G;)s consisting of those
sequences (z;)$2, for which p(x;41) = x; for all i > 1, where ($52,G})co is the foo-sum of the pointed metric
spaces (Gi,dcc,0). G inherits a left-invariant homogeneous metric from (©$2,G;)oo (Where the dilations

d; are defined on G in the obvious way), and each G; is a Lipschitz quotient of G .

Definition 1.22. J(R¥) is the inverse limit metric group, equipped with the induced &;-action, associated
to the natural inverse system formed by the jet space groups, JO(R*) & JY(RF) & ..., See [War(5)
for background on jet space groups. Similarly, F;>° is the inverse limit metric group, equipped with the

induced d;-action, associated to the natural inverse system formed by the free Carnot groups on k generators,

E} 2 F2 2 .. See Chapter 14 of [BLUQ7] for background on free Carnot groups.

1.3.4 Lipschitz Differentiability Spaces

For additional information on Lipschitz differentiability spaces, see [KM16], and note that we only consider

single chart spaces in this thesis.

Definition 1.23. Let (X, d) be a metric space, 1) : X — R* a Lipschitz map, and p € X. Let (V,]|-||) be a

Banach space and f : X — V a map. We say that f is differentiable with respect to ¥ at p if there exists a

26



unique linear map Dy fp : RF — V such that

o 10(2) = F®) = Dy 6(2) = ()]

=0
—p d(x, p)

In this case, Dy f,, is called the derivative of f with respect to v at p.

Definition 1.24. Let (X,d,u) be a metric measure space, meaning (X,d) is a metric space and u is a
complete Borel measure on X. (X,d, i) is an (single chart) RNP Lipschitz differentiability space (henceforth
RNP LDS) if there exists a Lipschitz map 1 : X — R¥ such that, for every RNP space V, every Lipschitz

map X — V is differentiable with respect to ¢ p-almost everywhere.

Example 1.5. Rademacher’s theorem states that R™ is an RNP LDS when equipped with the Euclidean

metric and Lebesgue measure. The chart 1 is the identity map.

Example 1.6. Pansu’s differentiation theorem implies (with slight modification) that every Carnot group

G is an RNP LDS. The chart 1 is the abelianization map G — G2 = g;.

Example 1.7 ([CK15], Theorem 9.1). Laakso space is an RNP LDS when equipped with a certain probability

measure. The chart 4 is the projection 7y : Goo — Go = [0, 1].

The concept of a LDS was first conceived by Cheeger in [Che99] in the context of doubling metric measure
spaces admitting a Poincaré inequality, PI spaces. A metric measure space (X, d, ) is doubling if there exists
C < oo such that for all p € X and r > 0, pu(Ba,(z)) < Cu(B,(z)). Since we never work directly with
Poincaré inequalities in this thesis, we omit their definitions. The systematic study of PI spaces was initiated
by Heinonen-Koskela in [HK98]. [CK09, Theorem 1.5] states that PI spaces can de decomposed (up to a

null set) into a countable union of RNP LDS’s.

Definition 1.25. Let (X, d) be a metric space. Given a point p € X, a sequence (r;)$2,, decreasing to 0 and
a nonprincipal ultrafilter & on N, we define the tangent cone of X at p, Tgi’”X7 to be the U-ultralimit of
the sequence of pointed spaces (X, p, %d) Given a Lipschitz map X — V into a Banach space, the blowup
of fat p, fp: TyHX — V, is the Y-ultralimit of the sequence of maps -(f — f(p)) : (X,p, -d) =V, if
it exists (this is slightly abusive since the notation f, does not reflect the dependence on r; and U). The
U-ultralimit exists if the limit exists in the usual sense or if V' is finite dimensional. Also observe that if f,

exists and f is a biLipschitz embedding, then so is f, (with distortion bounded by that of f).

Proposition 1.1. Let (X, d) be a metric space, 1 : X — R* a Lipschitz map, and p € X. Let (V,]| - ||) be

a Banach space and f: X — V a Lipschitz map. If f is differentiable with respect to v at p with derivative
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Dy, fp, then for every sequence (r;)$2, decreasing to 0 and nonprincipal ultrafilter U on N, f, : T} UX -V

exists and f, = Dy fp 0 ¥p.

Proof. Assume f is differentiable with respect to ¢ at p with derivative Dy, f,. Let (;)52, and U be as above.

Let z € Ty U X. This means z is the equivalence class of a sequence (z;)%2, € X with sup;, d(pri’fi) < 0,

[(z;)32,]. First assume f, exists. Then

1£o(@) = Dy fy 0y @) = Hu i 0 = ()

i—00 T

oo )|

1—»00 Ti

— - lim | f(z:) = f(p) = D;p'fp ((z5) — (p))|
< (s 9022 . gy Lo = 1) Doy ) =W _

where the last equality holds since the usual topological limit exists by definition of derivative, and usual
topological convergence implies U-ultraconvergence. Since x € T} U X was arbitrary, we get f, = Dy f, 0.

This argument can also be turned around to prove that f, exists. O

As far as the biLipschitz theory is concerned, the following theorem is the most fundamental.

Theorem 1.21 ([CK09], Theorem 1.6). Suppose (X,d, ) is an RNP LDS with chart 1) : X — R*. If there
exists a Borel set E C X such that u(E) > 0 and, for every p € E, there exist a sequence (1;)32, decreasing
to 0 and a nonprincipal ultrafilter U on N such that 1y, : T;i’“X — R* is not injective, then X does not

biLipschitz embed into any RNP space.

Proof. We proceed by contradiction. Assume there exists a Borel set E C X such that u(E) > 0 and,
for every p € E, there exist a sequence (r;)5°, decreasing to 0 and a nonprincipal ultrafilter &/ on N such
that ), : TZ’;“”X — RF is not injective and that there is an RNP space V and a biLipschitz embedding
f: X — V. Then by definition of RNP LDS with chart v, f is differentiable with respect to v p-almost
everywhere. Then since p(E) > 0, there exists a point p € F such that f is differentiable at p. By the
preceding proposition, f, exists and f, = Dy, f,01,. Since f is a biLipschitz embedding, so is f, = Dy, fpotp.

In particular, Dy f, 09, is injective, contradicting 1, is not injective. O

Definition 1.26. A metric space (X, d) satisfies the differentiability nonembeddability criterion into RNP

spaces if there exists a Borel measure p so that (X, d, ) satisfies the hypotheses of Theorem

Example 1.8. The Heisenberg group (or any nonabelian Carnot group) satisfies the differentiability nonem-
beddability criterion. The existence of the dilations §; and that fact that closed balls in H are compact implies

every tangent cone T7+“H = H canonically and 72> : T7*“H — R? = 72" : H — R? canonically.
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Example 1.9. Laakso space satisfies the differentiability nonembeddability criterion; we can take F = G.
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Chapter 2

Thick Families of Geodesics and
Differentiation

2.1 Introduction

This chapter is devoted to proving the results stated in Section [1.2.1

2.1.1 Outline

We discuss our methods of proof in Section Section [2.1.3] sets notation and terminology not already
covered in Chapter

Sections [2.2}{2.6] are concerned with the proof of Theorem Section contains the proof of Corollary
and Section [2.8| contains the construction of the inverse limit of graphs in nonRNP Banach spaces from
Theorem 2.0l

For an efficient reading of Sections [2.2 we advise the reader to start with Section skip ahead
to Section [2.6] and then refer back to the between sections as they are needed to understand the proof of
Theorem 2.9

In Section we give the axioms for thick inverse systems of graphs whose inverse limit we are able to
prove the weak form of differentiation of. Also included in this section are frequently used consequences of
the axioms and a proof of one of the main theorems of the article, Theorem [2.I} This theorem asserts the
existence of the thick inverse system of graphs in any metric space containing a thick family of geodesics.
In Section we define the set So, and prove pio(Seo) > 0. We also include results on asymptotic local
geometry of the graphs. Section [2:4] covers the use of conditional expectation in approximating functions
on X, via functions on X;. Also in this section is the definition of the derivative of RNP space-valued
Lipschitz functions on X,. A relevant maximal operator and corresponding maximal inequality are defined
and proved in Section Section [2.6] contains the proof of the main theorem, Theorem [2.9] the weak form

of differentiability.
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2.1.2 Discussion of Proof Methods

The subset X, of a metric space M containing a thick family of geodesics from Theorem is constructed
as an inverse limit of graphs. Cheeger and Kleiner proved in [CK15] that inverse limits of certain “admissible”
inverse systems of graphs, such as Laakso spaces, are PI spaces and hence RNP Lipschitz differentiability
spaces. It is this result which lead us to believe that X, could be constructed to satisfy some kind of
RNP Lipschitz differentiability. However, our space X, cannot be constructed to be a PI space in any
obvious way, and thus the theory of [CK09] does not apply; we are required to construct derivatives of
RNP-valued Lipschitz functions and prove their defining approximation property by hand. To do so, we use
only the almost sure differentiability of Lipschitz maps R — B and the almost sure convergence of B-valued
martingales for RNP spaces, which are quite classical compared to the asymptotic norming property of RNP
spaces used in [CK09]. We also make heavy use of the uniform topology on Banach spaces of Lipschitz
functions, in contrast to the Sobolev space techniques employed in [CK09] and [CK15].

Apart from these differences in proof techniques, the inverse systems of graphs we consider are funda-
mentally different from the admissible systems in [CK15] for two reasons. Firstly, in [CK15], the graphs
are equipped with geodesic metrics, and the metrics on our graphs are only geodesic along directed edge
paths. In fact, the inverse limit space need not even be quasiconvex, while PI spaces are always quasiconvex.
Secondly, in [CK15], the lengths of edges in the sequence of graphs decrease by a constant factor m > 2 in
each stage of the sequence, independent of the stage or edge. In our graphs, the edge lengths decrease by
factors going to co. We make frequent use of this rapid decay in a number of independent results, such as
, , and Lemma Loosely, the rapid decay in edge length allows us to well-control the local
geometry near a point along scales proportional to the lengths of edges containing the projections of the
point, at the cost of control over the geometry along other scales, which would be necessary to prove true
RNP differentiability.

The uniform topology on Lipschitz algebras has been studied before within the context of Lipschitz
differentiability spaces. For, example, in [Sch14], Schioppa showed how to associate a Weaver derivation
(which involves continuity with respect to uniform topology) to an Alberti representation, and Alberti
representations were demonstrated by Bate in [Bat15] to be intimately connected to Lipschitz differentiability.
Schioppa constructs the partial derivative of a function by taking its derivative along curve fragments and
averaging them together with respect to the Alberti representation. Our procedure for constructing the
derivative of a function (see Theorem , is very similar in nature; indeed, Lemma gives Alberti
representations of p;, which (after taking a suitable limit) give rise to an Alberti representation of pioo.

We also note that in [Batlh], Bate gives necessary and sufficient conditions for a collection of Alberti
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representations to induce a Lipschitz differentiable structure on a metric measure space using what he called
universality (see Definition 7.1 from [Batlf]). Our representation from Lemma will generally fail this
property (or at least doesn’t obviously satisfy it - we don’t actually provide an example), which is consistent
with our discussion that the space (Xoo,d, ioo) is not a true Lipschitz differentiability space (again, we
don’t actually provide an example of this). We believe it is possible to find a weakened form of universality
corresponding to the weakened form of differentiation from Theorem

The construction of the inverse limit of admissible graphs, X, of Theorem [2.10] is achieved by fine
tuning two of the aspects of Ostrovskii’s construction of a thick family of geodesics in nonRNP spaces. His
construction is also essentially an inverse limit of a system of graphs, but the system is not “admissible” in
the sense of [CK15] for two reasons. Firstly, the metrics on his system are not uniformly quasiconvex, which
is a necessary condition for the inverse limit metric space to be a PI space. Secondly, the lengths of edges
in a graph in an admissible system must be constant, but in the system of [OstI4b], the ratio of lengths of
two edges in a graph may become unbounded.

The second obstacle is easily overcome in the following way: the length of an edge in a graph in the
system from [Ost14b] corresponds to the coefficient «; of some convex combination z = ay21 +. .. @y 2, With
||z = 2] > 6 and ||z||, ||z:]] < 1. By density of the dyadic rationals in (0, 1), we may make small adjustments
zi — 2z, to obtain z = q12] + ... ¢nz, with each ¢; a dyadic rational, all while maintaining ||z — z}|| > ¢

and ||z]],]|z}]] < 1. We then ‘split up’ the convex combination into terms whose coefficients have numerator

equal to 1. For example, $2{ + §25 + 324 — 32] + 32| + $25 + +25. The edges corresponding to this convex
combination now all have length i. The first obstacle can be overcome by constructed X; with rapidly
decreasing edge length, similar to construction in the proof of Theorem Using the rapid decrease in edge

length to control the quasiconvexity of the graphs is similar to the proof of Lemma [2.2

2.1.3 Notation and Terminology

Given two metric spaces (X,dx) and (Y,dy) and a Lipschitz map f : X — Y, we define Lip (f) :=

dy (f(2),f(y))

Iy For a metric space (X, d) with basepoint g, define Lip,(X; B) to be the Banach space

SUPg-y
of Lipschitz functions f : X — B satisfying f(z9) = 0, equipped with the norm || f||vip,(x;5) = Lip(f).
When B = R, we simply recover the Lipschitz free space from Deﬁnition Note that, when diam(X) < 1,
Il fllipy(x:8) < lfllee(x) (we shall generally find ourselves in this situation).

A finite, metric graph (or just graph) is a metric space X equipped with a finite set of vertices, V(X),

and a finite set of edges, F(X), satisfying some properties.

e V(X)C X, and E(X) C P(X), the power set of X.
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e Each e € E(X) is isometric to a compact interval [a, b], and under any isometry [a,b] — e, a and b get

mapped to vertices, called the vertices of e, and no other point ¢ € (a,b) gets mapped to a vertex.
o Ifej,e0 € E(X) with e # eq, then e; Ney is empty, or ey N ey consists of one or two vertices.

The graph is directed if each edge is equipped with a direction, which is simply an ordering of its two
vertices. The first vertex is called the source, and the second is called the sink. We say that the edge is
directed from the source to the sink.

If A is a Borel subset of a finite graph, |A| denotes its length measure. If z,y are points in a finite
graph, |x — y| denotes the distance between z and y with respect to the length metric, the metric given by
the infimal length of paths between = and y. A length minimizing path from z to y will be denoted [z, y]
(so that |x —y| = |[z,y]|), and is frequently referred to as a shortest path. Since shortest paths need not
be unique, the notation “[z,y]” does not unambiguously define one set, but it should be clear from context
what is being referred to. In any case, as far as this article is concerned, the nonuniqueness of shortest paths

don’t pose any problems.

2.2 Inverse Systems of Nested Graphs

We begin this section by listing some axioms for a “thick inverse system” of nested metric graphs, see Defi-
nition We introduce thick inverse systems for two reasons: one - we are able to prove our differentiation
theorem, Theorem for the inverse limit of these systems, and two - we are able to prove that a thick

inverse system can be found in any metric space containing a thick family of geodesics, see Theorem [2.1

2.2.1 Axioms and Terminology

Definition 2.1. An inverse system of nested metric measure directed graphs satisfying the following Axioms

I(AL)[- and equipped with the measure from Definition will be called a thick inverse system.

— —
We use the notation (Xo,d, uo) € (X1,d, 1) C ... for a system of nested metric directed graphs. The

7T;+1 omit? X = X,

maps X;11 — X; are denoted 7rf+1. Let ¢ > 0 and j > i, and define ﬂg = 41 O T

Graph and Length Axioms:

(Al) X, has two vertices, denoted 0 and 1, and one edge directed from 0 to 1, with length 1. We identify
Xo with I :=10,1].
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e Vi (_e)

Figure 2.1: A directed edge e of X;, shown in black.

vo(e) e’y e' e'y vi(e)
> —>—0 > —>—¢—>— > —>—¢ — > ¢

Figure 2.2: The directed subdivision of e in X/. Terminal subedges e and e} are shown in blue, and
nonterminal subedges are shown in black.

e’y
2P

> >
vo(e) e’ e' x e’y vi(e)
Figure 2.3: The set (7.t')7!(e) in X;41. Terminal intervals are shown in blue, nonterminal intervals are

shown in black, and circles are shown in orange. Examples of subedges ¢/ and opposite subedge egp are
labeled, as are example point and opposite point x and z°P, shown in red.

(A2) There is a directed subdivision of X;, denoted X, satisfying the properties below. It will be helpful to
refer to Figures and while reading (A2)]

(i) For each edge ¢/ € E(X]), (7iT1)~1(e/) = €' Ue!

g op» Where either ef, = ¢/, or e[, is an edge having

P P

the same source and sink vertices as €', but whose interior is disjoint from the rest of X;,1. The
edge egp is called the opposite edge of ¢’ in X,;; (we may write ey, or e°® depending on the
presence of other super or subscripts). We also define (ef,,)op := €.

i+1
%

For future use, we note that, with respect to the length metric, the diameter of (7!"")~!(e’) equals

Thus, with respect to d,

']

diam((7i 1)~ (e") < |¢/| (2.1)

Given a point x € €', we similarly define z°P to be the unique point of e, for which 7t (2°P) = a,
and call 2°P the opposite point of x (in X;y1). (If ef, = €/, then 2°P = x. We may also write

Zop depending on the presence of other super or subscripts.) Again, we also define (z°P)°P := z.

If e, = €, we call (7T2:+1)_1(8/) an interval (it is an interval topologically). If e[, # €', we call
(7‘(’2-’_1)_1(6/) a circle (it is a circle topologically).

(i) If ef and €} are terminal edges in the subdivision of some edge e € E(X;) (meaning they share a

i1

) =1(el) and (7t1) 71 (e}) are intervals (so not circles). We refer to these

vertex with e), then (7
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edges of X/ and X;;1 as terminal intervals (sometimes terminal edges) of X;;; and also as
terminal subintervals (sometimes terminal subedges) of e. We note that a subedge ¢’ € E(X))

of e is not a terminal subinterval if and only if it is contained in the interior of e.
Metric Axioms:

(A3) For any i > 0, d is geodesic when restricted to any directed edge path of X;, meaning there is an

isometry from a compact interval to this edge path.

(A4) 7™ : X;p1 — X/ acts identically on any e’ € E(X]) C E(X;11), and it collapses any €}, € E(X;41) \

E(X]) isometrically onto ¢’.

Thickness Axiom:

Suppose €’ € E(X]

/) is an edge such that (7:™')~'(¢’) is a circle. For any ¢ € ¢/, let t°P € eop denote the

'l and

opposite point. Define the height of ¢’ by ht(e’) := max,ec. d(p, p°P) (the height is between 0 and |e

is a measure of how close the circle is to being to a standard circle; it equals |e/| if and only if the circle is

isometric to a standard circle of diameter |e’|).
(A5) There is a constant a > 0 (independent of ) such that ht (e’) > «a|e’| for every ¢’ € E(X]).

(A6) Let P be a directed edge path from 0 to 1 in X/, and let Ego(P) denote the set of edges ¢/ C P along
the path for which (7i*1)~1(¢’) is a circle. Then there is a constant 8 > 0 (independent of i and P)

such that | U Ecc(P)] > 8.
Measure Definition:

Definition 2.2. Define (p3)52, to be the unique sequence of probability measures satisfying the following
recursion: i is length (Lebesgue) measure on X = [0, 1]. Restricted to any edge of X;11, p;+1 is a constant
multiple of length measure and for any e’ € E(X}), piy1(e’) = pi(e’) if e, = €', and piq1(€') = pira(eg,) =

suie)) if e, # €.

2.2.2 Elementary Consequences of Axioms

Throughout this subsection, fix a thick inverse system, using the same notation as in the previous subsection.
We begin with a proposition that lists, without proof, some elementary consequences of the axioms. We use
these facts often and without mention. Then we prove some less immediate facts about the metric structure

that will be needed for subsequent results.

Proposition 2.1. The following are true:
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e The map wf“ : Xit1 — X, is a projection onto X; C X1, aitl

Ty, = idx

° 7T§+1 is direction preserving, and by induction the same is true for @, j > i. Thus, m restricted to

any directed edge path is an isometry.

e The restriction of p; to any interval or circle of X; is a constant multiple (with constant < 1) of length

measure.

(M) (1) = pi
Definition 2.3. For any i > 0, define AP := min cp(x,) || and

5{3 = maXe e p(X)) ‘AeEl The maximum is well-defined because each graph has finitely many edges.

Definition 2.4. Forany j > i > 0 and z € X, define e;(«) and €} (x) to be edges of X; and X, respectively,
containing 7Tg (z). These edges are unique except when z is a vertex, and the set of vertices form a measure

0 set.

Lemma 2.1. If (8})2 is a positive decreasing sequence with & < 5, and if 6F < 6., then for any j > i >0

and z; € X, diam((w))~ (x;)) < 28)|ei(x)].

Proof. Assume &, 67, and x; are as above. Let x; € (7))~ (z;), and for k = i...j, set xy := 7 (z;). By
R2.1), d(z, xx41) < e}, (zx)|. By a repeated application of the definition of 67, we have |e} (zx)| < 0F - 65, -
0 e; ()| < (8))*+17e; ()|, where the least inequality holds since ¥ < &}, and §j, is decreasing. Then
we have d(z;,z;) < ch;i d(xg, xpe1) < (ZJ (k1 1) lei(z;)| < 26|e;(x;)|, where the last inequality

holds since §; < &) < % O

Definition 2.5. For any ¢ > 0, e € E(X;) and ¢ € E(X]) with ¢’ a nonterminal subedge of e, define
Ad(e,e') :=d(e’, X; \ e). This is positive by compactness and since ¢’ belongs to the interior of e (since it is
nonterminal). Define A¢(e) to be the minimum of A¢(e,e’) over all nonterminal e’ C e, and define A¢ to be

the minimum of A¢(e) over all e € E(X;). Define §¢ := max,/ ‘2—;‘, where the max is over all nonterminal

edges ¢ € E(X]).

Lemma 2.2. If §¢ < 3 and II32

207557 25d < L, then Llp( j) < 0 1Llp( P < T < L for any

i=01-259 26d

j>i>o0.

o k+1
Let xp41,Yr+1 € Xpy1, and set xp == 7

Proof. Tt suffices to prove Llp( k“) <3 %d (Tpt1), Y =
k+1 (yk+1). We need to show that d(wkH, Yrr1) > (1 — 2§g)d(xk, yr). We consider two cases; either xj, and
yr belong to the same edge of X, or they belong to different edges. Assume they belong to the same edge.

Then there are again two cases; either z;,1 and yiy1 belong to opposite edges of a circle, or they belong
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to a directed edge path. The conclusion holds in this second case since the map WZH is an isometry on

directed edges paths (so we get an ever better bound of 1). Now suppose they belong to opposite edges of a
circle. Without loss of generality, assume 41 € ¢’ and zp11 € egp for some €’ € E(X},). Then yr11 = yx,
and a shortest path between them, [z11,Yyr+1], passes through one of the vertices of the circle, say v. Then
since x, and v belong to an edge, d(xg,v) = |v — x| (recall that |p — g| denotes the distance with respect to
the length metric), and since v and yj belong to an edge, so d(v, yx) = |yx — v|. Without loss of generality,
assume |v — x| < |yr — v|. This implies zx € [v, Yk, in turn implying |zr — v| + |y — x| = |yx — v|. Then
we have

d(Try1, Yer1) = d(v, ypy1) — d(zgg1,v) = d(v,yx) — d(v, 1)
= |yx — v| = |z — v| = [yr — zk| = d(yx, 21)

Our conclusion holds in this case (again with an ever better bound of 1).
Finally, assume that z; and y; do not belong to the same edge of Xj;. We consider three cases now:
both points belong to a terminal interval of Xj, neither point does, or one does and the other does not.

k+1

Our conclusion holds in the first case, since 7, acts identically on X}, (so yr41 = yr and x4 = x3), and

terminal intervals belong to X}, by definition. Assume the second case holds. The edges e}, (zx) and e}, (yx)
are nonterminal by assumption. Then by definition of ¢, since y; and zj do not belong to the same edge of

Xi., les(ur)l, ek (wx)| < 6¢d(zk, yr). Then we have
A1, Y1) = (@, yo) = d(@pr1s ) — Y1, Yr) > dl@n, yn) — ler(@r)] — lek (v

> d(xp, yk) — 26¢d (e, yi) = (1 — 260)d (k. yi)

And our desired conclusion holds in this case. For the third and final case, assume without loss of generality
that yx, belongs to a terminal interval and zj does not. Then we get yx+1 = yx and |e},(zx)| < 5¢d(zk, yi)-

Making the obvious adjustments to the argument above yields
d(rg1, k1) = d(@ry1,yx) > d(r, yo) — d(@rgr, 2) > d(@g, yr) — leg(zr)]

> d(zg, yk) — 6pd(zr, yi) = (1 — 6)d(2k, yi)

Lemma 2.3. If 2py1,yr+1 € Xk+1 do not belong to opposite open edges of a circle, then

At (@) 1 (W) > ﬁz&;d(:ﬂk+1,yk+1) (loosely, mi ™ collapses circles, but is close to an isometry
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away from them).

Proof. Let xp11,Ypt+1 € Xk+1, and set xy 1= 7T]'I:+1(33k+1), Yp 1= 7T£+1(yk+1). As before, there are two cases;
either z; and y; belong to the same edge of X, or they belong to different edges. Assume they belong to
the same edge. Again, as before, there are two cases; either xyy; and yr4+1 belong to opposite edges of a
circle, or they belong to a directed edge path. The first case doesn’t hold by assumption, and the conclusion
holds in this second case since the map 7T;:+1 is an isometry on directed edges paths (so we get an ever better
bound of 1).

Finally, assume that x; and y; do not belong to the same edge of Xj. As before, three cases: both points
belong to a terminal interval of X}, neither point does, or one does and the other does not. Our conclusion

k+

holds the first case, since 7, Lacts identically on Xy, (S0 yg+1 = yr and xp+1 = 2k, and intervals belong to Xy,

by definition. Assume the second case holds. The edges e}, (zx) and e}, (yx) are nonterminal by assumption.
Then by definition of §¢, since yj and x;, do not belong to the same edge of Xy, |e}.(yx )|, e} (vx)| < 5¢d(zk, yi)-

Then we have

d(@rr1, Ykr1) < d(Tg, Trr) + d(@r, yr) + Ay, Yrsr) < Jek(@n)] + d(zr, yi) + ek (ye)] < (1 +268)d(xk, yr)

And our desired conclusion holds in this case. For the third and final case, assume without loss of generality
that yj belongs to a terminal interval and zj, does not. Then we get yr41 = yr and |e},(xx)| < 5,ffd(:ck,yk).

Making the obvious adjustments to the argument above yields

A(@ks1, Yhr1) = d(@rr1, ) < d(@n, Tpg1) + d(@e, yi) < lef(@n)] + d(@r, k) < (1+ 08)d(z, yr)

Remark 2.1. Note that since 255 > 1+ 4, if the hypotheses of Lemma are satisfied, then

> (1+6h) <L (2.2)

2.2.3 Existence of Inverse System
Let M be a metric space.

Theorem 2.1. If M contains a thick family of geodesics, then for any positive sequence (81)2,, M contains

a thick inverse system with 6F,5¢ < 8! for every i (see Definitions and .
Proof. Assume M contains an a'-thick family of geodesics I' for some o’ > 0. Let (8)2, be a positive
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sequence. We’ll construct the inverse sequence X E X3 E ... inductively. Let v be any element of I', and
set X equal to the image of v in M. Equip Xg with the necessary graph structure. Assume X;, X; 1,
and 7!_; have been constructed for some i > 0, satisfy the Graph, Metric, and Thickness Axioms, and also
satisfy the additional hypothesis that the geodesic parametrization of each directed 0-1 edge path belongs
to T'. For each edge e € E(X;), let vg(e) and vi(e) denote the source and sink vertices of e, respectively.
The edge e is mapped isometrically onto I, := [d(0,vg(e)), d(v1(e), 1)] via 7. Denote the inverse of this map
Ye : Ie = e C X;. Note that, for any geodesic parametrization v of a 0-1 edge path whose image contains e,
we must have 7‘ 1, = Yer SO Ve extends to a geodesic parametrization of a directed 0-1 edge path.

Now we provide a more quantitative reformulation of Definition By a partition T of an interval [a, b],
we mean a finite subset of [a, b] equipped with the order induced from [a, b], such that the least element is a
and the greatest element is b. For any t € T other than b, we define ¢t to be the immediate successor of t,
and we simply define b+ := b, and for any ¢ € T other than a, we define ¢t~ to be the immediate predecessor

of ¢, and we simply define a~ := a. For each partition T of I, and 4¢ € " with ¢

re = Ye|p. define the

deviations of (T¢,4°) and T, respectively:

dev (T°,5°) :== max d(7e(s),¥°(s))
sE[t,tt]
teTe
dev (T°) := sup  dev (T°,7%)
7°€r
T pe =e | e

Note that dev (T°) < |e|.

For any fixed partition T¢ of I, let 15, /2 and ¢, /2 denote a partition of I. and a geodesic in T,
respectively, with
Toupy2 2T° (2.3)
Vouns2lre,, , = Velre, . (24)
e ~e 1 /
dev (Tsup/Q, %up/z) > 3 T%ll% dev (T") (2.5)

Now, we can always choose T°¢

sup/2 and iseup /2 such that the above properties remain true, and also such

that for every t € Tseup/2’

Telie,e+] = :Yseup/2 i) OF %((t’tﬂ) ﬂf?ﬁup/Q((t,t+)) =0 (2:6)
To see this, take any T:,'G'u,p/Z and fup/2 as above, and let t € Tseup/Q' If
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maxXsefy,+) d(7e(s),7°(s)) = 0, then 7. and ¥, , agree on all of [t,t%] and we are done. Otherwise, let
Smaz = argmaXep +1d(7e(s),7(s)). Then by continuity, there exists a largest, nonempty open subinterval
(a, b) of [t, ] containing .4 such that . ((a, b)) Vgupy2((a,b)) = 0. Since it is the largest, ve(a) = 5, /2 (a)

and v.(b) = ﬁ:up/Q(b). We add these new points a and b to the partition T¢ and modify ¥ so that it

e
sup/2? sup/2

agrees with v, on [t,a] U [b, 1], and remains unchanged on [a,b]. This new curve still belongs to I' because

T is concatenation closed. It is clear that (2.3)), (2.4), and (2.5 remain valid, and that we gain (2.6).

We use the partition T

sup/2 of I, to subdivide e into smaller edges by taking the image of T°¢

sup/2 under

ve to be new vertices. Each new subedge equals . ([t,¢T]) for a unique ¢t € T Denote this edge ef, and

sup/2°

recall the height of e, defined in the Thickness Axioms,

ht (et) = Sén[tagi] d(’Ye(S)ﬁ:up/Q(S))

e

Set a = S

and split the new subedges of e up into two groups, EZ, and ES ,, where et C e belongs to

o
4
ES, if ht (e') < ale’| and €' belongs to ES,, if ht (e) > ale’|. Name the collection of corresponding time

<«
J<a and (T, ) >a-

intervals (T up/2

sup/2
It follows from Definition [I.6] and the observation that v¢ extends to a geodesic in T, that for any 0-1

directed edge path P, and any choice of partition T for each e C P,

. o
Z dev (Tsup/Qa Wsup/2> Z ?
eCP
It follows from this that

Yy [T e w2 (X e X

eCP etEEia etEEia eCP eteEza etEE;‘a

<Y e+ DD =a+ )] >0 e

eCP e‘€E§CY eCP e‘GE;a
implying
|UES,|>28 (2.7)
where § := % and Elga = UecpFES,. Now that the preliminaries have been established, we are ready to

choose a specific partition of e and apply the above results.

Set AP := min.cp(x,) e], and for each e € E(X;), subdivide e into three edges € < emiq < €} such

k3

that |ej| = min(§|e\,(5§Af) = lej]. Set Ad(e) := d(emid, Xi \ €). Since e,,;q belongs to the interior of e,
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compactness gives us A?(e) > 0. Then set A? := min.cp(x,) A¢(e) and ¢ := min(5;AF,§;A¢). Now, for

(2

each e € E(X;), choose a partition T° of I, = [a,b] = [d(0,vo(e)), d(v1(e),1)] such that
JF . . 6 ! E o —
a” —a = min 5|e\,5iAi =b—-1> (2.8)

(this implies ve([a,a™]) = €f, 7e([b7,b]) = €}, and Ve([t,tT]) C emiq for t € T¢\ {a,b",b}) and for any
teTe\{a,b~,b}
th —t <e¢ (2.9)

For each e € E(X;), fix T¢

sup/2 = T¢ and ¢

up/2 S before. As explained in the previous paragraph, Tsup /2

induces a subdivision of e. Doing this for each e gives us the total subdivided graph X. By (2.8)) and ( -,
any subedge e’ C e satisfies |ef| < §!AF so 6F < 8!, as required. Furthermore, any nonterminal subedge e

of e is contained in e,,;q, by definition, and so by (2.9) we get |ef| < ¢; < §/A¢, implying ¢ < 4/, as required.

+1

It remains to construct X;;; and wf . We explain how to use segments of the curve ’ySUp /2 As new

edges to add to our graph X to obtain X,;1;. Let e € E(X;). There are three options for a subedge

¢/ € E(X]) of e: € is a terminal subedge, (meaning ¢’ = e} = €' or e} for ¢t € {d(0,vo(e)),d(v1(e), 1) }),

7

e = et for some t € (T;up/2

)<a \{d(0,vo(e)),d(vi(e), 1)} (meaning ht (e*) < ale’|). In the first two cases, we set ¢, = €/, so

)>a \ {d(0,v0(e)),d(vi(e),1)"} (meaning ht (e') > alet|), or € = e’ for some
Le (T
that (7it1)~1(¢') is a circle, and in the third case, set Cop = €hp 1= Veupya([t:t T1), so that the intersection of
the interiors of e’ and !, is empty, (m;7") 7! (¢’) is a circle, and ht (') > afe|. We define 7{"" in the unique
way so that holds. It is clear that the Graph Axioms, Metric Axioms, and hold. Our additional
hypothesis that the geodesic parametrization of every 0-1 directed edge path belongs to I' also holds (again

using concatenation closed). It remains to verify Axiom

To verify |(A6)} we fix a path P and compute |U E¢iro(P)|. For each e C P, set Egire(e) = {€' € Ecirc(P) :

e’ Ce}. Then by (2.7) and (2.8),

|UEcirC(P)|:Z|UECIrC Z |UE>a| (UEia)ﬂ(ei)Ue/l)) > Z(|UE§a|_‘66U6/1|)
eCP eCP eCP

\]

2.8) @7
D (1vzsal- (Sit+Z)) = 1umz,-5F 2555

eCP

O

From here till the end of Section fix a complete metric space (M,d) containing a thick family of

geodesics, a positive sequence (9])72, decreasing to 0 quickly enough so that oy < 5 and I < L for

1=01-257 25’
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some L < oo (this also implies ), d; < c0), and a thick inverse system afforded to us by the theorem.

Definition 2.6. Denote the closure of X, = U2 X; inside M as Xoo. We fix 0 € I = Xy C X to
be the basepoint. By Lemma the maps 7Tg are uniformly L-Lipschitz, so we get L-Lipschitz extensions

70 Xoo — X;. Summarizing:
Vje {ii+1,...00}, Lip (wg’) <L (2.10)

We also extend the definitions of e;(x) and e}(z) (see Definition in the obvious way when x € Xo.
Remark 2.2. By Lemma [2.1] we get

Vi€ {i,i+1,...00}, 2 € X;, diam((m]) " (z;)) < 20}|ei ()] (2.11)
Since each (X;,d) is a finite graph, each (X;,d) is compact and thus totally bounded. Then (2.11)),
together with our choice that §; — 0, imply X is totally bounded. Then since M is complete, X, is
compact.
The maps 7° : Xoo — X; are each L-Lipschitz and act identically on X; C X,. These two facts imply,
for any p,q € X,

A(p,q) = lim d(x(p), 7 (9)) (2.12)

This implies that the maps 7{° generate the topology on X, i.e., the topology on X, is the weakest
one such that each map 7% is continuous. Equivalently, the subalgebra of C(X.) consisting of those
continuous functions that factor through some 7° is dense. We denote this subalgebra by Cyunif(X<s0). The
compatibility condition of the probability measures ((7:"")4(uiv1) = p1;) gives us a well-defined, bounded,
positive linear functional A< on Cynif(X<oo). By density this extends to a unique positive linear functional

Aoo On all of C(X ).

Definition 2.7. Define po to be the Radon measure representing the linear functional Ao, on C(X). The

measure [, is a probability measure uniquely characterized by:

Wiz 0, (124 (o) = (2.13)

Remark 2.3. Although we won’t make explicit use it, we believe it is worth mentioning the following fact:
the metric space Xo and maps (75°)5°, satisfy the universal property of an inverse limit space. This means

that for any metric space Y and uniformly Lipschitz sequence of maps (f;)52,, fi : Y — X, there exists a

42



unique Lipschitz map fo : Y — X such that 7{° o foo = f; for any 3.

2.3 Asymptotic Local Properties of (X;)°, and Special Subsets

of X

2.3.1 Deep Points and their Natural Scales
Recall the definition of terminal intervals of X, 11 from Axiom |(A2){i1)

Definition 2.8. We define the set of deep points, D, to be all those # € X such that 7%, (z) eventually

(in ¢) does not belong to a terminal interval of X; 1. The set D is a G, (and hence Borel) set.
Theorem 2.2. (D) = 1.

Proof. Let e be an edge of X; and ef, and €] its terminal subintervals. By Definition [2.2] and Definition
pivi(ebUel) = piv1(ey) + piv1(e)) < 208 pi(e). Summing over all e € E(X;), we get that the total measure
of the union of terminal intervals in F(X;41) is bounded by 26F. Since Y, 6% < 3, 6! < oo, Borel-Cantelli
implies that the set of x € X such that 7%, (x) eventually (in i) does not belong to a terminal interval in

X;+1 has measure 1. O

Structure of (7!_;)71(e)

We now discuss some geometric properties of
(mi_)7(e). While reading this section, it will be helpful to refer to Figure for a picture of what

(mi_1)71(e) typically looks like.

Definition 2.9. Given a deep point or, more generally, a nonvertex x and ¢ > 0, define r;(x) = |e;(z)].

We call r;(x) the sequence of natural scales of X at .

Lemma 2.4. For any deep point x and R > 1, B}éri(m) (72 (x)) is eventually (in i, depending on x and R)

contained in (w¢_) " (e;_1(x)), where B* indicates a ball in the space (X;,d).

Proof. Let x € D and R > 1. Set x; := n{°(x) and assume ¢ is large enough so that e}_; () is not a terminal
interval. Then by Deﬁnition d(xi—1, X521\ ei—1(x)) > w = % > % Combining this with
(2.10) yields

i—1 i—1

S 1 r;(x
A, X\ () (eima0)) 2 i, Kir \ eia (@) 2 10
L Lo,
Thus, as soon as ¢ is large enough so that §;_; < ﬁ, we get
B}in(wl) - (ﬂ-gfl)il(ei—l(‘r))' OJ
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Lemma 2.5. 1. There exists C > 1 such that for anyi > 0 and e € E(X;_1), w; restricted to (wi_;)~(e)

is C'-doubling with respect to the length metric.
2. For any shortest path [z,y] C (7i_;)71(e), pi(Br(x)) < 4u;i([x,y]), where r = |z — y|.

Proof. Let i > 0 and e € E(X;_1). Recall the definition of circles and intervals from Axiom [(A2){1)

By the discussion there, (!_;)7'(e) = Uece(mi_;1)7t(e’) consists of a sequence of intervals and circles,
glued together in a directed way along alternating sink and source vertices. This sequence begins and ends
with terminal intervals, defined in Axiom With respect to the length metric and length measure,
(m?_;)"Y(e) is doubling. This follows by analyzing the worst case scenario for a ball. This scenario occurs
near points where two circles are glued together. It is possible to have a geodesic ball of radius r such
that the geodesic ball of radius 2r has 4 times the length. This implies length measure is doubling with
doubling constant 4. Let ¢ € (0, 1] such that p;_; restricted to e equals ¢ times length measure, and for any
e D¢ € B(X]_), p restricted to (w!_;)~*(¢/) € (wi_1) () equals c or § times length measure (c if it’s
an interval, § if it’s a circle). It follows that j; restricted to (wi_;)~!(e) is bounded above by ¢ times length
measure and below by 5 times length measure. Since length measure it doubling with doubling constant 4,
this implies y; is doubling with doubling constant bounded by 8 (this isn’t sharp).

The second statement can also be observed by examining the worst case scenario where x is a vertex
shared by two adjacent circles and y belongs to one of these circles. Then B,(x) will consist of four copies

of an interval of length r = |z — y|, and the p; measure of any of these new intervals is the same as that of

[z,y]. This implies the second statement. O

Remark 2.4. Tt’s also clear from the description of (7!_;)~!(e;—1(x)) given in the preceding section that if
T,y € (7TZ:+1)71(6) and z and y do not belong to opposite edges of a circle, then x and y belong to a directed
(and thus geodesic) edge path, and so d(z,y) = |y — z|. On the other hand, if y € Bj'%ri(x)(z,;) and x; and
y belong to opposite edges of a circle, then |y — x;| < |e;(z)]. In either case, we have, for R > 1 and 4

sufficiently large,

Vy € szn(x)(ﬂfz’)v ly — ;| < Rri(x) (2.14)

2.3.2 Points having a NonEuclidean Tangent

Theorem 2.3. There exists a Borel Soo C Xoo such that pioo(Sec) > 0, and for all x € S, there exists a
nonprincipal ultrafilter U(x) (depending on x) on N such that the tangent cone Ty @U@ X does not embed

(even topologically) into R.
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Before beginning the proof of the theorem, we require a lemmas:

Lemma 2.6. For each i > 0, there is a finite set of directed 0-1 edge paths of X;, P;, and a probability

measure P; on P; such that for every edge e € E(X;),

uiér) = Z P;(P)

| PeP;

eCP
and it follows that, for any A C e € E(X;) Borel,
() = Y B(PANP (2.15)
PeP;

Proof. The proof is by induction on i. The base case ¢« = 0 holds trivially with Py = {Xo}, Py = dx,.
Assume the statement holds for some i > 0. Let P € P;. Let P, be the unique 0-1 directed edge path in
X1 such that ¢/ C P if and only if egp C P,, for every ¢’ € E(X!). Let Piy1 = {P, Pop} pep,. For each
P € P;, define P11 (Pop) := Piy1(P) := 3P;(P) if P, # P, and Piy1(Pop) = Piy1(P) :=Py(P) if Py, = P.
By Definition (Pit+1,P;y1) satisfies the desired property. O

Remark 2.5. This lemma gives an Alberti representation of the measure p;. In [Batlh], Bate used a prop-
erty he called universality of Alberti representations to characterize Lipschitz differentiability spaces. Our
representation of the measure po, (which can be constructed by taking limits of the representations of ;)
will generally fail this universality condition, which is consistent with our discussion in Section that

(Xoo,d, pioo) 18 not a true Lipschitz differentiability space.
Proof of Theorem[2.3. Let i > 0 and F(X]) the set of edges ¢’ € E(X]) such that (7iT1)~1(¢') is a circle.

Set S; := (7%°) Y (Eeire(X])), so S; is closed. By (2.13), (2.15)), and Axiom

o5 BB (B (1) BB 3 B (P B (X)) 0 P2 S Bu(P) =

PeP; PeP;

Because of this, we set So := limsup,_, ., S; (an Fys, and hence Borel, set) and get

Poo(Sse) = B> 0

By definition, So has the following property: for any = € S., there is a subsequence ¢;(x) of ¢ for which
e () € ECirC(XZ{j(z)). Thus, each pointed metric space (Xoo, ﬁd, x) contains a circle whose height

(see Axiom for definition of height) is bounded below by «, and the point = belongs to this circle. Let
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U(x) be any nonprincipal ultrafilter on N containing {i;(z)}72,, which exists by Zorn’s lemma. Then the
U (x)-ultralimit of this sequence of pointed metric spaces must also contain such a circle (and the point z

will again belong to this circle), which obviously doesn’t topologically embed into R. O

Remark 2.6. As described in the proof, each of the pointed spaces (Xo, ﬁd, x) contain a circle of height
a which contains z. Let e and ey, be the opposite edges of this circle. We can extend e in both directions
to a 0-1 edge path. Since e, has the same vertices as e, this also extends e, to a 0-1 edge path. Unioning
the circle e U ey, with the extension to a 0-1 edge path results in a space consisting of two 0-1 geodesics
whose union contains a circle of height «, and that coincide with each other outside that circle. Passing to

r@) U@ y

the ultralimit, we see that the tangent cone T} ~ contains two bi-infinite geodesics whose union

contains a circle of height «, and that coincide with each other outside that circle. Both geodesics get

mapped down isometrically onto R under the blowup (75°), : @U@ x LR

2.4 Approximation of Functions on X, via X;

We begin this section by introducing our fundamental tool for approximating functions on X, by functions
on X;, the conditional expectation. The main results are Theorems and We then use this tool to

define the derivative of Lipschitz functions on X.,. The main result on the derivative is Theorem [2.6

2.4.1 Conditional Expectation
Let i >0and j € {i,i+1,...00}.

Definition 2.10. The conditional expectation is a bounded linear map E : LY(puj; B) = L'(ui; B)

uniquely characterized by the identity

| oElwdni= [ (@ord)-nd (2.16)
X; Xj

for all h € L'(uj; B) and ¢ € L>(u;). It is a standard tool in probability theory whose existence can be
proven by elementary theorems of measure theory. See Chapter 1 of [Pis16] for background.

It follows from LP-L? duality that the conditional expectation is also contractive from LP(u;; B) —

LP(u;; B) for any p € [1,00]. The majority of this section is dedicated to proving the following theorem:

Theorem 2.4. For every i > 0, EX® maps Lipy (Xoo; B) into Lipy (X;; B) with operator norm bounded by
L2
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Such a result does not hold for general metric measure spaces (easy examples on [0, 1] show that condi-
tional expectation need not preserve Lipschitz or even continuous functions), but will in our specific instance.
The proof will come at the end of this subsection and is preceded by several lemmas. We give an outline

of the proof structure here:

e Show that for every j < oo, IEZ : Lip, (X;; B) — Lip, (X;; B) has operator norm uniformly bounded
by L.

e Noting that ]Ef =Ei*o ]Eiﬁ o.. .E;_l, to prove the previous item, it suffices to consider the case

j =1+ 1 and prove that ||I[‘E§Jr1 [ Lipy(Xis1.5)—Lipy (X::B) < 1 +0;, because by (2.2) we obtain
j i—1
IS (| Lipy (X,)—Lipg (x,) < —;(140;) < L (2.17)

for every co > j > i > 0. This is accomplished with Lemma [2.7]

e Extend the domain to X, by approximating with maps factoring through some X;, Lemma (we

gain another factor of L here).

Explicit Formula for and Boundedness of ]EEJrl

Lemma 2.7. For each i > 0 and h € Lipy (X;41; B),

h(p) + h(p°?)

ESF (M) () = 5 (2.18)

(recall the definition of p°P from Aziom|(A2)(1)). Furthermore,
||E2+1 HLipO(XiJrl)_”_Jipo(Xi) <1+ 5:

Proof. Let i > 0 and h € Lipy (X;+1). It is a relatively simple exercise to check that satisfies
using Definition We now bound the operator norm. Let z,y € X;. No two points of X; C X, can
belongs to opposite edges of a circle in X; 1, so also 2°P and y°P do not belong to opposite edges of a circle.
Thus the hypotheses for Lemma [2.3| are met. Then

[P (2) + h(z°P) — h(y) = h(y™)

IS (h) () — B (h) ()l = 5

_ op) _ op Bl )
B L0 e U T L YE SRR
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Lemma 23 || A i )
2 B8 i 608 (4,4 4 (1 4 260)d,) = (1 + 8 Bl . 1)

Extending Domain to Lip, (Xo; B)

For Y a metric space and K > 1, we say a subspace V C Lip, (Y; B) is K-uniformly dense in Lip, (Y; B)
if the closure with respect to the topology of uniform convergence of compacta (equivalently, pointwise
convergence on any dense subset) of the ball of radius K in V contains the unit ball of Lip, (Y; B).

Each Banach space Lip, (X;; B) can be identified as a closed subspace of Lip, (Xoo; B) by pulling back
under the map 7$°. Denote the image of this identification by Lip, (X;; B),.. We then obtain the (nonclosed)

subspace Uj<ooLipy (X33 B),. C Lipy (Xoo; B). We note that, for any f € Lip, (X;; B),

1 flLip (x::8) < I © T ||Lipy (xesB) < N lLipg i) 17 Lip < LIl f llLip, (xi5B)

so that the embeddings Lip, (X;; B).. — Lipy (Xo; B) are uniformly bounded but not isometric.
Lemma 2.8. For any Banach space B, U;<ooLipg (X;; B),. C Lipy (Xoo; B) is L-uniformly dense.

Proof. Let f be in the unit ball of Lip, (Xoo; B). Let g; be the restriction to X; of f. Then g; belongs to
the unit ball of Lip, (X;; B). Then g; o m5° belongs to the ball of radius L of U;«Lipg (X;; B),. Clearly

g; o ™ converges pointwise to f on the dense subset X . O

Proof of Theorem[2.4) Let i > 0. Let f be in the unit ball of Lip, (Xoo; B). Let f; be a sequence in the
ball of radius L of Uj<soLipy (X;; B), converging uniformly to f, which exists by Lemma Then since

E° is bounded on L>, E°(f;) converges uniformly to E$°(f). Furthermore, for every j, by Lemma and
ETD. 1B (f5)luingx.s8) < LI ling (i) < L. This implies [E2 () linyxm) < L2 0
Measure Representation of Conditional Expectation

We conclude our discussion of conditional expectation with a small theorem we will use once in the proof of

Theorem We begin with a standard but useful martingale convergence lemma.

Lemma 2.9. For any Lipschitz map h : Xoo — R (not necessarily vanishing at 0) and i > 0, E(h) is

Lipschitz and ES°(h) 20 uniformly.

Proof. Let h : Xo — R be Lipschitz so that h — h(0) € Lipy (Xs). Then Theorem implies h =
E(h — h(0)) 4+ h(0) is Lipschitz.
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The Stone-Weierstrass theorem for algebras of continuous functions implies U;j<sC(X;)x is uniformly
dense in C(X), where C(X;), is defined to be the continuous real-valued functions on X, factoring
through X;. Then since E°(h) 2 h (since it is eventually constant) for all h € Uj.C(X;), since

sup; | Ef° || Loe (uo)—Loo(uo) = 1 < 00, and since fio, and p; are fully supported on X, and Xj, the claim

follows. O

Theorem 2.5. For each i > 0, and p € X, there exists a unique Borel probability measure pb, supported
on (72°)"Y(p) such that for any h € C(X; B),

EEONe = [ (2.19)

Proof. Let p € X;. First we assume B = R. Since, by Lemma [2.9] and the usual Stone-Weierstrass theorem,
E2° preserves continuous functions and has uniform-uniform operator norm 1 (since po and p; are fully
supported), the map h — [E°(h)](p) is a norm 1 linear functional on C(X ). Further, if b > 0, [E°(h)](p) >
0. Thus, our linear functional is represented by a probability measure pyf, on X. It remains to show u2, is
supported on (72°)~!(p). Consider the Lipschitz function h, : Xo, — R defined by h,(z) = d(z, (72°)~1(p)).

This function vanishes on (75°)~!(p) and is strictly positive on X, \ (7£°)~!(p). Thus, it suffices to show

1—00

[E(hp)](p) = 0. Let € > 0. By Lemma E°(hp) "= hp uniformly, so there exists j > ¢ such that
I[E3° (hp)l(z)| < € for all z € (ﬂ{)’l(p) (since hy, vanishes on (77°)7'(p))). Since E>(h,) is a Lipschitz
function on Xj;, we may apply (this was originally stated for functions vanishing at 0 but easily
extends to the general case) and induction to conclude |[E/ (E5°(hp))](p)]| < €. Since ES° oE] = E°, we take

€ — 0 and obtain the desired conclusion for B = R.

Now we extend to general B. Define a map E : C(Xoo; B) = C(X;; Byeak) by

BOIo) = [ g

where By.ax indicated the space B equipped with the weak topology. We need to show E = [E?°, which we
already know holds for B = R. First, let us quickly verify that E indeed maps into the desired space. Let
h € C(Xw; B) and b* € B*. By an elementary property of the Bochner integral (see Chapter 1 of [Pis16],
especially (1.7)) and the fact that £ = E$° on real-valued continuous functions, b* o E(h) = E(b* o h) =
E(b* oh). We already know E2° maps real-valued continuous functions to real-valued continuous functions,
so this shows b* o E(h) is continuous, completing our verification. By another elementary fact on B-valued
conditional expectation (again see see Chapter 1 of [Pis16], (1.7)), E°(b* o h) = b* o E°(h) u-almost

everywhere, for every b* € B*. Thus, p;-almost everywhere, b* o E(h) = b* o E°(h) for every b* € B,
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implying E(h) = E$°(h) p;-almost everywhere. But since both E(h) and E°(h) are continuous functions

from X; into the Hausdorff space Byeak, and since y; is fully-supported, E(h) = E°(h) everywhere. O

2.4.2 The Derivative and Fundamental Theorem of Calculus

We define the derivative of Lipschitz functions on X, in this section. To do so, we must (and do) assume
that B has the RNP. We also prove an inequality in Theorem that should be thought of as an adapted

version of the fundamental theorem of calculus.

Definition 2.11. For any h; € Uj<oLipy (X;; B), since X; is a finite graph equipped with a measure
mutually absolutely continuous with length measure and with a distance geodesic on edges, the fact that

B has the RNP allows us to take the derivative of h; p;-almost everywhere defined by the usual formula

h; (Ith) —h; (ZL’)

h(x) = lim; ; . We make sense of = + ¢ for ¢ small by identifying the directed edge contained

x with an interval, and the limit is an almost everywhere, norm limit. Equivalently, &} is characterized by

[[hi(y) = hi(z) = hi(x) (7 (y) = m(x))]]

lim sup =0 (2.20)
"0 yeBi(x) r
for p;-almost every z € X;, where 7 := n5°. The map h; — h} is a linear contraction Lip, (Xs;B) —

L (ptoo; B)
Theorem 2.6. There exists a unique bounded linear map h — h' : Lipy (Xoo; B) = L (fico; B), called the
derivative, that

1. satisfies E(h)’ 22 B ioe-almost everywhere

2. restricts to the usual derivative on Uj<ooLipy (X;; B)

3. has operator norm bounded by L?.

Proof. Note that uniqueness and the second statement already follow from the first statement. Let h €
Lipo(Xoo; B) with [|AllLip, (x.c;) < 1, and for any i > 0, let h; := E°(h), so that [|hi||Lip, (x,:8) < L? (by
Theorem. Then the intermediate averages « M are uniformly (in ¢) L% (p;; B)-bounded by
L?. The DCT then implies that M 29 h%(:) in L*(p;; B). Then since the conditional expectation

Eit s LY(piy1; B) — L(wi; B) is continuous,

» . higi(-+ 1) — h; i (hi (D) — B
E§+1(h;+1) _ E[Zﬁ»l (hm +1( + ) +1> = lim E7»2+1 ( +1( + ) +1)
t—0 t t—0 t

) [E§+i(hi+1)] (41t — [Ez—i_i(hi-i-l)} . hi(+t) — Ry
= lim =lim ————
t—0 t t—0 t

=h'

(3
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The second to last equality says that conditional expectation commutes with precomposition with a trans-
lation, which can be directly verified by (2.18). Thus, the sequence (h})$°, forms a martingale uniformly
bounded in L>(ps0; B) by L?. Since B has the RNP property, the martingale converges fi..-almost every-

where to some function in L*(p1o0; B) with norm bounded by L2?. We define h’ to be this limit. O

Theorem 2.7 (Fundamental Theorem of Calculus). For all g € Lipy (Xs; B), @ > 1, e € E(X;_1), and
z,y € (m_1) " (e),
IE(9))(y) — [EF(9)](@)]] < 2|y — x]{ ]E?o(llg'\l)dui
x’y

Proof. Let g, i, e and z,y be as above. Set g; := E°(g). First assume that 2 and y belong to a directed edge
path. Then the usual Lebesgue fundamental theorem of calculus implies ff gids = g;(y) — gi(x), where, for
any positive Radon v on X; and f € L'(X;,v; B), ff fdv is interpreted as f[xy] fdv if x <y along the path,
and — f[y,x] fdv if y < z. If x and y don’t belong to a directed edge path, there exists an intermediate point
z on the shortest path from z to y such that the path is directed from x to z, and then anti-directed from z
to y, or vice versa. We then still have [ gids = gi(y) — gi(z) if we interpret [¥ fdv as f[w,z] fdv — f[%z] fdv
ifz < zandy < z or _f[z,z] fdv + f[z7y] fdv if z < x and z < y. For future use, we also note that
|2 fav]| < f,,,, I flldv.

As explained in the proof of Lemma [2.5] 1; restricted to [z, y] C (7!_;)~*(e) is bounded below by £ times
length measure and above by ¢ times length measure. This implies that for any f € L'(u;) with f > 0, we
have

Sf rds<ly-olf pdm<of fas

[z,y] [,y] [z,y]

Combining the last two paragraphs yields:

Yy
/ glds| < / lgllds < 2ly -z f gl dps
z [z,y] [z,y]

— o)y - x|7{ (o) s = 21y~ x|7f B
x,y x,Y

l9:(y) = gs(a)]| = ]

2.5 Maximal Operator and L' — L Inequality

Definition 2.12. Let i > 0 and h; € L'(y;). For any nonvertex z; € X; and i > 0, define

[M;(hi)](zi) = < ~ sup ][ |hi|dui>
yi€(mi_y) " ei1 (@) / [2i,ui]
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Now let h € L(p1oo ), and set h; := E°(h). For any nonvertex z € X, set z; := 72°(z) and define the

maximal function

[M (h)](x) := Sgg[Mi(hi)](xi) (2.21)
Theorem 2.8 (Maximal Inequality). There exists a constant C > 1 such that for any h € L'(jiso; B) and
p € (1,00],

Cp
MR 1w (poe) < IlehHLP(;LOO;B) (2.22)

Proof. As is typical, the proof is an application of a relevant covering lemma, Lemma [2.10, which we state
and prove following this proof. This lemma is a combination of the Vitali covering lemma for doubling metric
measure spaces and the covering lemma for atoms in a filtration of finite o-algebras. Let h € L'(poo; B),
h; == E®(h), and p € (1,00]. After making the usual “covering lemma-to-maximal inequality” argument,

we will have a C > 1 (independent of h or p, given to us by Lemma [2.10)) such that

MR L1 i) < OB 21 100

where h* is Doob’s maximal function; h*(z) := sup,;s [|h:[/(z). By Doob’s maximal inequality ([Pis16,
Theorem 1.25]),

* p
”h HLP(;LOO) < ZiHhHLP(,um;B)

Combining these two inequalities with the simple inequality ||A*| 71,y < |R*||Lr(u.) yields the desired

conclusion. O]

Lemma 2.10 (Covering Lemma). Let T’ be a collection of closed subsets of X, such that for each v € T,

there is an t > 1, a (not necessarily directed) shortest path [p,qy] C X;, and an edge e, € X;_1 such that:
7= (Wfo)fl([pw%])
e [p,,q,] is completely contained in (7i_;) " (e,).

Then there exists a subfamily T C T, such that
o The sets in I are essentially pairwise disjoint

o For each v' € I, there exists a closed set containing ', denoted ¢, such that | cp 7o 2 UT and

troo(V6) < Chice(v')-
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Proof. First, consider the collection of sets Er := {(75°;)~*(e,)}yer. This set covers [JT' by assumption. It
is a collection of atoms in the filtration (A4;)32,, where A; is the o algebra on X, generated by preimages of
edges in E(X;) under the map 7{°. Thus we may find an essentially disjoint subcollection that still covers
UL. We consider a single one these sets, (75°;)7!(e). Let I'. be the collection of those v € T' with [p., ¢,] C
(mi_1)71(e). Since preimages under 7£° preserve unions and essential disjointness, it suffices to work directly
with the paths [p,, ¢y]. The path [p.,, g,] is contained in a geodesic ball B, (p~), where r = |p,—¢,|. By Lemma
wi(Br(py)) < 4pi([py, g4]). By the br covering lemma, we can then find a pairwise disjoint subcollection
of { B(py) }yer. , say { Br(py/) }rer , such that { Bs,.(pl,) }rer: covers U{B;(p,)}er, (and thus covers [JT).
We set T = U, e, {(72°) ([, ) by rjer By Lemma B8, pi(Bsr(9) < is(Bar(p) < p1s(Bu(p)). We

set I = J,epTh, C =4-43 and v; = Bs(py). O

2.6 Proof of Weak Form of RNP Differentiability, Theorem [2.9

For each deep point x € D C X, (a full measure set), recall the natural scale r;(x) = |e;(z)|, where e;(z) is

the unique edge of X; containing 7{°(x). Let m := 75°.

Theorem 2.9. For every RNP space B and Lipschitz map [ : Xoo — B, for piso-almost every v € X, f
is differentiable at x with respect to m along the sequence of scales (r;(x))2,. More specifically, for almost

everyx € D and any R > 1,

limsup  sup 1/ (y) = f(&) = F'(@)(n(y) — ()]

=00 YyEBRy, (x)(T) T (1')

=0

where f' is the derivative of f from Theorem[2.6.

Proof. Let B be an RNP space, f : X, — B Lipschitz, and R > 1. The conclusion of the theorem is clearly
invariant under postcomposition of f with a translation, so we may assume f € Lip, (Xoo; B). For each

n >0, let fr, :=E(f) on® € Lip, (Xoo; B) (see Section for relevant definitions). Let

G e wp @) =) @)(rl) 7))

=00 yeBRri(z) (m) i (x)

(so (%) is a function of x). For every z, the triangle inequality implies

() < lim sup lim sup sup If(y) = £(@) = Fnly) + ful@)]
n—00  i—00 YEBp.,(q)(x) Ty (‘T)

() = fal2) = £ (@) (m(y) = m(@)] | N(Fa(x) = (@) (7 (y) = (@)

ri(x) ri(x)

53



For almost every x and every fixed n, the second term equals 0 by (2.20)), and so

1/ (y) = f&) = o) + Fu(@)I| | [(Fh(x) = f1(@) (7w (y) — 7 ()]

() < lim sup lim sup sup +
n—00 100 yEBpy, (r)(z) ri(x) 7i(x)

s liney s @) 1@ = £,0) + )]

n— 00 1—+00 yeBR”(I)(x) Ti(x)

+ LR fi(x) — f'(z)|

By Theorem [2.6] the second term here also equals 0 for almost every z, and so

) < s limeny sy 0 =@ = £u0) + £,(@)]
n—00  i—00 YEBp,,(x)(x) ri(7)

Let ky, := f— fn, so that sup,, ”k%”L“(um;B) < sup, HanLipo(XOQ;B) < 2L2||fHLipo(Xoo;B) and [k, || "0
Hoo-almost everywhere (again by Theorem [2.6] This means k], boundedly converges to 0, and we will apply
the DCT theorem later). It suffices to prove

kn(y) — ky
lim sup lim sup sup M -0

n—o0  i—00 yYEBpy,(x)(T) 7”1(1')

Define y; := 7°(y) and z; := 73°(z). then by Theorem [2.5]

[E2® (k)] (i) — [B° (k)] (1) = /

kndpdl — / kndpdl
(7g°) =2 (v:) (772) = (1)

Furthermore, for any y € (7°°)~(y;) and x € (7°)~!(z;), we have “Wvd dWv) < 95 1y ([@TT)), which,

ri(z) > ri(z)

together with the previous equation (and triangle inequality) gives us

|fn(y) = kn(@)|l _ 1 / |
< - Yi
ri(w) ~ rix) (mg2)~H(yi 1Kn = Fn(y) [l dps
! i z; 1 N
ri(@) ||/ ree) -1 (w0) (72°) =1 (zs) ri(@) S 1)

ITES® (k)] (yi) = (B2 (k)] ()

: ) T
< IEF° (kn)](yi) — [EF° (kn)] ()l L)l
ri(x)
so it suffices to prove that
bmsuplimsup  sup e Cn)l) — EF )@l _

n—o0  i—oo gy, Bl 7“,‘(.73)

2Rr;(x) (11)
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for almost every x, where B indicates a ball in the space (X;,d) (since 2Rr;(z) > Rr;(z) + &iri(z)).
By Lemma for almost every x, if 7 is sufficiently large (depending on R and z), then B;Rm(z)(xi) is

completely contained in (7¢_;)~!(e;—1(z)). Thus, by Theorem for such 7 and any y; € BéRri(x)(xi)7

I[[EF< (kn)](yi) — [EF° (k)] ()|
ri(z)

’I"i(fL‘) [®i,y:]

B3 (k71 dpi =: (+)

By (2.14), since y; € B, (i) C (mi_1) "' (ei=1(2)), |yi — @i < 2Rri(x), and so
() < AR E3° (k) dpi =: (% % %)

[4,y:]

by the definition of M, the maximal operator defined by (2.21)), we get
(x %) < 4R[M(||k7, )] ()

Then it suffices to show that

lim sup[M (||, [)}(z) = 0

n—roo

for almost every = € X.

For this, it suffices to show that

lim sup M (||%7,|) =0
n—o0 LY (f1o0)
We have, by the DCT and Theorem [2:8]
) DCT . Theorem 2.8 | DCT
lim sup M (|| &, ||) = limsup M|k, D prwg.y, = limsup2C ||k llp2, .5 = O
n—oo Llw()u'oo) n—oo n—oo

2.7 Application to Non-BiLipschitz Embeddability

In this section we apply Theorem [I.14] to prove a new negative biLipschitz embeddability result.

Corollary 2.1. A complete metric space M containing a thick family of geodesics does not biLipschitz embed

into the product metric space G X B, where G is a Carnot group and B is an RNP space.

Proof. We'll proceed by contradiction. Let G be a Carnot group, B an RNP space, M a metric space

containing a thick family of geodesics, and f = (fi, f2) : M — G x B a biLipschitz map. We may assume M
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is complete. Then we let Xoo C M, Soo € Xoo, and fie be as in Theorem [1.14] and from here on consider
f to be restricted to X.

Let ¢ : G : RF be the abelianization map. The map v satisfies a well known unique lifting property:
given any Lipschitz map v : R — RF, there exists a unique Lipschitz lift 4 : R — G, meaning ¢ o 5 = 7.
Precomposing with f gives a Lipschitz map (¢,idg) o (f1, f2) = (¥ o f1, f2) : Xoo — R¥F @ B into an RNP
space.

By Theorem [1.14] (¢ o f1, f2) satisfies the weak form of differentiability pioo-almost everywhere. Pick
a point x € Sy of differentiability (which exists since p1oo(Seo) > 0) and an ultrafilter U(z) given to us
by Theorem m This means the blowup (¥ o fi, f2)s : T;i(w)’l’{(gc))('oo — R* x B exists and factors as
(Yo f1, fa)e = ((Wo f1)(x), fo(x)) o 7, where 7, : Ty @U@ x5 R is the blowup of 7 and (o f1) (=) :

R — R¥ and f}(x) : R — B are linear. Breaking these into components gives us the two factorizations
(Vo fi)e = (o fi)(x)om,

(fa)z = fo(x) o 7y (2.23)

Let us consider the blowup map (1) o f1),. It turns out that both blowups (f1)s : @U@y

T}f((i))’u(l)G =Gand ¢ = Yy : G = T;f((;”))’”(m)G — R* exist and thus (¢ o f1)s = ¥ o (f1)s. The

blowup (f1). exists because the target space G is proper, and T;f((:)) U@ G — G because G is proper and

self-similar. Similar reasoning implies ¥y, ;) : G — RF exists and Y (z) = ¥. Thus our first factorization

can be re-expressed as

Yo (fi)e= o fi)(z)om (2.24)

By Remark there are two geodesics 7,7 : R — Tw”(z)’l’{(m)XOO whose combined image forms a circle of

height «, that coincide with each other outside that circle, and satisfy 7, o v = 7, 0y = idr. Using these

equations, , and yields
Yo(fi)eoy= (Yo fi)(x)=1vo(fi)so?

(f?)ac oY= fé(x) = (f2)z o’y/

Since f1,,7’ are Lipschitz, the unique lifting property of ¢ implies

(fi)eoy = (fi)zoy
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Combining these yields
(f1, f2)z 0y = (f1, f2)z 09

Since (f1, f2) is biLipschitz, so is (f1, f2).. Thus, v = /. This is a contradiction since the combined

image of two equal geodesics would be a line and could not contain (even topologically) a circle. O

2.8 Inverse Limit of Graphs in nonRNP Spaces

In this section we modify the thick family of geodesics construction in [Ost14b] to obtain an embedding of
an inverse limit of an admissible system of graphs into any nonRNP Banach space. To do so, we use the
following characterization of nonRNP spaces (see Theorem 2.7 of [Pisl6]): for any nonRNP space B, there

exist a § > 0 and an open, convex subset C' of the unit ball of B such that for every ¢ € C, ¢ € co(C\ Bys(c)).

2.8.1 Generalized Diamond Systems

Definition 2.13. A generalized diamond system is an inverse system of connected metric graphs,

71'3 7T2 7\'1
L3 X 3 X 3 X satisfying:
(D1) Xy has two vertices and one edge of length 1. We identify X, with I := [0, 1].

(D2) For any vertex v € V(X;), (m:71)~1({v}) consists of a single vertex of X;.;. We identify this vertex

with v and consider V(X;) as a subset of V(X;1).
(D3) There exist an m; and a subdivision X/ of X; so that:

(i) For vertex v € V(X/), (mit1)~1({v}) consists of one or two vertices of X, 1. If u,v are adjacent

vertices in X/, then at most one of (771~ ({u}), (xi*1)~1({v}) consists of two vertices.
(ii) Each edge e € E(X;) is subdivided into 2™ edges of X| of equal length.

(iii) 7r§+1 : Xit1 — X/ is open, simplicial, and an isometry on every edge.

(iv) For any edge ¢’ € E(X!), (7i™')~1(¢’) consists of one or two edges, and if ¢’ is a terminal subedge

i+1

1t 71(e’) consists of only one edge.

of e (meaning it shares a vertex with e), then (7

A generalized diamond system admits a canonical sequence of Borel probability measures (11;)32,, satis-

fying
(D4) po is Lebesgue measure on I.

(D5) Restricted to each edge of X;, u; is a constant multiple of length measure.
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(D6) For each ¢ € E(X]), if (7T')~1(¢’) consists of two edges, then the y;y; measure of each of these

edges equals 244;(e’), and if (7 7")~!(e’) consists of one edge, then the ji;1 measure of this edge equals
pi(e’).

Remark 2.7. With a small adjustment, these axioms imply the axioms of an “admissible” inverse system
from [CKI5]. The only problem is that in [CKI5], each edge of X; is subdivided into m edges of X/, where
m is independent of 7, and our subdivisions are into 2™ subedges, where m; can depend on i. To conform
to the [CK15] axiom, we can augment our inverse system by inserting extra graphs Xf between X; and
X, 41 that are simply subdivisions of X; into 2/ subedges, for 1 < j < m;. The maps between them are
identity maps. This new system will now be an admissible inverse system with subdivision parameter 2, and
the inverse limit of the original system and augmented system will be the same. Thus, by Theorem 1.1 of

[CK15], the inverse limit (X0, doo, ftoo) Of a generalized diamond system is a PI space.

There is one last axiom for a generalized diamond system which implies (10.3) from [CKI5] holds ftoo-

almost everywhere.

D7) For any edge e € E(X;), every point in (7'71)~1(e;5) is at most 2 edge lengths (of X;,1) away from
i /

a vertex of degree 4, where e; /o denotes the middle half of e.

Theorem 2.10. Every nonRNP Banach space contains a biLipschitz copy of a metric measure space satisfy-
ing the differentiation nonembeddability criterion. The metric measure space is an inverse limit of admissible

graphs, as in [CKI5|], with nonEuclidean tangent cones at almost every point.

Proof. We begin by making some reductions. First, notice that it suffices to embed into B @, R for any
nonRNP space B. This is because we may pick any closed, codimension-1 subspace B’ C B, which is also
necessarily a nonRNP space, and get B = B’ ©, R.

Let B be a nonRNP space (in a slight abuse of notation, we’ll use || - || to stand for both the norm
on B and the norm on B @ R, but this shouldn’t cause any confusion). We’'ll construct a sequence of
subsets (X;)2, of B @ R and maps 7rf+1 : Xit1 — X, such that (X;,d;) is a connected metric graph
and ... 33 X5 ﬁ X1 3% Xo is a generalized diamond system, where d; denotes the intrinsic metric on
X; (shortest path metric, where path length is measured with respect to ambient Banach space). The
construction will be such that there exist a § > 0 and J; > ¢ such that X; is ;" !_quasiconvex in B & R,
meaning 6;d;(z,y) < ||z — y|| < d;(z,y) for all z,y € X;. Furthermore, the construction will be such that
for any v € V(X;) C V(Xi41), 707 (v) = v (see Axiom for the identification of V(X;) as a subset of

V(Xi+1)). By density of the the vertices in the inverse limit space, this implies that the closure of U;V (X;)

7|'3 7T2 71'1
in B® R is 6 !-biLipschitz equivalent to the inverse limit of ... =% X5 — X; =% X.
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Previously, we introduced geodesics as isometric maps on intervals, but in this proof it will be more
convenient to consider the image of these maps instead of the map itself. For this reason, we use the term
geodesic path to mean the image of a geodesic map. Additionally, if p and ¢ are points in a graph, we
previously used the notation |p— ¢| to denote the distance between p and ¢ with respect to the length metric,
but such notation will cause problems in this proof since we are working in a normed space. Instead, we will
use the term intrinsic metric which has the same meaning as length metric, and notation for this distance

will be set subsequently.

Model Graph

Let 6 > 0 and let C be an open, convex subset of the unit ball of B such that 0 € C and ¢ € co(C'\ Bas(c))
for every ¢ € C, where B,.(z) is the closed unit ball of radius r centered at . We describe how to construct
a graph, for each ¢ € C, that will serve as a building block for the graphs Xj.

Let ¢ € C. We'll form two piecewise affine, geodesic paths from (0,0) to (¢, 1), denoted yo(c) and 1 (c).
The reader should refer to Figure [2.5 for a helpful visual of the construction. Since ¢ € C, ¢ = aje1+. .. agcy
for some «; € (0,1) and ¢1,...¢c; € C with ag +...ax = 1 and ||c — ¢;|| > 40, > 49 (note that since ¢, ¢;
belong to the unit ball of B, §. < %) Since C' is open, we may assume each «; is a dyadic rational with

common denominator 2", by density of dyadic rationals in [0,1]. Additionally, by “splitting” up terms of the

m

5w Cj into the m-fold sum Q%Cj—l—%cj—i—. .. z%cj, we may assume «; = 27" and k = 2" for some n. > 1,

form
independent of j (of course we do not have that {c;} are distinct, but that is no issue). The path vy (c) consists
of a piecewise affine interpolation between 2-2" +1 vertices, vg, v}, V1, U, V2, . . . Uyn, , Uan.. These vertices are
such that vy = (0,0), and for each j, v —v;_1 = 2=+ (¢, 1) and v; — vl = 2=+ (¢;, 1). Likewise, 71 (c)
consists of a piecewise affine interpolation between 2-2™= +1 vertices, wg, w}, wy, wh, wa, . . . Whn, , wan.. These
vertices are such that wy = (0,0), and for each j, v} —w; | = 2=+ (¢;,1) and wj — wh = 2~ (et (¢ 1)
(notice the flipping of primed and unprimed terms). It follows that v; = w; for each j, and that von. =
(¢,1) = wan.. These are indeed geodesic paths because the vectors c, ¢; all have norm 1 in B, and we take an
oo-norm direct sum. An isometry from these geodesics paths onto the interval [0, 1] is provided by projection
onto the second coordinate.

vo(c) is equipped with a graph structure. The vertex set is the ordered set (vg, v}, v1,v5, V2, . .. Vhn, , Vane )
and there is one edge between consecutive vertices consisting of the line segment between them. The path
~1(c) is similarly equipped with a graph structure. We let I'(¢) = ~o(c) U 1(c). Since 7o(c) and v1(c)
intersect only on their vertices, I'(¢) inherits an induced graph structure. The vertex set is {vg = wg =
(0,0), vf, wh,v1 = wi, ... V5., Whn., Vane = wane = (¢,1)}. See Figure[2.5]for an example of I'(c) for 2" = 4.

Loosely, I'(¢) is made up of a sequence of parallelograms increasing in the “R direction” of B & R such that
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(c+c;,2)

O (1)

©(0,0)

Figure 2.4: The parallelogram with vertices (0,0), (¢, 1), (¢j,1), and (¢ +¢;,2). The horizontal axis is in the
“B direction” of B & R, and the vertical axis is in the “R direction”. The extrinsic and intrinsic distance
between any two points on e; U ez or any two points on es U ¢4 agree. The extrinsic distance between the
two vertices (¢, 1), (¢;,1) is 40.. All edge lengths are 1.

adjacent parallelograms share a common vertex. Because of this, for any two points of x,y € I'(¢) belonging
to distinct parallelograms, the extrinsic distance ||z — y|| and intrinsic distance d;,(z,y) agree. We claim
that each of these parallelograms is §_ !-quasiconvex. Then this claim together with the preceding sentence

imply that T'(c) is 6. '-quasiconvex.

/
VR

Proof of Claim. Consider one of the parallelograms of I'(¢). It has vertices v;_; = wj,l,v;,w v =
w; for some j. First notice that translations and dilations don’t change the quasiconvexity constant of
parallelograms, so we may perform such modifications to ours to obtain one that is easier to calculate with.
Translate the parallelogram by —v;_1 (= —w;_1) so that one of the vertices is (0,0), and the other vertices
are 2~ (Mt (¢ 1), 27 (et (¢, 1), and 27 ("e* Y (¢ +¢;,2). Then scale by 2"F! so that the vertices are (0,0),
(¢,1), (¢j,1), and (¢ + ¢;,2). Now we label the edges: let e; be the edge between (0,0) and (c, 1), es the
edge between (0,0) and (c;, 1), eg the edge between (c,1) and (¢ + ¢;,2), and es be the edge between (c;, 1)
and (c+c¢j,2). Figure shows an example of this parallelogram, and it will be helpful to keep this picture
in mind while reading the remaining proof of the claim.

Note that e; U ez is a subpath of the geodesic path corresponding to vy(c), and ey U ey is a subpath of
the geodesic path corresponding to 71 (c), so the intrinsic and extrinsic distance agree on these subsets. Let
x and y be elements of the parallelogram. As just mentioned, if  and y belong to e; Ues, or both belong to
ez U eg, then the intrinsic and extrinsic distance between x and y agree. Suppose then that = belongs to e;

and y belongs to ea. Then = a(c, 1) for some o € [0,1], y = S(c;,1) for some § € [0,1], and the intrinsic

distance between = and y is o + 5. Without loss of generality, assume 3 > «, so that the intrinsic distance
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between z and y, d;,,(z,y) is bounded by 25. Then the extrinsic distance between x and y is

[z =yl = llale, 1) = Bej, DI = [(B(e = ¢j) + (@ = B)e,a = B

=max([|8(c — ¢;) + (o — B)c|, | — B])
> max(||B(c — ¢;)|| = [I(a = Bell, | = BI)
> max(||3(c = ¢;)|| = o = Bl, | = BI)
> max(B4d. — o — B, la — B])
> (26)de > dedin(z,y)

showing that the quasiconvexity constant is bounded above by ;! in this case. By symmetry, we get the
same upper bound if z belongs to ez and y belongs to e;. There is one remaining case (since the rest of
the cases follow from this one by symmetry), in which x belongs to e; and y belongs to e4. In this case,
z = afc, 1) for some a € [0,1], y = (¢;,1) + B(c, 1) for some 5 € [0,1], and we use the trivial bound

din(z,y) < 2 for the intrinsic distance. Then for the extrinsic distance, we have

[z =yl = llale, 1) = (¢, 1) + Ble, V)|

=l((a=B-1c+(c—¢)a=F-1)
=max ([[(« == 1) c+ (c— )l o = B—1)
> max ([le — ¢;l| = la = B — 1], o = B = 1|)
> max (40, — la — B = 1|, |a — 8 — 1)
> 260 > bedin (2, y)

This completes the proof of the §_ !-quasiconvexity of the parallelogram.
End Proof of Claim.

Since vo(¢), 11(c), and [(0,0), (¢,1)] are all geodesics with endpoints (0,0) and (¢, 1), there are unique
isometries vyo(c) — [(0,0),(¢,1)] and ~v1(c) — [(0,0), (¢, 1)] fixing the endpoints. If we let [(0,0), (¢, 1)]
denote the subdivision of [(0,0), (¢, 1)] into subedges of length 2~ ("<*1) the maps are graph isomorphisms.

Combining these gives us a map 7. : I'(¢) — [(0,0), (¢,1)]" which is open, simplicial, and an isometry on
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Vva=ws=(c,1)

Va4 'O

V3=ws

w3 b

Vi=W1q

Vi 'O wy'

Vo=wo=(0,0)

Figure 2.5: The model graph I'(¢) The geodesic path 7o(c) is shown in orange, and the geodesic path 1 (c)
is shown in blue. The horizontal axis is in the “B direction” of B @ R, and the vertical axis is in the “R
direction”.
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every edge. Furthermore, the preimage of any edge in [(0,0), (c,1)]’ consists of two edges of I'(c). Let
((0,0) = to,t}, t1,th,ta, ... tha., tane = (¢,1)) be the ordered vertex set of [(0,0), (¢,1)]". Then (7, ')({t;}) =
{v;} = {w;}, a single vertex, and (7 ')({t}}) = {v;,w]}, a set of two vertices. Finally, if j # 0,2", the
vertex v; = w; has degree four, so every point in I'(c) is at most two edge lengths away from a vertex of
degree four. Thus, 7. : I'(c) — [(0,0), (c,1)]’ satisfies the conditions listed for /™' in Axioms
and

For any ag € R\ {0}, by € B, and A C B, we let agA + by be the image of A under the invertible
similarity b — agb+bg. The sets agl'(c)+bg and (ap[(0,0), (¢, 1)]4+bo)" inherit graph structures from I'(¢) and
[(0,0), (¢, 1)]', respectively, and there is also an induced map agm.+bo : @'(¢) +by — (ao[(0,0), (¢,1)]+bo)’
that, like 7., satisfies Axioms [[D2)] [(D3)] and [[D7)]

Inductive Construction of X;

For the base case, let Xo = {0} x I C B @ R. For the inductive hypothesis, assume that the inverse system

Tt

1
X; 5 Xio1... 2 X, and X/_; have been constructed and satisfy Axioms [(D1)H(D7)|from Definition [2.13

For e € E(X;), let vg(e) and vy (e) denote the terminal vertices of e. Assume that the inverse system satisfies

the additional properties:

(P1) For all e € E(X;), e equals the line segment joining vo(e) to v1(e). That is, e = [vg(e),v1(e)] :=

{(1 —=t)vo(e) + tvi(e) : t € [0,1]}.

(P2) For all e € E(X;), e is parallel to an associated vector (¢,1) € C' x {1}. That is, v1(e) —vo(e) = a(c, 1)
for some o € R and ¢ € C. Furthermore, a = 27" for some n; > 1. The number n; depends on i but

not on e. It follows that every edge of X; has length 277,

Now we need to construct X; 41, X/, and ﬂf“ : Xit1 = X! Let e € E(X;), and ¢ € C and n; > 1 such
that vy (e) —vo(e) = 27" (¢, 1). Subdivide e into into 3 subedges, the middle one having length 1 e[, and the
terminal ones having length i|e|. Let eg and e; denote the terminal subedges, and e; /o the middle subedge.
Note that, for any z € €1/ and y € X; \ e,

di(z,y) > % =27 (¥ (2.25)
Let §' = %, so that § < ¢’ < 0;. Choose N to be large enough so that

27N < (6; — 6)272 (2.26)
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Subdivide ey /5 into 2N edges of equal length. So now e is divided into a total of 2V + 2 subedges, and two
of them, ey and e, are marked as terminal subedges. Doing this for every e € E(X;) gives us a subdivision
X; of X;. Let f be a subedge of e1/2. Then vi(f) —vo(f) = 2= (ni+1+N) (¢ 1). We create X;;; by replacing
f with the graph 2~ (+1+ND(¢) + vy(f), which has the same vertices as f. Thus, X;;; consists of the
union of e, e, 27" NI (c) + v(f) over all f C e/ and e € E(X;), with each e and e; subdivided
into subedges so that every edge of X;;; has equal length. The graph X, satisfies and Since
there are only finitely many e € E(X;), and thus finitely many ¢ € C associated to e, we may choose the
subdivision parameter n. of Section [2.8.1] independent of c.

X! is simply the subdivision of X, into subedges all having length the same as any edge of Xi+1. For
any e, e1, and f C eq/o, let €f, e}, and f’ denote the subdivisions in X/. Let 2=(H1+Mzr, 4 yy(f) -
2= (AN () £ ug(f) — f' be the map defined in Section We paste all these maps along with all the

identity maps eg — €, €1 — €} together to obtain the quotient map ﬂf“ : Xit1 — X!. Then wf“ satisfies

Axioms [(D2)} [(D3)| and |(D7)| because each map 2~ ™+1+N) 4 44 (f) does.

The map ﬂf“ is a 1-Lipschitz quotient with respect to the metrics d; 1 and d;. Furthermore, it has the

i+1

i

i+1

property that, if z,y € X;11 and 77! (z) and 77! (y) do not belong to the same edge of X;, then

div1(z,y) = di(7r2+1(x), 773+1(y)) (2.27)

Set d;+1 := min.(d.,d’) > §, where the minimum is over each (¢, 1) associated to an edge e of X;. Since
there are only finitely many edges of X;, the minimum is well-defined and ;11 > §. We now check that

. —1 .
X1 is 0;,-quasiconvex.

i+1
%

Let x,y € X;y1. First consider the case 7" (x) and ﬂf“(y) belong to the same edge f of X;, with

v (f) — vo(f) = 27" (c, 1) for some ¢ € C. Then z and y both belong to 2=+ *+NT(¢) 4+ vg(f), on which
the intrinsic distance is §. !-quasiconvex, so the desired conclusion holds in this case.

i+1
i

i+1
%

Now assume 7 (y) do not belong to the same edge of X; but do belong to the same edge

(z) and 7

of X;. Then the intrinsic and extrinsic distance between x and ¥, and the intrinsic and extrinsic distance

between 7.7 (x) and i (y) are all equal.
i1

%

Finally, assume 7" (z) and wf“(y) do not belong to the same edge of X;. We consider two subcases:
both x and y belong to terminal subedges of e, f € F(X;), or one does not belong to a terminal subedge. In
the first case, if both z and y belong to terminal subedges of X;, then ﬂ'f“ acts identically, on z and y, and
SO

disr(2,y) = di(m (2), m " (y) < 67 Hlm ™ (@) — m ()] = [l —
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by the inductive hypothesis and so the conclusion holds. Now assume, without loss of generality, that

it (z) € e1/2 for some e € F(X;) and y € X1 \ (miF 1)~ 1(e). Then we get

K2

. . _ _ Z25)
di(mi (@), 7 () 2 (@) = m T ()] 2 Gidi(z,y) = 51-% = g;27 (2.28)
Since 772“ acts identically on the vertices of X;, the d;1, diameter of any fiber of 7rf+1 is at most the length

of an edge of X;, which is 2= (%+1+N) " This implies

i (2) = ], [l () =yl < 27 (et (2.29)

Thus,

le =yl > |7 (2) = 7 W)l = lwi (2) = 2l = lly = = ()]

&29 , ,
> Sidi(m T (2), mit (y)) — 27 ()
2:26) _ _
> Gidi(mi T (2), 7 (y)) — (8 — 0727 ()

0 (@), 7 ) — (6 — ) (7 (@), 7 ()

R ) R )

4 i .27)
=8'd;(mi T (2), 7N (y) =" §'diga(2,y) > Sivadiga(z,y)
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Chapter 3

Essentially Uniformly Discrete Metric
Spaces

3.1 Introduction

This chapter is devoted to proving the results stated in Section [1.2.2

3.1.1 Outline

Section [3.2] contains the proof of Theorem [3.1] and the following section contains the proof of Theorem
The final section contains examples of essentially uniformly discrete metric spaces which do not obviously

biLipschitz embed into RNP spaces without the aid of Theorem [1.15

3.1.2 Notation

If X € Lipg, (X)", we assign to it the real numbers (c,)pex\ {0y € R¥\O and write A = 3 _ ¢ ¢cpe, (even

peX
though this infinite sum doesn’t necessarily have a usual meaning as a limit of finite sums) if A (l{p}) =cp
for all p € X \ {0} (and interpret ¢y = 0). The assignment A — (cp)pex\fo} is injective.

Note that res(d,) = e, (Recall the definition of res from Section [1.2.2). If v € LF (X), we assign to it
the real numbers (c,)pex\ (0} € R¥\MO and write v = > pex CpOp (even though this infinite sum doesn’t

necessarily have a usual meaning as a limit of finite sums) if res(v) = > ¢ cpe, (and interpret co = 0). The

assignment v — (¢p)pex\ {0} i injective if and only if res is injective.

3.2 Embedding Properties of res

Throughout the rest of this chapter, we assume that X is countable and bounded. Scaling the metric
p by a nonzero factor scales the norm || - || r(x) by the same factor, hence resulting in an equivalent norm.
Thus, we shall additionally assume that diam(X) = 1. Of course, all our results hold under the weaker
assumption that X is bounded, but with perhaps different constants, which is inconsequential as far as

Theorems and are concerned. Finally, by adding a new point to the space and declaring it the
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basepoint 0, we may assume that p(0,p) = 1 for every p € X \ {0}, and hence that ||0,| = 1. Under these
standing assumptions on X, we characterize the metric properties of X under which res is an isomorphic
embedding.

First we need a proposition that should clarify the role of essrad in our study of res.
Proposition 3.1. For each p € X, [lep|Lip,, (x)* = essrad (p).

Proof. Let p € X. Let f € By, (x) and € > 0 be arbitrary. By definition of essrad (p), | Bessrad(p)+¢(P)] = 00.
Thus, f must vanish at some point in Beggrad(p)+(p). This implies | f(p)| < essrad (p)+e. Since f € Brip, (x),
€ > 0 were arbitrary, this in turn implies |le,||rip, (x)* < essrad (p).

Now consider the function f: X — R defined by

1- p(x,p) T e Bessrad(p)—e(p)
0 x ¢ Bessrad(p)—e(p)

fz) =

Then f € Lipg, (X) by definition of essrad (p), || f||Lip,. (x) < (essrad (p) —€)~', and e,(f) = 1. It follows

that |lep||rip,, (x)* > essrad (p) — €. Since € > 0 was arbitrary, [|e,||Lip, (x)* > essrad (p). O

Theorem 3.1. res is a O~ -isomorphic embedding if and only if X is 0'-essentially uniformly discrete for

some 0’ > 0.

Proof. Assume X is not #’-essentially uniformly discrete for all ¢’ > 6. This implies that there is some p € X
with essrad (p) < 0. Then

Prog@ 0

10p]lLr(x) =1 > 6 'essrad (p) “Hlepllripg, ) = 07 |res(8p) |Lip,,. (x)*

Now assume X is #’-essentially uniformly discrete for some 6’ > 6. It suffices to assume ' = 6. Let € > 0

be arbitrary. Let F' C X be finite and ZpeF cpdp € LFgy, (X). Let f € Brip,(r) such that

f Zcpép = Zcp(sp

peF peEF LF(F)

We may assume that 0 € F'so that f vanishes at some point in . Thus || f|| Lo (r) < diam(X)| f|lLip,r) < 1.
We'll now extend f to a function f € Lipg, (X) with Hf||Lipﬁn(X) < (@—¢)"'. Forz € F, set f(x):= f(z),
and for z € X\ (UperBo_c(p)), set f(z) := 0. Since IlflLipy(F)s | fllLo 7y < 1, the Lipschitz constant of f on
its domain of definition is < #~!, and f is supported on the finite set F'. The set of points where f remains

undefined is Uper (Bg—c(p) \ {p}), which is finite by definition of #-essentially uniformly discreteness. We
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apply the McShane extension theorem to extend f to all of X without increasing the Lipschitz constant.

Then the following estimate concludes the proof of the desired implication.

Zcpdp =\f Zcpép = |f | res Zcpdp

peF LF(X) pEF pEF

<|4

res Z cpop < (6 —e)"t||res Z cpop

€eF . " er
P Lipgn (X) P

Lipgy (X)
Lipg, (X))~

3.3 Separability of Lipg, (X)*

We recall the (slightly modified) definition of De Leeuw’s map, ®, from [Wea99, Definition 2.1.1]. Let
A C X x X denote the diagonal and set X =XxX \ A. Then p : X - Ris non-vanishing. Let
€°°()~( )p denote the vector space of all real-valued functions on X of the form fp, where f € E‘X’(f( ). Equip
(>°(X)p with the unique norm so that f ~— fp is a linear isometry from £°°(X) onto £*°(X)p. Define
® : Lipg, (X) — €2°(X)p by ®(f)((z,y)) := f(y) — f(z). Then ® is a linear isometric embedding. The
Riesz-Markov representation theorem implies (£*° (X )p)* can be identified with the Banach space of measures
p on X equipped with the norm ||u|| = [ pd|u|, denoted M (ﬂf() /p. Here, BX denotes the Stone-Cech
compactification of the discrete topological space X, and we've implicitly extended p (in the unique way) to
a continuous function on BX and will continue to do so for all functions in £°°(X)p. Under this identification,
®* maps M (ﬁX) /p onto Lipg, (X)", with the action given by ®*(u)(f) = [(f(y) — f(x))du(z,y). As is
well-known, X := X \X can be identified with the set of nonprincipal ultrafilters on X. We wish to identify
special subsets of 9X. For each p € X, let U, denote the set of all nonprincipal ultrafilters ¢ on X such that
{p} x (X \{p}) €U or (X \ {p}) x {p} € U. Note that U, is closed, and that p(U,) C [essrad (p), diam(X)],
by definition of essrad (p). Also by definition of essrad (p), there is a U, € U, such that p(U,;) = essrad (p)
(there could be many; U, is chosen arbitrarily using AoC). Furthermore, we can, and do, chose U, so that
{p} x (X \{p}) € U; (and so (X \ {p}) x {p} ¢ U;). M (ﬁf() /p splits into the (internal) ¢!-direct sum
(X)) p @1 M (Upexthy) /p @1 M (9% \ Upexthy ) /p.

Proposition 3.2. The following are true.

1. ®* restricted to 1(X)/p equals res o 7 (recall the definition of 7 : £(X)/p — LF (X) from Section
3.1.9).
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2. For anyp € X and p € M (Up) /p, *(n) € span(e,). Additionally, ®*(dux) = €p.
3. ®* wvanishes on M (3X \ upexup) /p-

Proof. follows immediately from the definitions of ® and 7.

To prove (2), since the span of the point mass measures in M (U,) /p is weak*-dense in M (U,) /p and
®* is weak™-weak™ continuous, it suffices to show ®*(6y) = +te, for each U € U,. Let U € U,. We'll assume
{p} x (X \{p}) € U and show ®*(§;;) = e, (a similar argument shows ®*(d;) = —e, if (X \ {p}) x {p} € U).
Let f € Lipg, (X). Then CF := {(z,y) € {p} x (X \ {p}) : f(x) — f(y) = f(p)} is a cofinite subset of
{p} x (X \ {p}). Then by definition of nonprincipal ultrafilter, CF € U. Hence,

" (bu)(f) = f(U) =U- lim (f(z) = f(y)) = f(p) = ep(f)

(z,y)

This shows .

Finally we prove (3). By the same density and continuity reasoning as before, it suffices to show ®*(§,) =
0 for each U € X \ UpexU,. Let U € 0X \ UpexU,. Let p € X, and let 1, denote the indicator function of
{p}. Then ®*(&y)(1,) = U-lim(, ,)(1,(z) — 1,(y)). For any (z,y) € X, 1,(z) — 1,(y) € {~1,0,1}, and thus
U-lim, ) (1,(z) — 1,(y)) € {—1,0,1}. Now, 1,(z) — 1,(y) = —1 if and only if (z,y) € (X \ {p}) x {p} and
1,(z) —1,(y) = 1 if and only if (z,y) € {p} x (X \ {p}). From this it’s clear that U-lim, ,)(1,(z) —1,(y)) &
{~1,1} since U ¢ Upe xU,, and thus the only remaining option is U-lim, . (1,(x) —1,(y)) = 0. Since p € X

was arbitrary, linearity implies ®*(d;¢)(f) = 0 for all f € Lipg, (X). O

Theorem 3.2. For every A € Lipg, (X)", there exist w € LF (X) and Y . x ¢yep € Lipg, (X)" such that

A =res(w) + 3 o x cpep and [N < Jlw[| + 3= ¢ x |eplessrad (p). Consequently, Lipg, (X)" is separable.

Proof. Let A € Lipg, (X)*. By Hahn-Banach, there exists 1 + pg + ps € £1(X)/p @1 M (UpexUy,) /p @1
M (8X \ Upexl/lp) /p such that ||p1|| + [|p2]] + usll = Al and ®*(p1 + pe + ps) = A. Note that this is
equivalent to saying pi1 + po + g3 has minimal norm among all elements in (®*)~1()). This minimal norm
property and Proposition imply pg = 0. Set ¢, := pa(Up) and ph = ZpGX cpéu;. Then Proposition
3.2([2) implies ®*(112) = 3° c x cpep and |[u2|l = [ pd|pz| > 3 e x |cplessrad (p). Set w := (1), and observe
that Proposition implies A = res(w) + > x cpep. O

3.4 Examples

In this section, we construct a family of countable, essentially uniformly discrete metric spaces that do not

obviously biLipschitz embed into RNP spaces without the aid of Theorem [T.15]
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First we discuss how to construct, in any Banach space V', an essentially uniformly discrete subset that
is not uniformly discrete. Let V' be a Banach space and X’ C V an infinite subset such that every bounded

subset of X’ is finite. Let f :[0,00) — [1,00) be any function such that

1. limsup,_, ., f(t) = cc.

2. lim;0 £ = 0.

Define the radial stretch map r : V' — V by r(z) := 5. set X = r(X'). and the infinitude of X’
imply X is not a uniformly discrete subset of V', and and the finiteness of X’ on bounded subsets imply
X is oco-essentially uniformly discrete. In general, different choices of f will result in metric spaces X that
are not canonically biLipschitz equivalent.

Now let (X, p) be an essentially uniformly discrete, non-uniformly discrete metric space that isometrically
embeds into a Banach space V, such as the one constructed above. Let h : [0,00) — [0,00) be a function

such that
e h is concave and increasing.
e h(t) >0 fort>0.
e lim; o A(t) = h(0) =0.

Then h o p is another metric on X that is not biLipschitz equivalent to p (via the identity map) unless
t/C < h(t) < Ct for some C' < oo. Transforming the metric by h is not compatible in any obvious way
with RNP biLipschitz embeddability. In other words, even if V' is an RNP space, it is not clear that the
metric space (V,h o -||) should biLipschitz embed into any RNP space. However, this metric transform
p — hop does preserve essentially uniform discreteness, so (X, h o p) isometrically embeds into an RNP

space by Theorem [1.15
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Chapter 4

Markov Convexity of Carnot Groups

4.1 Introduction

This chapter is devoted to proving the results stated in Section [1.2.3

4.1.1 Outline

We begin with an informal discussion of the main theorems in Section Section [4.2] contains some

preliminary inequalities, and Sections [4.3] and [4.4] contain the proofs of Theorems [£.1] and respectively.

4.1.2 Discussion of Proof Methods

We engage here in informal discussion of the proofs of Theorem and This discussion is intended
to give a brief overview of the proofs for readers with a sufficient background in the relevant topics. For
Theorem the relevant topics are graded nilpotent Lie algebras, the group structure they inherit via the
Baker-Campbell Hausdorff formula, and their graded-homogeneous group quasi-norms. For Theorem [4.2
the relevant topics are Markov convexity of diamond-type graphs, jet space Carnot groups, and Khintchine’s

inequality. Readers unfamiliar with these topic may find this section unuseful.

Discussion of Proof of Theorem [4.1]

The method employed by Mendel-Naor to prove that p-convexity of Banach spaces implies Markov p-

convexity is to:

1. Invoke the well-known result that p-convex Banach spaces have equivalent norms || - || satisfying the

parallelogram inequality (||z[? + ||z — y[[*)/2 — [[y/2” 2 [}« — y/2].

2. Prove 4-point p-convexity: (2d(y,x)P + d(z,y)? + d(y,w)?P)/2 — (d(z,w)/2)? — (d(z,2)/2)P 2 d(z,w)?,

where d(z,y) = |lz -y
3. Prove the Markov p-convexity inequality, Definition [1.10]
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We prove the analogous inequalities for graded nilpotent Lie groups:

1. Lemma Construct a group quasi-norm N satisfying (N(x)P + N(y~1x)?)/2 — (N(y)/2)P =
N(01/2(y) " )P

2. Lemmal[d.14] Prove 4-point p-convexity: (2d(y, z)P+d(z,y)P+d(y, w)?)/2—(d(z,w)/2)P—(d(z, z)/2)? 2
d(z,w)?, where d(x,y) = N(y~ ‘).

3. Prove Theorem The Markov p-convexity inequality.

The passage from to and from to is exactly the same as in Banach space case. To prove ,
we recursively construct a sequence of homogeneous quasi-norms on the group, and prove that they satisfy
(1) inductively. Actually, the following stronger version of (with p = 2s, the case p > 2s is taken care of

later) is needed for the induction to close, this is Lemma m
(No(2)* + No(y~'2)*) /2 = (Na(y)/2)** 2 SNy(2,9)* + Ds(,) + No(01/2(y) " 2)*

There are two extra terms that appear in this inequality, SN¢(x,y) and Ds(z,y), defined in Definitions
and Dg(x,y) is designed to bound (up to constants) the square of any BCH polynomial of degree s (see
Definition 7 so one may guess how it would be useful to prove .

SNs(z,y) is nearly a positive definite quasi-norm of (z1,...%s,y1,...ys) (the name SN is meant to
suggest that it is a seminorm instead of a norm, since it is not positive definite), but not quite as it vanishes
when 21 = y1/2 and x; = y; = 0 for ¢ > 2. However, this is not an issue as we will have an extra ||y || term
in the induction, so that ||y1|| + SNs(z,y) is genuinely a quasi-norm of (x1,...xs,y1,...ys). Here are Dy

and SN, for some small s:

Ds(z,y) = [[(z3,y3)|I* + | (z1, )P [(@2, y2)|I* + | (21, y0) [>T (2, )

Dy(z,y) = [[(za, y)I* + 11, y) Il (23, y3) |12 + [l (22, o) ||*
i@y I @2, y2) 2 + 122, ) 772 (@, ) + (21, 0] 7% (@, y)
SN3(z,y) = max(lar —y1/2l|, (@2, y2)IIV%, (23, 93) %)

The polynomial 72(x,y) is designed to bound the squares of terms coming from the bracket between two

vectors from the horizontal layer. For example, in the second Heisenberg group,

Tz(l';y) = ($11y12 - x12y11)2 + (x13y14 - z14y13)2
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We recursively construct the quasi-norms N,i1 given all the previous quasi-norms by defining N1 (z) to
be an 261 gum of /\S+1||x5+1||1/(5+1) and the top half of the previously defined quasi-norms, where sy

is a positive constant chosen small enough (depending on the product structure of the group in question) to

make the inequality of Lemma [4.12{|1]) hold. Specifically, from (4.1J),

Na(z) = /llz1[* + Azl

S

Noy1(x) = 26+ Aol ||2 + Z Nj(s-‘rl)(x)
s'=[(s+1)/2]

The reason why we add the top half of the previously defined norms, and the reason for the inclusion SNy (z,y)
term in the inequality, is to help pass from Dg(x,y) to Dsy1(x,y) during the proof of the inductive step.
When proving the inductive step, we have terms like

(SNS/(:r,y)QS/ + DS/(z,y))(SH)/S', s’ < s, appearing to which we apply Lemma and obtain a term like
SNy (x,y)2H1=) Dy (2, y). This term bounds ||(2s11—ss yss1—s)||2Dy (2, 7y) exactly when [(s 4 1)/2] <
s’ < s. Then summing ||(zs11_s,Yst1-s)||?Ds (x,y) over this range of s’ accounts for all the terms in
Dgy1(x,y), except for the top-layer term ||(xs11,ys41)||? (since any other term in Dy, (x,y) contains as a

factor a variable from one of the lower half layers, see Lemma for details), which is accounted for later.

Discussion of Proof of Theorem [4.2]

We recursively construct a sequence of directed graphs I'),, and maps from them into the jet space of step
r (J77YR)) to show that it is not Markov p-convex for any p < 2r. The Markov processes we use are
standard directed random walks on the graphs. This is very similar to the method used in [Lil6], where
something akin to the Laakso-Lang-Plaut diamond graphs were used. The main feature of those graphs G,,
is that G,,41 is obtained from G; by replaced each edge of G; with a copy of G,,. Roughly speaking, Li
recursively maps G,,4+1 into R? by replacing each edge of a distorted image of G; by a rotated, distorted
copy of the image of G;. The distortion is done in such a way that the coLipschitz constant (the Lipschitz
constant of the inverse map) is on the order of %\/m , and the fact that rotations are isometries
of the Heisenberg group affords one uniform control on the Lipschitz constants. One can conclude from this
that the Heisenberg group is not Markov p-convex for p < 4 (the 4 coming from the fourth root of m).

Our graphs differ from those in [Lil6] in that, to obtain T',, 11 from T'y,, we first glue together many
copies of I',,, together with a small number of copies of a single edge I in series to get a new graph I,
and then replace each edge of I'; with a copy of I';,,  ; (this isn’t exactly how our construction is defined, but

is close enough to get the main idea). See Definition for the full details. We will explain the reasoning
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for this after describing our maps of T',, into J"~1(R).

Our maps differ from those in [Lil6] in that we do not rotate the image of I';, before using it to replace
the edges of the image of I'y, as rotations are not Lipschitz maps in higher step groups like they are in the
Heisenberg group. Refer to Figure throughout this discussion to get an idea of the construction of these
maps. Instead of rotating, we simply add (many copies of) the image of I';,, to a distorted copy of the image
of T'; to obtain the mapping of I',,, 1 into R2. More specifically, we map each directed path v in I',,, 4 to
the jet of a function ¢, - a horizontal curve in J "~1(R). The Lipschitz constant of this map is controlled by

constant is on the order of ¥/m {/In(m + 1) (at least on the pairs of random walks (X", X7(t — 2¥)). That

%(ZSWHOO. We still distort the graphs T, with the same asymptotics as in [Lil6], so that the coLipschitz

we get the 2rth root of m instead of the fourth root of m comes from the fact that J"~!(R) is of step r
and the Heisenberg group is of step 2. One potential problem is that the absence of isometric rotations and

the fact that (y/mIn(m))~! isn’t summable means |

%QS’YHOO blows up along some paths, and thus we do
not have uniform control on the Lipschitz constant of the map, unlike [Lil6]. However, (v/mIn(m))~! is
square-summable, and together with the nature of the image of the random walk X™ in J"~!(R), this allows
us to control E[dcc (X}, X{™)P] uniformly in m,t. Loosely, along the random walk in the horizontal layer
(which has z- and w,._1-coordinates), every time one is confronted with a choice of direction to walk in, the
choice is to walk 1 unit in the z-direction and +(v/iIn(i 4 1)) =" units in the u,_;-direction with probability
1/2, or 1 unit in the z-direction and —(v/iln(i + 1))~! units in the u,_;-direction with probability 1/2 (for
some i depending on how far one has walked). Thus, one might expect doc(X{}, X{") to be bounded by
a random variable distributed like 1+ | Y'_, ¢;(v/iIn(i 4 1))~!|, where {¢;}; are iid Rademachers, and then
Khintchine’s inequality implies we should have a uniform bound on E[dcc(X{}, X{")P] (which is the real
quantity of interest, recall Definition . Of course, the random walk is not distributed like this, but it
turns out that this intuition is correct nonetheless, see Lemmas and for the specifics.

Finally, the reason we use many copies of I';, in creating I',,, 11 is so that, compared to the diameter of
T'ynt1, the diameter of the copies of Ty, is very small, and thus those that replaced opposite edges of I'; don’t
get too close together, which would ruin the coLipschitz constant. Morally, this “decouples” any interaction

between different scales in I';,41.
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4.2 Probabilistic and Convexity Inequalities

In this article, we will often justify an inequality with the phrase “by convexity” or “by the parallelogram

law”. The convexity inequalities we refer to are almost always of the form

ap+bp> a+b\?
2 - 2

or

af + b < (a + b)?
for p > 1 and a,b > 0. The form of the parallelogram law we most often use is

[l + flu — v||?

5 = [[o/2I* + llu — v/2||?

for uw,v in a Hilbert space, which implies the inequality

vl

Jull? + = o = 15

We may also use either of these inequalities without explicitly mentioning convexity or the parallelogram
law.
We collect here some basic inequalities related to convexity and an additional one on LP-norms of random

variables.

Lemma 4.1. For all a,b >0 and g > 1,
(a+b)?>a?+ qa?™ b

Proof. Let a,b,q be as above. The inequality is obviously true if a = 0. Then if a > 0, after dividing each
side by a? and replacing b/a with ¢, it suffices to prove (1 +¢)? > 1 + gt. This inequality is true since the
right hand is the linearization of the left hand side at ¢ = 0, and the left hand side is a convex function of

t. O

Lemma 4.2. For eachp >0 and k > 1,

k
> @t > kP2

t=1
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Proof. Let p > 0 and k > 1. Since the function ¢ — (2¢)? is increasing,

k k 9p
> @2ty / (2t)Pdt = ——kPHE > P12
p+1

t=1

O

The following two lemmas are frequently used in tandem to prove Khintchine’s inequality (for example,

Proposition 4.5 of [Wol03]). We will need them for a similar inequality used in Section [{.4.2]
Lemma 4.3. For all y € R, cosh(y) < exp(y?/2).

Proof. Let y € R.

ey—f—e 4

S S y W (P

cosh(y) =

l\JM—\

O

Lemma 4.4. For each p > 1 and 0 < A, B < oo, there is a constant C = C(p, A, B) < oo such that any

real-valued random variable Y satisfying the moment generating function subgaussian bound
Elexp(yY)] < AeP¥"

also satisfies the LP-norm bound

ElYff]<C

Proof. This is a standard result from the theory of subgaussian random variables whose proof appears in
any text on measure concentration. For the sake of completeness we’ll include the proof, roughly following
the proof of Proposition 4.5 from [Wol03|. Let p, A, B, Y be as above. For any t > 0, Markov’s inequality

and our assumption imply

Likewise,
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giving us

2
P(Y|> 1) < 24exp (—jB)

We then use the layer cake principle to calculate E[|Y|P]:

2

E[|Y "] :p/ tPIP(Y] > t)dt < p/ tP~12A exp <_sz> dt = C(p, A, B) <
0 0

4.3 Upper Bound on Markov Convexity of Graded Nilpotent Lie
Groups

Throughout this section, fix a graded nilpotent Lie algebra (g, [-,-]) of step » > 2 with grading &]_,g; and
dim(g;) = k;. Choose an ordered basis U; 1,...U; x, for each g; and equip g with a Hilbert norm || - || such
that these vectors form an orthonormal basis. We also use || - || to denote the Euclidean norm on any R”.
Given = € g, let z; € g; denote its g;-component. Given z; € g4, let x; ; € R denote its U; j-component.

Thus,
T ki
l]1* = [l and lzall® = lwal?
i=1 =1

Consider g as a graded nilpotent Lie group as in Section It’s easy to see that 0 is the group identity

element and 2! = —z. Whenever u,v € g or u,v € R", we use the notation ||(u,v)||? to mean |[u|? + |Jv||*.

4.3.1 BCH Polynomials

Definition 4.1. For s > 0, a function P : g X g — R that is a monomial(polynomial) in the variables
Trmy Yn,m 1S & graded-homogeneous monomial(polynomial) of degree s it P(d¢(x),0:(y)) = t°P(z,y) for all
z,y € g and t € Ryg. Clearly, any graded-homogeneous polynomial of degree s must be a sum of graded-
homogeneous monomials of degree s.
In this section, a multiset is a finite sequence of positive integers modulo permutations. Disjoint unions
I U I5 of multisets are defined in the obvious way. Given a multiset I, ||I||; denotes the sum of the elements
and ||/]|co the maximum of the elements. Given a nonzero graded-homogeneous monomial M of degree
s, we associate to it a multiset I(M) defined recursively on the number of variables in the monomial by
I(M) = {i} UI(M') if M(z,y) = zinM'(x,y) or M(z,y) = y;nM'(x,y) for some n < k; and graded-
= ()). By the homogeneity property, it

homogeneous polynomial M’ of degree s — i (the base case is I(1)
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must hold that if M is nonzero and graded-homogeneous of degree s, ||[I(M)]|; = s.

For s > 1, let 1, denote the unique multiset with [|15]]; = s and ||1s||lc = 1 (and 15 = (). For each
n,m < ki, let 7 m(2,9) = Z1nY1,m — T1.mY1,n- A graded-homogeneous polynomial P of degree s > 2 is
of 7-type if P(x,y) = T m(z,y)M'(z,y) for some n,m < k; and graded-homogeneous monomial M’ with
I(M') =14_s.

A graded homogeneous polynomial of degree s > 2 of the form j Q; (the sum is finite), where each
Q; is of T-type or a graded-homogeneous monomial of degree s with 1 < [|[I(Q;)|lcc < s is called a BCH

polynomial of degree s.

Remark 4.1. Obviously a sum of BCH polynomials of degree s is another such polynomial. If P is a BCH
polynomial of degree s, 1 <i <r,and 1 < j <k;, z; ;P(x,y) and y; ; P(z,y) are BCH polynomials of degree

s+i. If P(x,y) is a BCH polynomial of degree s, then so is P(x,d:(y)) for any t € Rsg.

Example 4.1. Let M(z,y) = 6z176:c%71y473,P(x,y) = —y12(T1191,2 — T1201.1), Q(z,Y) = 11%1,1, and
R(z,y) = ys2. M is a graded-homogeneous monomial of degree 7 with I(M) = {1,1,1,4}, P is a graded
homogeneous polynomial of degree 3 of 7-type, @ is a graded-homogeneous monomial of degree 2 with
I(Q) = {1,1}, and R is a graded homogeneous monomial of degree 3 with I(r) = {3}. M and P are BCH

polynomials, but @ and R are not because they are monomials with || I(Q)|lcc =1 and ||I(R)||cc = ||[I(R)]]1-

We now arrive at a key structural lemma for the group product on graded nilpotent Lie algebras. The

rest of this subsection is dedicated to its proof.

Lemma 4.5. Forallz,ycgand2<s<r,

1) ey = z1-un
2) (yla)s = @yt N5 Pyry)Us,

where each Ps ; is a BCH polynomial of degree s.

A trusting reader familiar with the group structure of graded nilpotent Lie algebras induced by the
Baker-Campbell-Hausdorff formula may safely skip the rest of this subsection. Before proving the lemma,
we need to set some useful notation that allows us to work with nested Lie brackets, and then prove a lemma

about these brackets.

Definition 4.2. Given z,y € g, i > 1, and € € {1,2}*, we recursively define (x,y)¢ as follows: for i = 1,
(r,y)¢ :=x if e = 1 and (z,y)¢ := y if € = 2. Assume (z,y)¢ has been defined for all € € {1,2}* for some
i>1. Let e € {1,2}"!. Then € equals (1,€¢) or (2,€) for some € € {1,2}". We define (z,y)¢ := [z, (z,y)¢]
if e = (1,¢) and (2,5)° = [y, (2,9)°] if € = (2,€).
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Example 4.2. (z,y)122Y = [z, [y, [y, «]]]. The 1 or 2 in the superscript should be thought of as indicating

the first or second component of (z,y) in the nested Lie bracket.

Lemma 4.6. For all z,y € g, 2 <'i1,is <7, and € € {1,2}",

k}i2

((z,y) )i, = ZQin(xvy)Uin
j=1
where each Q;, ; is a BCH polynomial of degree io if i1 < i2 0 if 91 > io.
Proof. Let z,y € g. By the grading property, ((z,y)¢):, = 0 if € € {1,2}%* and i; > iy. We’ll prove the

remaining case by induction on ;.

Proof of base case. The base case is i; = 2. Let € € {1,2}2. Then ¢ equals (1,1), (1,2), (2,1), or (2,2).
Since (z,y)MD = (z,9)>?) =0 and (z,y)>Y = —(z,5)(?), it suffices to only consider € = (1,2), in which

case (x,y)¢ = [z,y]. Let i > 2. We treat the two cases i = 2 and iy > 2. First assume is = 2. Then we

have
k1 k1
[, yl2 = [z1,51] le,]Ul,J, Z v Uiy | =)D @10 (U, Uy
j'=1 j=1j'=1
1 kl kl
= 5 ( Z 21 2Y1,m [Utn, Urm] + Z T1,mY1,n [Ul,maUl,n]>
n,m=1 n,m=1
k‘l 1 k'l
5 Z T1,nY1,m — T1,ml1, n) [Ul ny Ul m] = 5 Z Tn,m(x7 y) [Ul,na Ul,m]
n,m=1 n,m=1
1 kl kz k2 kl C.
=5 Z Tn,m (2, Y) chm,mU%- = Z < Z J’;”an,m(xvy)> Us,;
n,m=1 j=1 7j=1 \n,m=1

for some ¢; . € R. The inner sum is a sum of polynomials of degree 2 of 7-type, and thus a BCH polynomial
of degree is.

Now we consider the case iy > 2.

ig—1 — L2 n
[mzy]iz = E mnayzz n § § xn,J n,js E Yio—n,j’ 1,2 n,j’
n=1 n=1 =
io—1 ky Kig—n ia—1 ky Kig—n

=3 3 wnting Ungs Uyn!] = D3 > T jthin—n.j E Cmnm'Uzgm
n=1 j=1 j/=1

n=1 j=1 j/=1
kiy  fia—1 ky Kig—n

E E E Cmynag,g' TnyjYis—n,g' | Uig,m

m=1 \ n=1j=1 j/=1
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for some ¢y, 1,5, € R. Notice that, for each n, j,j’, I(n j¥i,—n,;7) = {n,i2 — n}, and so since iz > 2 and
1<n<iy—1,1<|[I(zn;Yis—n,j)|lec < i2, and thus @, j,¥i,—n,;» is a BCH polynomial of degree i5. This
completes the proof of the base case.

Proof of inductive step. Now assume the lemma holds for some 2 < i; < r. Let € € {1,2}F!. Then €

equals (1,€') or (2,€) for some € € {1,2}". Without loss of generality, assume € = (1,¢). Let ia > iy + 1.

Then
ia—1
((may)e)ig = [.’t, (x,y)e }iz = Z [xna ((:Evy)e )izfﬂ}
n=1
in—1 | kn Kiy—n

ind hyp
= E xn,jUn,ja § Piz—n,j' (l‘, y)Uiz—n,j/
n=1 |j=1 ‘

n=1 j=1 j'=
i 2 kn L2 n
= § : E :z : z : Cm"a]u?/xnjph n,j’ (JI y) Uizvm
m=1 n=1j=1 j5/=1

for some ¢, p ;.57 € R and BCH polynomials P;,_, jr ¢ of degree io —n. This implies @, j P, —n j/(,y) is a

BCH polynomial of degree is, as desired. O

Proof of Lemmal[{.5 The Baker-Campbell-Hausdorff formula, (I.1)), implies that there are constants (many

can be taken to be 0) {ac}ceur ,q1,2)¢ € R such that

.,
ylr=ar—y+ Y, Y adny)

i=2 ce{1,2}¢
Since
(yilx)i :l'ifyz+z Z Oég((l’,y) )1
i=2 ce{1,2}¢
the desired conclusion follows by appealing to Lemma O

4.3.2 Convex Metrics

The goal of this subsection is to prove Theorem To do so, we construct a left invariant homogeneous
quasi-metric on g that satisfies a certain 4-point inequality. This is the content of Lemma All the

lemmas and definitions preceding Lemma exist to prove it.
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We next define a graded-homogeneous polynomial of degree 2s that dominates the square of any BCH
polynomial of degree s, Lemma As a consequence of this we get two domination inequalities involving
norms of group products, Lemmas and These types of domination are what will ultimately allow

us to prove Lemma [4.12] the key lemma used in the proof of Lemma [4.14]

Definition 4.3. Let

T@y) = [ Y ()

n,m<ky

so that 7(z,9)? > Tpm(x,y)? for every n and m. For each 2 < s < r, define D; : g x g — R recursively by

Da(w,y) == 7(w,y) + [l(z2, ) II”

[(s+1)/2]
Dot i= @ornyes )P+ S e, ye) P Desioer(@,y)

s'=1
Lemma 4.7. For any 2 < s <r and BCH polynomial P of degree s, there exists 0 < ¢ <1 such that for all
x’y G g?
DS(JE,y) - H(x57ys)H2 Z ch(x,y)

Proof. The proof is by induction on s. The base case s = 2 is clear from the definition of Dy and BCH
polynomial of degree 2. Assume the inequality holds for all sy < s for some s < r. Let P be a BCH polynomial
of degree s+1. By definition of BCH polynomial, it suffices to prove the inequality assuming P is a monomial
with 1 < [|[I(P)|loc < s+1 or P is of T-type. First assume P is a monomial with 1 < ||[I(P)||cc < s+ 1. There
are two subcases to consider: 1 € I(P) and 1 ¢ I(P). Assume the first subcase holds. Then P = zy , M (z,y)

or P =y ,M(z,y) for some n < k; and monomial M of degree s with 1 < ||[I(M)|lcc < s+ 1. Then

[(s+1)/2]
Ds+1(x,y) - Il(ws+1ays+1)||2 = Z ”(Z'SHys’)HQDS-&-l—S’ (ac,y)
s'=1
2 ind hyp 2972 2
> (@1, y) 1" Ds(2,y) = cl(zr, y)PM*(2,y) = cP*(z,y)

Now assume the second subcase holds. Then P(z,y) = z; ;M (z,y) or P(z,y) = y; ;M (z,y) for some
1<i<|(s+1)/2], j <k, and monomial M of degree s +1 — ¢ with 1 < ||[I(M)]|ec < s+ 1. Then

L(s+1)/2]
Desi(@m) — @t vss )P = S @y P Dss1or(2,9)
s'=1
ind hyp

> [, yi)I* Dssr—i(z,y) = cll(@i,y) |*M* (2, y) > cP?(,y)
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Now assume P is of 7-type. By definition, since P has degree s+1, this means P(z,y) = 7 m(z, y) M’ (x,y)
for some n,m < k; and graded-homogeneous monomial M’ with I(M’) = 15_;. This implies P(x,y) =

x1,0P (z,y) or P(z,y) = y1,¢P'(x,y) for some £ < ki, and degree s polynomial P’ of 7-type. Then

[(s+1)/2]
Ds-i—l(xay) - ||('Ts+1ays+1)||2 = Z ||($s’7ys’)H2Ds+1—s’(x7y)

s'=1

ind hyp
> ||(x1,y1)||2Ds(x,y) > CH(xl?yl)HQ(Pl)Q(xay) > CPQ(.’L‘,y)

Lemma 4.8. Let 2 < s <r. For anyt > 0, there is a constant ¢ > 0 such that for all x,y € g,

Ds(@,y) = I(zs, ys) 1> = el (Ge(y) " a)s — (x5 — tys)1?

Proof. Let t > 0. By Lemma [£.5]

1) ™ s = (s = £29) [P 2D P @ 60D = D PP

where each P ; is a BCH polynomial of degree s, and by Remark each Ps’%t is a BCH polynomial of

degree s. Then the desired inequality follows from Lemma O

Lemma 4.9. Let 2 < s <r and ¢ > 0. For all sufficiently small A > 0 (depending on c), for all z,y € g,
c(Ds(@,y) = I(zs, ys) 1) + Ml (y ™" 2)s]* >

Proof. Let A > 0. By Lemma there is a constant ¢/ > 0 (independent of z,y) such that
e(Ds(z,y) = (s, y) 1) + My 2)sl* = NIy 2)s = (@ — ys) I + My~ 2)s]1* =2 ()

Thus, if A < ¢/,
() = My~ 2)s = (@ =y I* + Ay~ 2)s* >
where the last inequality follows from the parallelogram law. O

Lemma 4.10. Let 2 < s <r. There is a constant ¢ > 0 such that for all x,y € g,

Dy(@,y) > cll(012(y) " 2)s?
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Proof. By Lemma [4.8] it suffices to show
_ s 1 _
18172 (y) " "a)s — (25 — 27%ys)II” + [ (s, 9s)* 2> 5l (01/2(y) KON

Since

lzs = 27%ys |1 < 4l (25, ys) I

it suffices to show

18172 () )2

0| =

- —s 1 —s
1G1/2(0) " 2)s = (25 = 27 ya) I + llws = 275" >

This inequality is true by the parallelogram law. O

Lemma 4.11. There is a constant ¢ > 0 such that for all z,y € g,

lyallllzy —v2/2] = e7(2,y)

Proof. It suffices to show, for each fixed n,m < k1, ||p1llllz1 — y1/2]| > |7n,m (2, y)|. By Cauchy-Schwarz,

lyallllzs = o2 /20 = 11(Y1,m5 =y10) (@105 21m) = Y10, y1.m) /2]

C-S
> yrm(Tin = Y1,0/2) = Y10(T1m — Y1,m/2)| = [21,0Y1,m — T1mYin] = [Tom(2,9)]

Definition 4.4. For 2 < s <7, define SNs; : g x g — R by

SNo(z,y) = max{||lzr —y1/2], 1wz, 32) |72, (@3, y3) 172, @ ys) 1)

Remark 4.2. Using the maximum of the terms is not important here; it could be replaced by any #P-sum
or other such norm. If a different choice of norm was used, the rest of the section would proceed the exact

same way except with possibly different values of constants (but still independent of z, y).

Lemma 4.12. For each 2 < s < r, there exists a homogeneous quasi-norm Ng and a constant ¢ > 0 such

that for all z,y € g,

(No(@)* + No(y™'2)*) /2 = (Ns(y)/2)* = SN2 (@, y) + eDs(x,y) + cNo(012(y) " 2)*
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2. Ny(y) > w1l for all s > 2. Consequently, Ny(y) + SNs(z, ) > bl|(zy, ys )||/* for some b > 0 and all

1<s <s.
3. If Ng(y) =0, y; =0 for all 1 <1i < s. In particular, N, is a positive definite homogeneous quasi-norm.

Proof. The proof is by induction on s. The functions Ny we construct will clearly be homogeneous quasi-

norms and satisfy (2) and (3)), so we will only concern ourselves with proving (I)).

s

Proof of base case: The base case is s = 2. Throughout the proof of the base case, ¢/,c”, " denote

(small) positive constants that depend on g but not on xz,y. Each of the constants may depend on the ones
previously appearing, but of course this is compatible with the fact that they are all independent of x,y.

Define

Na(z) := Vs [|* + All2?

where A\ > 0 is to be chosen later. Recalling that SNa(z,y)* = max(|lz1 — y2/2||*, |(z2,v2)|?) < [|z1 —

y2/2/* + [[(w2,52)||* and Da(x,y) = 72(z,y) + [|(z2,32) %, we need to show
(Na(2)* + Na(y~'2)*)/2

> (N2(y)/2)* + cllzy — yi /2l* + em?(2,y) + cll (2, y2)|* + eNa(81/2(y) " )"

for some A, ¢ > 0. First let’s write out the definitions of some of the terms in the inequality.

Ny (x)* =zl + Ml
Na(y~'e)t = loy = pall* + All(y™ )2
Na(y)* = lyall* + Allyz?

By convexity, parallelogram law, and Lemma
(|t + = w1ll1)/2 = (el + llar = 31]*)/2)?

= (lya /2117 + ller = 91/21%)* = (Il /2)* + 20lya /21 21 = y1/2]1 + 21 — y1/2]*
Lem 111
> (lnll/2)* + (@, y) + e —yi /2]

For some ¢’ > 0. Thus, it suffices to show that for sufficiently small A, ¢ > 0,

c _ 1
57'2(%9) + Mlz2]* + Al (y )2 |” + §||901 -y /2|t
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> 27 N [lyal* + e (2, y) + cll (22, y2)|* + eNa(81/2(y) " )"
By Lemma [£.9] the following inequality is true for sufficiently small A > 0:

/ Lem [£9 )\

c _ c _
ZTQ(JU,?J)Jr)\H(y 1$)2||2=Z(Dz(%ZJ)—||(x2,y2)\||2)+)\H(y LY §||$2—?J2H2

Thus it suffices for the following inequality to hold for A, ¢ > 0 sufficiently small:

/

c A 1
S y) + Mzl + Sl =l + Sl — /20

> 27 N\ [ly21? + el (@2, y2)|* + eNa (81 /2(y) " ta)*

We have

(lz2l® + llz2 — y21I)

| >

A
Mall? + ez = o 2

A A _
l2® + llz2 = w2l*) +  (l22l® + ll72 = 921*) = 27 Al + ¢”[|(22, )1

Thus it remains to show

/ /"
c

c 1 _
2 ay) + Sl )P + Ll — /2 > eNo(oyyaly) )"

for ¢ > 0 sufficiently small. By Lemma [4.10| we have

¢ " Lem [£10] B
77 @) + Sl m)” 2 (7@ y) + (22, 92)1%) = ¢"Dsl@,y) = eAll(d172(9) " @)

¢ > 0 sufficiently small, and thus it remains to show
_ 1 _
cAM(Gr2(y) " 2)al* + Sllar = y1/201" = eNa(81/2(y) )"

This is true by definition of Ny. This completes the proof of the base case.

Proof of inductive step: Now assume the statement holds for all 2 < s’ < s some 2 < s < r — 1. Define

Nsy1 by

S

Noa(@) = 2 MlesaP+ 3 NP (@) (4.1)
s'=[(s+1)/2]

where X is a (small) positive constant (different A than in the base case) to be chosen later (independent of

z,y). Throughout the remainder of the proof, ¢; — ¢7 denote (small) positive constants that depend on g
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but not on z,y. Each of the constants may depend on the ones previously appearing, but of course this is
compatible with the fact that they are all independent of x,y. The constant A will end up depending on ¢y
(which in turn depends on ¢;), and the subsequent constants will depend on .

We now prove the inductive step. In what follows, we adopt some conventions to help make the proof
more readable. There are two types of equalities/inequalities we use relating each of the expressions below.
The first type is simply using a lemma, definition, inductive hypothesis, or convexity or trivial numerical
inequality. Whenever an equality/inequality of this type is used, the particular terms in the expression that
change from one to the next are bolded. No other terms change, except for the bolded ones to which the
particular lemma, definition, inductive hypothesis, or convexity or trivial numerical inequality apply. Apart
from the trivial numerical inequalities, the name of the lemma or definition, “ind hyp”, or “convexity” deco-
rates the equality /inequality symbol. The second type of equality/inequality used is always an equality and
the equality symbol is decorated with the word “rearrange”. This means we use trivialities like commutivity
of addition or multiplication, reindexing of a sum, or no symbolic changes at all. Importantly, we also use
equalities decorated with “rearrange” to change which terms are bolded in the expression, in preparation for

the use of another equality /inequality of the first type.

(Nag1(2)?ED) 4 N,y (y~ta)2(=+D) /2

2 1
= (M@t 1ll® + 525 ey N2 @) + 1y~ @) a2
2(s+1 _
% gy NP (y 1,;)) /2

rearran, A _ s 2(s+1 2(s+1 —
T Sl 1 ) [2) + (S oy Vo (@) + NI (5 a) ) /2

s+1
convexity A 5 . 9 s stls'(x) +N52,s'(y_1$) 7
> o Ulzsall® + U™ 2)s1[17) + 20 =p(ot1) /21 2
ind hyp A _
> 5 Usial® + 1y~ 0)esn]1?)
0oy (N (9)/2)% + 1 SN2 (2, y)
s s+1
te1 Dy (2, y) + c1No (81/2(y) ™ 106)23) ”
Lem E1] )\
> 5 Usial® + ™ ) e ]1?)
roos+1

+Zz/:[(s+1)/2] ((Nor(y)/2)* + Clsts (z,y) + ClNS'(él/Z(y) ta)?e)
+H(Nor (9)/2)% + e SNZ (2,)) 7 2Dy (2, 9)
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T rran. )\
e SUzsra |+ 1y )siall?)
s ’ ’ _ NEE
T2 —r(st1yy2) (Nsr (9)/2)%5 + ea SNZ (2, y) + e1No (81/2(y) ~ta)?)
+((Ne (9)/2)% + c1SNZ (2,)) =+ 1Dy (2, y)
convexity A
> SUzsra |+ 1y )siall?)
300ty (N (3)/2)26HD 4 e, SNZEHYD (a2, ) + €1 N (81 /2(y) )26 +D
+((N8’ (y)/2)2é/ + ClsNSQ’S/ (‘T7 y)) s+278 CIDS’(m? y)
rcarr_angc

A _
= Uzl + 1~ )i l?)
+ % (121 (N (9)/2)26HD + el SNZEHD (@, y) + 01 Ny (81 2(y) 1) 254D

s+1—s’
s/

+((No (9)/2)* + c1 SN2 (2, y)) c1 Dy (2,y)
ind hyp A _
> §(||ﬂcs+1||2 + Iy~ @) s111%)
+ 0 f(a1)/21 (N () /226D 4 e SNZEHD (@, y) + 01 Ny (01 (y) )20+

+c2 “ (ms—l—l—s" ys+1—s’) “2Ds’(xa y)

rearrange )\ _
=" 5 Uzsial® + ™ e)esn]l?)
s 2(s+1 — s
ey 2] (N (9)/2)26H0 + a SN (@,y) + 1Ny (81/2(y)~tar)>e+ D)
+ U e (2, ya) [P Daga—o (2, )
A
> 5 Ulsial® + Iy~ 0)srnll?)
+erSNZEFD (@, ) + 300 o1y /21 (Ne (1) /2)26TD 4 01Ny (81 /2 (y) L) 26D
+ N (@, yo ) P Dasrs (2, y)
reargnge

A _
= S Ulsal® + 1y~ )ssnl1?)
+er SN2 (@) + S o= (sr1y/2) (Nsr (1) /2)26FD) 4 €1 Ny (81 2 (y) ~Ha) 2o

+ LD o (@ary yor ) 12 Dsgr—sr (24 y)
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Def 23] A _
= §(H$s+1||2+ [y~ ) sra1?)
+er SNZCTY (@) + 30 (o (Ve (0)/2)267D 4 €1 Ny (812 (y) 1) 26D
+c2(Dsy1(x,y) — [[(®s41, Ys+1) [1?)
rearE.nge

= et SNZTD (@, y) + 305 gy o Ner (0)/2)26FD + 1N (812 (y) L) 264D

C2
+5 (s (@) = [(@er1,ys40) )

C2 A —
2 (Dera(@,9) = [@ar1s o)) + S learal + 1 @)esal]?) = (4
By Lemma [£.9] we can choose A > 0 sufficiently small so that

Lem [£9 )

C2
el 2

A _
5 Ps1(@,) = [@sr1, ys00)17) + S (s ” + l1(y

' ls1ll? + s+t = ys+all?)

A A
= SUlzstal® +llzst1 = yorrI”) + S (lzena|® + losn = ysrall®)

A _
> Jolpssal” + esll@orn, gl > 27PN Iy | + esl (211, ys40) 1

And thus we get

(#) = SNV (@, y) + 0 ) o (Nor (1)/2)26FD + e1 Not (81 (y) L) 264D
C

2
+5(Ds+1(x7y) — (@41, ys41)11?)

27D N a2+ €3]l (@t o) 12

RS SNZETY () 4+ 27 DA ||y |12 + > =T (at) 2 (Nar () /2) 2
+ 20— (sr1y/2) €N (81 /2(y) Tha) 2T 4 %(Dsﬂ(xa y) = (zss1,ys+1) %)
+esll(@sr1, ys1) 7
) SN2 (2, y) + (Naya (y)/2)26E+D
X0 rey2 Ao (012() 722D + 2 (D (@,9) = [@arr, osn)II)
+esll (o1, yst)1?

rearrange

C3
C1SN3(S+1) (z,y) + E”(ibsﬁ-la Ys+1) ||2 + (Ns+1(y)/2)2(5+1)
+ = fsym Ny (81/2(y) " ta)2(=HD)

I?

Cc2 C3
+§(Ds+1(l‘,y) — [(@st1,ys+1) %) + 5|\($s+17ys+1)H2
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Dcf@
> caSNZS (@, y) + (Nyia (y)/2)206+D)

+ Zs/:f(sﬂ)m 1Ny (81 2(y) )2 HD)

C2 C3
+5(Ds+1($»y) — N(@sg1, ys1)]1?) + §\|(xs+17ys+1)||2

IS (N1 ()/2)20D + e SNZT (2,) + 0 a1y 21 €1 Ve (812 (y) ) 260D
C3
+5(Ds+1(w, Y) = N@st1s ys4)1I?) + 1l (@st1, ysra) 17
> (Nos1(9)/2)24) + ea SNZT (@, ) + 5 Z(sy 2 1N (G0 () L) 20D
+csDsy1(z,y)

rearrange s C

Tang (Noi1(y)/2)26HD 4 ¢4 SNQ( +1)( ,y)+55D5+1(:B7y)

s _ s Cs
+ 20— (s1y/2) €1 N (81/2(y) Tra) 2T 4 5D3+1(f€', Y)

Lem 10 s c

> (Nus1 (5)/2)%D + e SN (@,9) + 5 Do ()

+ 0 f(ss1)/2) 1N (0172 (y) "1 2)*C T + || (81/2(y) T M) s ||

rearrange s C

s (Nets (0)/22) + e SNET (@) + 5 Do .9)

e r(ar1y /2] C1Vs (81/2(y) 1 2) 2D e[ (81/2(y) T @) st |l?

(4.1) c
> (N1 ()20 + e SN () + 5 Dasa (2,9)

+e7Ngy1(01/2(y) " 1x) 2=+
O

Lemma 4.13. There exists a positive definite homogeneous quasi-norm N, on g and a constant ¢ > 0

(depending on g but not on x,y) such that for allp > r and all z,y € g,
(No(2)% + N (y~'2)?) /2 = (N (y)/2)* = "N (61 0(y) o)
Proof. Let N,,c be as in the conclusion of Lemma Let p > r. Then by convexity and that lemma,

(N (2) + Np(y~'2)) /2 > (N (@)™ + No(y~ta)™) /2)P7"

Lemz((Nr(y)ﬂ)Qr + ch(dl/g(y)fl:r)%)p/r > (N, (y)/2)* + cp/TNr(51/2(y)71$)2p
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O

Lemma 4.14. There exists a left invariant, homogeneous, positive definite quasi-metric dy, on g and a

constant ¢ > 0 (depending on g but not on w,x,y,z) such that for allp > r and w,z,y,z € g,
(2dn, (y,2)* + dw, (y,w)* + dn, (y,2)*) /2 = (dn, (2,w)/2)* — (dn, (2,2)/2)*" > c'd, (v, 2)*

Proof. Let N,.,c be as in the previous lemma. Let dy, be the metric derived from N,; dy, (z,y) := N,.(y~'1z).
By left invariance of the metric, we may assume x = 0. Then by applying the previous lemma to each of the

pairs (y,w) and (y, z), we obtain
(dn, (y,0)* + dn, (y,w)*") /2 = (dn, (0,w) /2)* > */"dy, (61 /2(w),0)%

(dn, (4, 0)* + dn, (y,2)°") /2 = (dn,(0,2)/2)* > P/"dn, (81/5(2), 0)*

Adding these and then using using Hoélder, the quasi-triangle inequality, and homogeneity gives
(2dn, (y,0)* + dn, (y, w)* + dn, (y,2)*")/2 = (dn, (0,1)/2)*” — (dn, (0, 2)/2)*

> /" (dy, (81/2(w),0)% + d, (81/2(2),0)%) > 272 TP/ (dy, (81 72(w), 0) + di, (612(2), 0))*P
> ddy, (81 /2(w), 81 y2(2))*F = 272 dy, (w, z)*P
for some ¢’ > 0. O

Theorem 4.1. Fvery graded nilpotent Lie group G of step r, equipped with a left invariant metric homo-
geneous with respect to the dilations induced by the grading, is 4-point p-convex - and consequently Markov

p-convex - for every p € [2r,00).

Proof. Let G be as above. Lemma exactly states that G is 4-point p-convex for every p € [2r,00). Then
Theorem implies G is Markov p-convex for every p € [2r, 00). O

4.4 Lower Bound on Markov Convexity of J ~}(R)

The goal of this section is to prove Theorem[4.2] which occurs at the conclusion. The strategy is to construct a
sequence of directed graphs (see Definition [4.5) with bad Markov convexity properties. These bad properties

are manifested by the dispersive nature of random walks on the graphs. This is the content of Lemma [£.16]
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We then map these graphs into J"~1(R) with sufficient control over the distortion (Lemma [4.18)) to prove
Theorem H21

4.4.1 Directed Graphs and Random Walks

Let (Ny,)SP_ be any sequence of integers with Ny = 0 and Ny,,41 > max(1, Ny, + [2logy(m + 1)]). We'll

define a sequence of directed graphs (I',)2° The graphs will be directed from unique source vertex to

m=0"
unique and sink vertex, which we will denote by 0,,, and 1,,, respectively. Let diam(T',,) be the number of
edges in a directed edge path from 0 to 1, which is also equal to the diameter of I',,, with respect to the

shortest path metric. The construction will be such that diam(T,,) = 2N,

Definition 4.5. We'll perform the construction and also prove that diam(T,,) = 2V~ by induction. Let
Ty be the interval I, that is, a graph with two vertices 0,1 and a single edge connecting them, directed
from 0 to 1. Suppose I'y, has been constructed for some m > 0. We define an intermediate graph I'},,; by
gluing together a := 2Nm+1-[2loga(m+1)1-1 copjes of I, then A := 2Nm+1=Nm _ QNmi1—Nm—[2log,(m+1)] —
2= Nm (2Nmt1 _ 9q) = 2Nm+1=Nm (1 — 2= [2loga(m+DT) copies of T',,, then a more copies of I again together in
series. The source vertex of this graph is the source vertex of the first copy of I, and the sink vertex is the

sink vertex of the last copy of I. The diameter of this graph is

ind:hyp 2a + 2N,,,A — 2Nm,+1

a-diam(I) + A - diam(T',,) + a - diam(7)
We then define I';;, 41 to be two copies of I'}, ,;, denoted +I',,,; and —I" ., glued together in parallel.
Denote the common source vertex 0,, and sink vertex 1,,. The diameter of I';,11 is the same as the
diameter of I', ;. We note that each copy of I, in I'y, 41 is isometrically embedded; any shortest path
between two points in a copy of I';;, C I'y,,41 completely belongs to I',,.
By swapping +1I",,; and —TI';, | in I';, 41, we obtain a directed graph involution ¢ : I'y,y1 — Ty

For q1,q2 € T,y (q1,42) is called a vertical pair if d,,(q1,0.m) = dm (g2, 0m).

For each m > 0, let (Xtm)f:g ~ be the standard directed random walk on I'y,. Let d,, denote the shortest
path metric on I',,,. With full probability, d(X/™,0,,) =t for 0 < t < 2Nm.
See the two right-hand graphs of Figure [1.2] for what 'y and I's look like when Ny = 0, N; = 2, and

Ny = 4. The graphs are drawn in such a way that the direction is from left to right, 4T, lies above the

/

1, lies below the z-axis. The source vertices 0,, are both drawn at (0,0), and the sink vertices

r-axis, and —I"

15 are both drawn at (1,0).

91



Lemma 4.15. For all p > 0 and m > 0,

Eldym (X", X" (t — 2%))7]
2kp

m
>
- 8

2V (1~ (64 1))

Proof. Let p > 1. The proof is by induction on m. The base case m = 0 is trivially true. Assume the
inequality holds for some m > 0. Now we consider the standard random walk X;"*' on I',,;;. Consider
k and t in the range a +1 < t < 2¥Nm+1 — g, 0 < k < N,,, where @ = 2Nm+1—[2log(m+1)1-1 " They
t—2F > oNmi1—2loga(m+1)1=1 4 1_9oNm > | g0 X™F! and X"+ (t—2F) agree. Then for all subsequent times,
with full probability, X/"*! and X" (t—2*) belong to the same copy of I, 1 inTyq1. Then, after recalling
the construction of I';,, , ; as a number of copies of I',,, and I glued together, it can be seen that for the range of
t in interest, X" ™! and X" *1(t — 2¥) are standard random walks across A = 2Nm+1=Nm (] —9=[2logz(m+1)T)
consecutive copies of T',,,, which we denote as A- X" and A- X" (t — 2¥). Thus, under our assumptions
on k and t, dp, 1 (X1, Xt — 2%)) has the same distribution as d, (A - X;™, A - X" (t — 2¥)). Hence we

obtain by the inductive hypothesis

i 20N mA1 m o-m i 2Nm1 m .
Z Z T Bl (XL X - Z Z T Eldm (A X" A X (- 28))P]
2kp 2kp
—0 t=a+l —0 t=a+l
Nm ~
RS BES Eldn(A- X", A X (¢ — 2%))7]
=>.>. > T
k=0T=1 \t=a+(T—1)2Nm+1
N, 2Nm

_ i Eldy (X[, X{"(t — 2¥))7] ind bvp
_ an S

k=0T=1 t=1 T=1

I -G )7

M=

Mt -G+ 1))

- QNWA%H?;_Il(l — (i 1)7%) = 2V (1 - 27 Ples(m i) 2

> 2N (1= (m+ 1)) T (1 - (4 1)7%) = 22V I (- (41)72)
In summary,

N,, 2Nm+1_q 1 vm+l k

E[dnb-i-l(X e X ( t—2 )) ] m 17Tm . —
Z Z 2kp =32 NIy (1= (i 4+ 1)72) (4.2)
k=0 t=a+1

Now consider k£ and ¢ in the range 0 < k < Np1 — 1,1 <t < 2% so that t — 2F < 0. Note
that this means this range is disjoint from the one previously considered. Since t — 2¥ < 0, the random
walks X™t1 and X™1(t — 2¥) evolved independently immediately. Thus, with probability 1/2, X!

and X™*1(¢t — 2%) belong to different copies of I, ; in I'y,11. This implies that, with probability 1/2,
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A1 (XML X4 (4 — 2F)) = 2. Thus,

Npy1—1 2k m+1 X m-+1 Xm+1( Qk))p] (2t)p
2 Z z
2kp 2kp+1
k=0 t=1
Nenp1=1 oppr1) Npmt1—1
Lem [42] 2/ P k—2 Npyy1—2 1 1 N,
~ =il DR A A -
k=0 k=0
In summary,
Nppp1—1 2F m+1 vm+1 k
E m+1 Xt 7Xt (t_2 ))p] 1 Np
2 Z 2 “5 )

Again, notice that in (4.2) and (4.3)), the range of ¢, k we consider are disjoint from each other and are
subsets of the range 0 < k < N,,;1, 1 <t < 2¥=+1, Thus, by adding (4.2) and (4.3), we obtain

Nin41 2 Nm+t1 K
W (X X (= 29P) oy U T
Z Z ¢ Skp > §2Nm+ Hin:1<1 _ (’L+ 1) 2) + g2Nm+
1
completing the inductive step. -

Lemma 4.16.

< 2 Eld,, (X X t — 2k))p

Z Z t - ( )) ] Z mQN’”

k=0 t=1
for all p > 0.
Proof. This follows from Lemma and the fact that TI7" ' (1 — (i 4+ 1)72) > 2, (1 — (i +1)72) > 0 for
all m > 0. O

4.4.2 Mapping the Graphs into J"(R)

Lemma 4.17. There exists ¢ € C™~11([0,1]) such that
1. ¢ is symmetric across the line x = %, that is, ¢(x) = ¢(1 — x) for all x € [0, %]
2. ¢(z) > (2z)" for all z € [0, 1].
3. 17771(0)](¢) = (0,0), and thus by (@), [i"(1))(¢) = (L,0).

4. For every integer 0 < i < 2" and every x € [i27", (i +1)277), ¢(") (x) = ¢(M(i127") (so ¢\") is constant

on intervals of this form).
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Since ¢ € C=11([0,1]), ¢ € L>=([0,1]). We also remark here that whenever dealing with L™ functions,

we choose representatives that are everywhere (not just almost everywhere) bounded by their norm.

Proof. The proof is by induction on r. For the base case r = 1, define

20 w€0,3]
o(x) =
2—2z =z €[3,1]

¢ satisfies (1)) - ().
Now suppose such a function ¢ exists for some r > 1. We’ll construct a function ¢ that satisfies -

for r 4+ 1. Define ¢ € C"~11([0,1]) by

B(z) = o(2x) x €0, %]
—¢(2-2z) z€[3,1]

Then define ® € C™1([0,1]) by
W) = [ ey

P satisfies , , and by the inductive hypothesis. Note that the inductive hypothesis applied to

implies ¢(z) > 2"(2z)" for every z € [0, 1], and hence

27"71

D(x) >
(x)_r—l—l

(20)"H! > - (22)"+

N | =

Also, since ¢ > 0, (which follows from the inductive hypothesis applied to and ),
. /1 1 r+2
Px)>d |- ) >|=
IRGRD
for all z € [%, %} Together, these two inequalities imply
Y(x) == 2"T2d(z) > (22)" !

for all z € [0, %] Thus, 1) satisfies —, completing the inductive step. O

See Figure for graphs of ¢ and its first two derivatives when r = 3. Note that these graphs are not

on the same scale.

Lemma 4.18. Let ¢ be the function from Lemma. Set No = 0, and form > 1, set N,,, := [Cmlogy(m+
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X

Figure 4.1: Graphs of the function ¢ from Lemma [4.17] and its first two derivatives when r = 3. Note that
these are not shown to the same scale.

1)], where C' is a sufficiently large constant to be chosen later, so that N,, > r and Ny,+1 > max(1, N, +
[2logy(m +1)]). Then there exists a sequence of maps Fy, : Ty, — J"7H(R) such that, for all m > 0 and all

directed paths v from O, to 1,, in T, there is a function ¢, € CT™=H1([0,2N]) such that
1. [j7H0))(94) = (0,0) and [571(2V)](¢,) = (2, 0).

2. After isometrically identifying v with [0,2N"] via ¢ — dpn(q,0m), Fy, restricted to v equals the jet of
Oyi Fn(t) = [777H(0)]()-

3. For all vertical pairs (q1,q2) € Ty X Ty,
vmn(m + 1)|mo(Fn(q1)) = Fn(g2))| > dm(a1,42)"

4. Let v(X™) denote the directed path followed by the random walk X™ (so v(X™) is itself a path-valued

random variable). For ally € R, and 0 <t < 2Nm

2 2 M 1
(r) < v H (r) -
exp (y (;}fl] ‘%(Xm)))] = &P ( 5 127 1| nz::l nin(n+ 1)2

2
- (r) < Y| pm
B [exp (y ([t}{fu ¢”<Xm>> )] =T ( 3 [

and thus there exists a constant B < co (not depending on y, t, or m) such that

E

and

2 1
Z nln(n+1)2>

& n=1

") By?
e [exp (y H¢W(X”)HLoo[t,t+1])] =2

5. 1165 oo < 20|67 oo.-

6. |70 © Finlloo < 2"(m + 1) |6]|oc.
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Proof. The proof is by induction on m. The base case m = 0 is easy, we simply define Fy to be the jet of
the 0 function on I'g = I. Then - @ hold. Assume such a sequence of maps Fy, ... F,, exist for some
m > 0. Set

K = || 0 Fn]|os (4.4)

Since Ny41 > C(m + 1) logy(m + 2), we may (and do) choose C' sufficiently large so that

ind hyp @ 27"(Nm+1—(2 logy(m+1)]—1)—1
K < 2" (m 4 1)+l < 4.5
= ol (m o+ 1) < E (15)
Define gzNS € C"b1([0,2Nm+1]) by
N 9" Nm+1
T) = 2 Nm+1y
o) \/m+1ln(m+2)¢( )
Note that since N,,1+1 > r, Lemma 4.17||4) tells us:
o (x) = (i) (4.6)
for every integer 0 < i < 2¥m and every x € [i,i + 1). We also have by the chain rule
(r)
Hd;(r) _ I ||oo (4.7)
o v/m+1ln(m+2)
and additionally
3] < 2t gl < 2O ORI g — 27+ DD (45)

We will now define the function Fy,, 41 on I'py = 417, ., U —I', ;. Let us first work with +I", ;.
Let v be a directed path from 0,, to 1, in +I7,. ;. Then by definition of +I7, ., v consists of a =
2Nmt1=[2logs (m+1)1=1 copies of T, then A = 27 Nm (2Nm+1 —24) copies of different directed paths v;, 1 < i < A,
each belonging to I';,, and connecting 0,,, to 1,,, then a more copies of I glued together in series. Identify ~y
isometrically with [0, 2V=+1] via ¢ + dy,11(q, 0;nr1). Under this identification, the first set of copies of I gets
identified with the subinterval [0, a], each ~; gets identified with the subinterval [a + (i — 1)2¥m a + 2%V ],

and the last set of copies of I gets identified with the subinterval [2Vm+1 — g, 2Nm+1]. We then define

by =+ fy (4.9)
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where f, is defined as follows: f, is identically 0 on [0,a] U [2Vm+1 — g, 2Nm+1] and f,(z) = ¢4, (x —a —
(i —1)2N7) on [a+ (i — 1)2¥m a4 i2N=] (¢., is given to us by the inductive hypothesis). By the inductive
hypothesis applied to and Lemma , ¢~ € C"711([0,2Nm+1]) and satisfies . It is also clear from
this definition, , and the inductive hypothesis applied to that

50) ")
M C Y

4.7) ’|¢(T)||OO + max HQSEYT)

(r)
H% oo = ym+1lln(m+2) 1<i<A

ind hép ||¢(T) ||oo
vVm +11In(m + 2

verifying . We can finally define Fy, 41 on 417, by declaring it to be the jet of ¢, on 7. We need to

<ov/mt1 Hw)

2y o) .
check that F), 11 is well-defined. Since every point of +I',,, 11 is contained in some directed path from 0,, to
1,,,, we only need to check what happens when one point belongs to two different paths. Let ¢ € +17,,; and
suppose ¢ € v N~ for some directed paths v,v" from 0,41 to 141 in +17 1. Set t := d(q, 0ppy1). There
are two cases: t € [0,a] U [2VNm+1 — g 2Nm+1] or t € [a+ (i — 1)2V™, a + 2V for some i. Assume the first

case holds. Then our definition of F,11(q) based on either ¢ € v or ¢ € v is

Frnt1(a) = " (0)](9)

so well-definedness holds in this case. In the other case, our definition of F,,,+1(q) based on ¢ € v is, by the

inductive hypothesis applied to ,

Fr(g) = [ @O1@) + (71t = a = (i = 1)28)](¢4,) + (a + (i = )2V —¢,0)

and likewise based on ¢ € /,

Frin(g) = [ @O1@) + (71t —a = (i = 1)2V)](7) + (a + (i = )2V —¢,0)

RPN ](6) + Finlg) + (a4 (i — 12V —£,0)

(note that the term (a+ (i—1)2¥= —#,0) is present so that the z-coordinate of the entire expression will be t,
and that we identify ¢ as belonging to a copy of T',, so that F,,,(¢) makes sense) so well-definedness holds in this
case as well. Thus Fy,, 11 is well-defined on +I7,, ;. We define F, 1 on —I'y41 by Fig1(q) = —Frng1(e(q)),

where ¢ : +I",; — —I",, is the involution. It follows from this that if vy is a directed 0, 41-1,,41 Path
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in —I7, ., then ¢, = —@y(~)- Thus, and are satisfied. It remains to show 7 , and @) Before

doing so, let us summarize the discussion on F), 11 of this paragraph: for ¢ € I';, 411 and t = dy41(q, Ong1),

5 0)9) t€[0.a]U [N —a, 2V
7€+
[T ()](9)
+Fn(q)+ (a+ (i —1)28 —¢,0) tefa+ (i—1)2N a+i2Nn]
qge+T, 1
Frii(q) = (4.10)
[ 0)(~9) te (0,0 UM —a,2N]
g€ T,

G (®)](=9)
—Fo(q) — (a+(i—1)2N —,0) te€[a+ (i—1)2N a+ i2Nn]

g€ TN

See Figure for the images of I'; and I's, based on Ny = 0, N; = 2, Ny = 4, in JY(R). Using (4.10)),

we can quickly verify @:

- indhyp@ ~
Imo0 Fsillee < ||8] _+lImo0 Fulle < © |[¢]|_ +27(m+ 16

@3)
? 2" (m + 2)T [ oo + 27 (m + 1) |B]|oe < 27(m 4 2)TT D 6|

and require more involved arguments.

Proof of (3). Let (q1,2) € T'imt1XInq1 be a vertical pair. By definition of vertical pair, dp+1(q1, Om41) =
dm+1(92,0m+1). Let t denote this common value. There are two cases, g1, g2 belong to the same copy of F;nﬂ,
or they belong to different copies. First assume they belong to the same copy. Without loss of generality say
+I, 1. Then there are two subcases for t: ¢ € [0,a]U[2Nm+1 —q,2Nm+1] or t € [a+ (i —1)2V™ a+i2Vm] for
some 1 <1i < A. Assume the first subcase holds. Then by construction of +I", ., q1, g2 belong to a copy
of I, and thus the equality d,,+1(q1,0m+1) = dm+1(q2, 0pmy1) implies g1 = ¢a, so trivially holds. Assume

the second subcase for ¢t. Then

170 (Fint1(01) = Fing1(02))] B2 0(Fon (1) — Fin(2))|
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uq

Up

Figure 4.2: Above, the image of I'y, and below, the image of I's, based on Ny = 0, N; = 2, No = 4, in J!(R)
under the map F». J!(R) is identified with R3 via the coordinates z,u;,ug. These are not drawn to the
same scale. The two images on the right are respectively graph isomorphic to I'y and I's.
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and so holds by the inductive hypothesis.

Now assume we are in the second case where g1, ¢z belong to different copies of I';,, ;. Without loss of
generality, assume ¢; € +I7,; and ¢o € —I", ;. Observe that under this assumption, dy,4+1(q1,¢q2) = 2t if
t < 2Vm1=band dpi1(qr, go) = 2(2Nm+1 — t) if ¢ > 2Nm+171 Because of the symmetry of ¢ about the line

x = 2Nm+1~1 it suffices to only check the case t < 2Vm+1=1 Let us first record the following inequality:

ey

~ Vm+1In(m + 2) (4.11)

~ ~ TNyt em [4.17(2] T
mo([i" T (D)(9)) = o(t) = \/rfun(m n 2)¢<2‘N”“t> ) \/W(ffﬁ(m +2)

Again split into two subcases: t € [0,a] or t € [a,2V=+171]. In the first subcase we have

. - (&1 (Qt)T
mo(Fms1(a1)) = (" (0))(¢) = Jm + Tin(m + 2)
and
1y B2 (2t)"
mo(Fmy1(q2)) = mo([j" (D)](=9)) =< Jm +1ln(m + 2)
and thus
2(2t)" _ 2dmii(q1,q2)"

1m0 (Fmt1(q1) — Frga(q2))| = Vm+iln(m+2) Vm+Illn(m+2)

proving in this subcase.

Now assume the second subcase, t € [a,2Vm+171]. Then

70(Fr1 (1)) =2 7o([57 (D)) + Fl@r) + (a+ (i — 12V —1,0)) = mo([7" ()()) + 7o (Fon(a1))

=) 5 @3 ) _ 9r(Nmsr—[2log, (mt1)])—1

> (i B1() - K = mo([i" N 1)](9)) NTESSC )

(2t)7 — 2rWma=[2loga (m+ D=1 (24) — (2q)" /2 S (2t)" —(2t)"/2 (20)"
- vm+1Iln(m + 2) S Vm+1ln(m+2) T Vm+1ln(m+2)  2vm+ 1n(m +2)
Similarly,
(2t)
Fy, < -
moEmale)) < = e+ 2)
and thus
(2t)" dm+1(q1,92)"

Mo (Fimt1(q1) — Fga(a2))] > Vm+Illn(m+2)  Vm+Illn(m+2)
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proving in this final subcase.

Proof of . Let 0 < t < 2Nm+1 be an arbitrary integer. Again we consider two cases for t: t €
[0,a) U [2Nm+1 — g, 2Nm+1) or t € [a,2Nm+1 — a). Assume the first case holds. There are two subcases to
consider for y(X™T1): (X™*1) belongs to +17,,; or v(X™*!) belongs to —I'},,, ;. These are complementary

events each occuring with probability 1/2. Restricted to the first event, for every x € [t, ¢ + 1],
@D 7 ; -
60y (@) B G0 (@) + £y xomeny (@) = 60(2) & 300 t)
where the second equality holds by the definition of f succeeding (4.9)). Thus,

— ) (¢
[fsllfl] ¢7(Xm+1) = [tltlfl]qﬁ (Xm+1y = =" (1)

Likewise, for the second subcase where we restrict to the event that v(X™%!) belongs to —I',,_ ;.

= — (¢
[tsllfl] QS«/(XWH) 0 Brl] ¢7(Xm+1) ¢ ( )

Combining these yields

BT T

E

— cosh (yg?)(r) (t)) < cosh (y HQE(T) mlln(m + 2)>

Oo) €D cosh < ngﬁ

2 1
o (m+1)In(m + 2)2>
and the same estimate holds for the essential infimum, verifying in this case.

Now consider the second case, t € [a + (i — 1)2¥m a + i2%n] for some 1 < i < A. Again, there are two
subcases to consider for y(X™T1): v(X™*1) belongs to +I7,,; or v(X™!) belongs to — . Restricted
to the first event, and for the range of ¢ under consideration, X™*t! is equal in distribution to a copy of X™

(after an appropriate shift in the time parameter), by definition of +I7, ;. Thus, for every = € [t,t + 1],

6 iy (@) B G0 (@) + £ (xmin) (1) = (@) + by x0m) (@) ER G0 (8) + 6y (x0m) ()
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where 2/ = 2 —a — (i — 1)2¥=, and the second equality holds by the definition of f succeeding ([4.9). Thus,

sup (ZS’Y(Xm#»l) é(r)(t)ﬁ- sup d)'y(Xm)
[t,t4+1] [t ,t'+1]

: (r) _ J
[t,ltn-'fl] ¢’Y(X’"“) =" (t) + [t’lz'lf-l] Py (xm)

where t' =t —a — (i — 1)2Vm. Likewise, for the second subcase where we restrict to the event that v(X™*1)
belongs to —I7, .1,

— _ 5
sup m — t) — inf m
[t t+l] ¢ X +1) ¢ ( ) [t’ t'+l (bW(X )

; (r) _ ()
inf may = —O\(t SUp Gy xm
(1] ¢’Y(X +1) (t) ] y(X™)

Combining these and using the inductive hypothesis applied to and some basic monotonicity and

exp (y ( sup ¢ (Xmﬂ)))]
[t,t41]

exp (y < sup ¢ Xmﬂ)))}
[t 41]

S RUOL SICTERE )
0 £ zu>

m 1
Z “nln(n + 1)2 )

symmetry properties of cosh yields

E

= 2o (6 (1)) B

g (0800 o (2 o

= cosh (ng(r) (t)) exp <y H¢(T

2
) (3 Hw
oo 2

< cosh (y Hé(r)

£ cosh (y H(b(’”)

1 m
oox/mln(m+2)) (2 H¢ ann(n1+ 1)2 )

- 1
Z < nln(n + 1)2 )

io m 1)1r11(m+2)2) exp ( 2 H¢
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2 2
~o (o0

and the same estimate holds for the infimum, verifying in this case. This completes the inductive step

—n In(n 4+ 1)2

and the proof of the lemma. O

Theorem 4.2. For every p > 0, r > 1, coarsely dense set N C J""1(R), and R > 3, let By(R) := {z € N :
deco(0,2) < R}. Then

where the implicit constant can depend on r,p but not on N, R.

Proof. Let p,r, N be as above. Since the Markov convexity constant II, is scale-invariant, then by applying
a dilation we may assume without loss of generality that every point of J"1(R) is at a distance of at most
1 away from a point of N. Let F, : T';, — J""!(R) be the sequence of maps from Lemma Extend
the domain of ¢ for the random walks on T, by X" := X§* if t < 0, and X" := X%  if ¢ > 2= Each
{X["}iez is a Markov process on the state space T,

With full probability, dec (X, 0,,) = min(max(0, 1), 2V ). Since XJ*(t —2*) equals X} in distribution,
(X, X (t — 2%)) is a vertical pair with full probability. Then Lemma applies, and we get the

following lower bound for the left hand side of the Markov convexity inequality in Definition [1.10)

> Eld, Fm Xtvam Xtmt—Q p Lem T fm fm t*?k p/T
» [doc (Fn(X{"), Frn (X7 ( ZZ E[|mo( ") = fm (X7 IIPT]

2kp 2kp
k=0 teZ k=0 tEZ
Lem [4.18(3) *L X X p] Lem [Z16] » » 17%2Nm
Z - ZZ L ( 2] > m ez In(m+1)"rm2NVm = uﬁ
k=0 tez In(m + 1)~
In summary,
F, Xm t — 9k 17£742Nm
k=0 teZ T n(m+ 1)
Now we upper bound the right hand side of the Markov convexity inequality. Since
doc(Fp (X)), Fin (X)) = 0 whenever t < 0 or ¢ > 2Nm,
oNm _
Y Eldec(Fn(X[h)s Fn(X Z Eldoo(Fm(Xih), Fn (X)) =t (x) (4.13)
tez
Then
Lem ETHB) " o 1 1
(%) Z [dec ([t + D)y o)) (B O (Dy(xm))7]
t=0
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Lcmm:|2Nm71 () P
<7 2 e[ (0 o]
- K [ 9300m) Loo[t,t+1]

t=0

2Nm Lems [4.4}14.18({4) 2im 1
() P == 9N
§ iE {HMX’") ] e S o1=2

Lot t+1] ~

t=0

In summary,

> Eldoc(Fn(X[1), Fu(X[)7] S 2V (4.14)
teZ

Let 7y : J"Y(R) — N be any map so that
deo(z,my(x)) <1 (4.15)

which exists by our initial assumption. We’ll use 7 to transfer inequalities (4.12)) and (4.14]) to corresponding
inequalities on N. Consider the maps F,, : I',, — N defined by F,, := 7x 0 dopm 0 Fp,. By Lemma [4.18((3)),

dec(02m(Fin(q1)), 62m(Fm(g2))) = 2dm (g1, q2) > 4

for any vertical pair (q1,¢2) € I'y, X T'y,. Combining this with (4.15) yields

decEn(@). Fn(@2)) 2" decGom(Fan(@)): b2 (Fu(2))) — 2

> sdoc(02m(Fm(q1)), 62m(Fin(g2))) = mdoc(Fm(q1), Fin(g2))

DN =

for any vertical pair (q1,¢2). Combining this with (4.12]) yields

ZZ Eldoc (Fn(X{"), B (X (t = 29)))7] o mPH!=3r2Nn (4.16)

k ~ P
k=0 teZ 2w In(m +1)*

Next,

decFn(X71) En (X)) 2 doc(Gam(Frn(X710)) s am (Fun(XI))) +2

=2mdco(Fm(Xi), Fn(X{")) +2

Combining this with (4.14]) and (4.13) yields

> Eldoc(Fn(X[h), Fu(X]))7] S mP2 (4.17)
teZ

For each R > 1, let m(R) denote the largest m so that F,g)(I'm(r)) € By(R). Then and (4.17)
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imply

IL,(Bn(R)) 2 VY (4.18)

Now we wish to estimate the quantity m(R). Let m > 0 be arbitrary. Since any two points of T,
are connected by a geodesic that is a piecewise directed path, the Lipschitz constant of any map on T'),
is the maximum of the Lipschitz constants of the map restricted to directed paths. Thus, by Lemmas
, , and Lip(F,,) < /m. Since diam(T,,) = 2V» < 20mlogz(m+D+1 and F, (0,,) = 0,
this implies F,,(I',,) € Byr—1ry(R') with R < (m + 1)Cm+32 . Then Ggpm (F(T)) C Byr—1g)(R") with
R" < (m+ 1)Cm+%. Then F,,(T1) = 75 (G2m (Frn(Thn))) € Bjr-1g)(R" 4+ 1). This implies, for any R > 1,
R < (m(R) 4+ 1)°™®+35  where the implied constant is independent of R. This implies m(R) > —=d) _ for

~ In(In(R))
R > 3. Plugging this into (4.18]) yields
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