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Abstract
Geometry of Local-spectral Expanders
by
Siqi Liu
Doctor of Philosophy in Computer Science
University of California, Berkeley

Professor Alessandro Chiesa, Chair

Expanders are well-connected graphs. They have numerous applications in constructions
of error correcting codes, metric embedding, derandomization, sampling algorithms, etc.
Local-spectral expanders (HDXes) are a generalization of expander graphs to hypergraphs.
They have recently received more attention due to their applications to agreement tests [24],
locally testable codes [28, 99, 75, 27], hardness of SoS refutation [25, 59], and connections

with local sampling algorithms [5].

In comparison to expanders we have very limited understanding of HDXes: there are abun-
dant random or explicit constructions of sparse expander graphs such as random d-regular
graphs [50], algebraic expanders [92, 51|, the zig-zag product [101], etc. In contrast, we
know only two general constructions of sparse HDXes: the LSV complexes [90] and the
coset construction [66]. In this thesis, we take two approaches to tackle the construction
problem. The first approach is taking graph products of sparse expander graphs. This is
inspired by the zig-zag product. However, this construction fails to give good local-spectral
expansion. The second approach is inspired by the following question: does any continuous
space have the local-spectral expansion property? We show that the answer is affirmative
for high-dimensional spheres. More precisely, we show that 3-uniform hypergraphs sampled
randomly over high-dimensional spheres are (relatively sparse) local-spectral expanders.

Furthermore, tight isoperimetric inequalities of local-spectral expanders have remained elu-
sive. Intuitively, isoperimetric inequalities provide a lower bound on the probability that a
random walk leaves a subset of vertices in the graph. A tight bound on this probability is
crucial for applications to agreement testing. In this thesis, we explore this problem and give
an improved bound for good local-spectral expanders.
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Chapter 1

Introduction

Many functional analysis results over discrete spaces are defined and studied after their con-
tinuous counterparts have been proven. Notions including Laplacian operators, derivatives,
Fourier decomposition are first defined over continuous spaces such as multivariate Gaus-
sians. They are later generalized to discrete spaces (e.g. the hypercubes F%, the symmetric
groups S, ). Moreover, tools like the invariance principle and the Central Limit theorem have
been developed to coupled discrete spaces with continuous spaces, and thereby transform
isoperimetric type inequalities over the Gaussians to corresponding discrete spaces and vice
versa. Examples include the proofs of Log-Sobolev inequalities over the Gaussians [55] and
of the majority is the stablest theorem over the hypercubes [94].

Local-spectral expanders (HDXes) are a class of hypergraphs whose spectral expansion
can be certified locally. They have recently attracted a lot of attention due to applications
to testing, coding, and sampling. The key feature of an HDX is that the subgraphs induced
by the neighbors of any hyperedges are all expander graphs. This property is called local-
spectral expansion. A natural question is: are there natural continuous spaces that have
local-spectral expansion? This is particularly interesting since most known constructions
of sparse HDXes are algebraic, and a more geometric view of local-spectral expansion can
potentially give more constructions of HDXes and also more intuitions for isoperimetric
inequalities over HDXes.

Furthermore due to the abstraction in the definition of HDXes, it has been challenging to
obtain tighter isoperimetric inequalities for these hypergraphs. For instance, we do not know
good bounds on small set expansion for random walks over HDXes. Known tight bounds for
hypercubes rely on orthogonal decompositions for functions over these domains. The main
challenge here is that the space of functions over HDXes does not have an explicit orthogonal
decomposition.

This thesis addresses the two problems above. This chapter starts with an introduction
on expander graphs. We briefly summarize their special properties, their applications in
computer science, and some well-known constructions. From there, we generalize the notion
of expansion to hypergraphs and define local-spectral expanders. Lastly we motivate and
summarize the main results of the thesis: two constructions of HDXes and improved small
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set expansion results over good HDXes.

1.1 Expanders

Expander graphs (or expanders) are well-connected graphs. More precisely a family of
discrete graphs {G,, = (V,, = [n], E,,) },, are expanders if:

e cither as n — oo the normalized Laplacian matrix Lg, 's smallest eigenvalue is bounded
away from 0 (spectral expansion),

e or as n — oo for all subset of vertices S C V,, of size |\S| < |V,,|/2, a constant fraction of
S’s adjacency edges are connected to vertices outside S (combinatorial expansion).

The expansion parameters are omitted for simplicity.

These two definitions are obtained by generalizing Laplace operators and Cheeger con-
stants to discrete graphs. It was first shown by Cheeger [16] that these two definitions of
expansion are roughly equivalent over compact Riemann manifolds. Later, the equivalence
was established for discrete graphs by Dodziuk [32]. Some important properties of expander
graphs include that random walks over these graphs mix fast, any small set of vertices has
most of their neighbors outside the set, and these graphs have no low-distortion embeddings
to low-dimensional Euclidean spaces.

Examples of well-known expanders include the complete graphs and boolean hypercubes.
While it is easy to construct expanders with large average degree, expanders with constant
average degree (also called sparse expanders) have more applications to algorithm deran-
domization, gap amplification, linear-time encodable codes, etc [57]. Through decades of
intensive research, we now have many randomized and explicit constructions of sparse ex-
panders: random d-regular graphs [50], algebraic expanders [92, 51], the zig-zag product
[101], to name a few.

1.2 Local-spectral expanders

One important insight in property testing is that a tester T' over a set of variables V' can
be viewed as a hypergraph G = (V| E), where E is the query set of T. We note that if T
can check relations over k variables, then E would contain hyperedges of size k. In the case
that T" only checks binary relations, G is a graph, and T’s soundness can be derived from
the expansion property of G. To analyze more general testers, one needs to study expansion
properties of hypergraphs.

High-dimensional expanders are expanding hypergraphs. Though both spectral expan-
sion and combinatorial expansion can be generalized to hypergraphs, they are not equivalent
notions on hypergraphs. In this thesis we focus on local-spectral expanders which are spec-
trally expanding hypergraphs. Discussions on combinatorially expanding hypergraphs and
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the comparison between the two definitions are postponed till Chapter 5. In the other
chapters HDXes are used interchangeably with local-spectral expanders.

Local-spectral expanders are a generalization of spectral expansion to simplicial com-
plexes [87]. A simplicial complex is a special type of hypergraph whose hyperedges are
downward closed. A 1-dimensional simplicial complex is a graph. A general d-dimensional
simplicial complex x consists of hyperedge sets x(0),..., x(d) where (i) contains hyper-

edges of cardinality (i + 1). We define the link of a vertex v to be the (d — 1)-dimensional

hypergraph y, with hyperedges {f € U?:_ol x() | fu{v}ex(i+ 1)} So in a 2-dimensional

simplicial complex, a link y, is a graph over v’s neighbors in Y.

A 1-dimensional local-spectral expander is an expander. A d-dimensional local-spectral
expander is a simplicial complex that satisfies (1) the global graph Gy = (x(0), x(1)) is an
expander, and (2) for every vertex v € x(0), the link x, is a (d—1)-dimensional local-spectral
expanders. So y is a 2-dimensional local-spectral expander if it is a 1-dimensional expander
and all its vertices’ links are also 1-dimensional expanders.

1.2.1 The local-to-global phenomenon

The definition above suggests that to show a d-dimensional y is an HDX, one should check
that the link graphs of all hyperedges of size < (d—1) are expanders. However, the trickling-
down theorem from [97] states that it suffices to check the links of hyperedges in x(d — 2)
are expanders and the link graphs of all smaller hyperedges are connected.

For a 2-dimensional simplicial complex y, the trickling-down theorem says that if every
vertex’s link is a A-expander (A is 1 minus the smallest eigenvalue of the graph Laplacian)
and if the global graph Gy = (x(0), x(1)) is connected, then Gy is a (ﬁ)—expander. Thus
X is a 2-dimensional (ﬁ) local-spectral expander.

1.2.2 Applications

The local-to-global phenomenon on local-spectral expanders has led to many applications in
computer science. Starting with [24], local-spectral expanders have been used to construct
agreement tests. As the setup of an agreement test, consider a space €2, a set of subspaces
S, and a code C that encodes functions f : Q@ — ¥ as a collection of local functions {f; :
s — Y}ses. In an agreement test for C, a randomized tester T is given oracle access to a set
of local functions {gs}scs and needs to output whether these local functions are close to C
(i.e. close to subspace restrictions of some global function g). T is required to always accept
if the local functions are in C (completeness), and to reject with probability proportional to
the distance from the local functions to C (soundness).

[24] shows that a d-dimensional local-spectral expander yx gives rise to the following
agreement tester: let 0 = x(0) and S = x(k), then the tester T" samples a random 7 €
X(2k + 1) and two random s,s" C 7, and outputs “accept” if and only if f, and fs agree
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on s N s’. The local-spectral expansion guarantees that 7" has soundness. This application
illustrates the connection between expansion and testing.

As an example, consider the [24] agreement tester given by a 3-dimensional complete
complex X. By definition the hyperedge sets of the complex are given by X(i) = (Z[Z]l)
Let the space 2 = [n], the alphabet ¥ = Fy and S = X(1). So a codeword of C is a
collection of functions {f|s : s — Fo | s € X (1)} that are restrictions of a global function f
to hyperedges. The tester T' samples a random 7 ~ X (3) and two random s, s’ C 7. Then
T outputs whether the input local functions fs|sns = fo|sns-

More recently chain complexes (more general hypergraphs than simplicial complexes)
with local-spectral expansion are used to construct locally testable codes with constant rate,
distance, and arity [28, 79], and quantum low-density parity-check codes [99, 75, 27].

Markov chain Monte Carlo method (MCMC) is a class of algorithms that sample from
exponential size distributions. Whether MCMC can efficiently sample from a distribution
depends on the convergence time of the underlying Markov chain. Recently [5] resolved a
longstanding open question by showing rapid mixing of matroid basis exchange walks. The
result is proved by showing that the matroid basis exchange complexes are local-spectral
expanders. Followup works prove more rapid mixing results under this framework [2, 4, 39].

1.2.3 Constructions

In comparison to expanders, we have limited understanding of HDXes. In contrast to the
numerous explicit and probabilistic constructions of sparse expanders, we know only a few
explicit constructions of bounded-degree HDXes and they are either heavily algebraic [90,
66, 95] or have bounded dimensions [15]. For a while we do not know any combinatorial con-
structions of HDXes of all constant dimensions. Furthermore, while properties of the Laplace
operators of many expanders are well-studied and have been applied to solve problems in
combinatorics, computational complexity, and statistical physics, we have yet to understand
their counterparts in HDXes.

1.3 Overview

Given many applications of HDXes, we would like to have more intuitive constructions of
local-spectral expanders and also find reasons why certain standard approaches fail. More-
over, since certain applications require a more precise characterization of combinatorial ex-
pansion of random walks over local-spectral expanders, we need to develop new tools to
improve existing analyses. This thesis provides partial answers to these questions.

In Chapter 2, we give an approach of constructing HDXes from expanders. We start with
a global graph that is already a sparse expander. Currently the link of a vertex is simply a set
of disjoint vertices. Next we start adding edges and triangles to the graph via graph products
to make the link graphs of all vertices connected. This approach produces bounded-degree
local-spectral expanders whose link graphs are (% + 5) -expanders. This expansion parameter
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is in the regime where the trickling-down theorem gives a trivial bound of 1. Since many
applications hinge on local expansion parameter to be arbitrarily close to 0, this construction
is not widely applicable.

In Chapter 3, we take a different approach to the construction problem. We ask if
any compact manifolds naturally gives rise to local-spectral expansion. If so, we would be
able to find geometric intuition behind analytical properties of HDXes, and also construct
HDXes from these manifolds. As a first step towards this direction, we consider the high-
dimensional spheres, and study the random 2-dimensional simplicial complexes over the
spheres. We obtain polynomial degree HDXes from this model. Though the average degree
is not bounded, it beats the average degree of HDXes constructed from random simplicial
complex models that do not have any latent geometry.

Lastly in Chapter 4, we characterize non-expanding sets over random walks in HDXes.
The main tool is a basis decomposition framework that gives an almost orthogonal decompo-
sition of functions over HDXes. This framework applies generally to spaces that are “locally”
close to product spaces. HDXes are examples of such spaces.

1.3.1 Chapter 2: High-dimensional expanders from expanders

We present an elementary way to transform an expander graph into a local-spectral expander
where all high order random walks have a constant spectral gap, i.e., they converge rapidly to
the stationary distribution. As an upshot, we obtain new constructions, as well as a natural
probabilistic model to sample constant degree local-spectral expanders.

In particular, we show that given an expander graph G, adding self loops to G and
taking the tensor product of the modified graph with a constant-size local-spectral expander
produces a larger local-spectral expander. The resulting local-spectral expanders have local-
spectral expansion parameter strictly greater than % Though in this regime local-to-global
phenomenon does not hold, this is the first combinatorial construction of constant-degree
local-spectral expanders of any constant dimension with local expansion independent of the
number of vertices and dimension.

We also analyze the various high order random walks over these complexes. Our proof
of rapid mixing of high order random walks is based on the decomposable Markov chains
framework introduced by Jerrum et al.

This chapter is based on joint work with Mohanty and Yang [83].

1.3.2 Chapter 3: 2-dimensional expanders from random
geometric graphs

To achieve local expansion strictly smaller than %, we construct local-spectral expanders
from random geometric complexes.

Consider a 2-dimensional random geometric simplicial complex X sampled as follows:
first, sample n vectors uq, . .., u, uniformly at random on S%!; then, for each triple i, j, k €
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[n], add {i,j,k} and all of its subsets to X if and only if (u;,uw;) > 7, (u;, u,) > 7, and
(uj,ug) = 7. We prove that for every € > 0, there exists a choice of d = ©(logn) and
T = 7(g,d) so that with high probability, X is a local-spectral expander of average degree
n® in which each vertex’s link graph has second eigenvalue smaller than %

To our knowledge, this is the first demonstration of a natural distribution over 2-dimensional
local-spectral expanders of arbitrarily small polynomial average degree and spectral link ex-
pansion better than 1/2. All previously known constructions are algebraic. This distribution
also furnishes an example of simplicial complexes for which the trickling-down theorem is
nearly tight.

En route, we prove general bounds on the spectral expansion of random induced sub-
graphs of arbitrary vertex transitive graphs, which may be of independent interest. For
example, one consequence is an almost-sharp bound on the second eigenvalue of random
n-vertex geometric graphs on S!, which was previously unknown for most n, d pairs.

This chapter is based on joint work with Mohanty, Schramm, and Yang [84].

1.3.3 Chapter 4: Global hypercontractivity inequality over
e-product space

A key property of local-spectral expanders is rapid mixing of the up-down walks in every
dimension. The k up-down walk in a d-dimensional simplicial complex y is the two-step
walk over the bipartite graph Gy = (x(k), x(k+ 1), E) induced by the containment relation
between x(k) and x(k + 1).

Indeed we know that the k& up-down walk has spectral gap O (l) [68]. Therefore by
Cheeger’s inequality any small set of k-faces has edge expansion (2 %) in the walk graph.
Though k£ is a constant in our context, many applications need an expansion that does not
depend on k.

However, such expansion cannot hold for all small sets as shown by the following example.
Let v € x(0) be a vertex in x, define the set S,(k) to contain all k-faces that contains v.
S,(k)’s edge expansion is O (%H) Though a k-independent edge expansion does not hold
for all small sets, we note that the counterexamples are highly structured, and one could
still hope for a better expansion for all “unstructured sets”. This is the result in Chapter 4.

We prove hypercontractivity inequalities for local-spectral expanders. Our inequalities
are effective for global functions, which are functions that are not significantly affected by
a restriction of a small set of coordinates. As an application, we obtain small-set expansion
for local-spectral expanders. It implies that in the & up-down walk of an HDX, the non-
expanding sets are precisely those that have large overlaps with sets of the form {s € x(k) |
e C f} where e is some lower-dimensional hyperedge. Our approach applies more generally to
e-product spaces. They are multivariate probability spaces satisfying that fixing any constant
number of variables make the resulting conditional distribution almost pairwise independent.
The distribution given by a local-spectral expander is a natural example of such spaces. The
key technique is a new approximate Efron-Stein decomposition for e-product spaces.
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This chapter is based on joint work with Gur and Lifshitz [56].



Chapter 2

High-dimensional Expanders from
Expanders

We construct bounded-degree high—dimensional expanders of all constant—sized dimensions,
where the high order random walks have a constant spectral gap, and thus mix rapidly.
We base our HDX’s from existing T-regular one-dimensional constructions, which can be
sampled readily from the space of all T-regular graphs. This endows a natural distribution
from which we can sample HDX’s of our construction as well. After the first version of this
paper was written, it was brought to our notice by a reviewer that the construction in this
paper has been previously discussed in the community. Nevertheless, a contribution of our
work is a rigorous analysis of the expansion properties of this construction.

One sufficient, but not necessary criterion that implies rapid mixing is spectral, which
comes from the graph theoretic notion below.

Definition 2.0.1 (Informal). A d-dimensional A-spectral expander is a d-dimensional sim-
plicial complex (i.e. a hypergraph whose faces satisfy downward closure) such that

e (Global Expansion) The vertices and edges (sets of two vertices) of the complex con-
stitute a A—spectral expander graph,

e (Local Expansion) For every hyperedge E of size < d — 1 in the hypergraph, the
vertices and edges in the "neighborhood” of F also constitute a A—spectral expander.
(The precise definition of ”"neighborhood” will be discussed later.)

Most known constructions of bounded-degree high—dimensional spectral expanders are
heavily algebraic, rather than combinatorial or randomized. In contrast, there are a wealth
of different constructions for bounded-degree (one-dimensional) expander graphs [58]. Some
of these are also algebraic, such as the famous LPS construction of Ramanujan graphs [88],
but there are also many simple, probabilistic constructions of expanders. In particular,
Friedman’s Theorem says that with high probability, random d-regular graphs are excellent
expanders [49].
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Unfortunately, random d—dimensional hypergraphs with low degrees are not d-dimensional
expander graphs. For a hypergraph with n vertices, we need a roughly n (logn/ n)l/ d
degree Erdos-Rényi graph to make the neighborhood of every hyperedge of size < d — 1
to be connected with high probability. While random low degree hypergraphs are not high—
dimensional expanders, our construction provides simple probabilistic high—dimensional ex-
panders of all dimensions.

2.1 Problem background and summary of results

2.1.1 Our results

Construction. We construct an H-dimensional simplicial complex Q on n - s vertices,
from a graph G of n vertices and a (small) H—dimensional complete simplicial complex B on
s vertices. To construct Q, we replace each vertex v of G with a copy of B which we denote
B,. Denote the copy of a vertex w € B in B, by (v,w). The faces of Q are chosen in the
following way: for every face {wy,ws, ..., wx} in B, add it {(vy, w1), (ve, ws), ..., (vg, wg)} to
the complex, where for some edge e in GG, the vertices vy, ... v, are each one of the endpoints
of e; in particular there are 2 choices for each v;. The main punchline of our work is that
when G is a (triangle-free) expander graph, the high order random walks on Q mix rapidly.
Specifically, we prove:

Theorem 2.1.1 (Main theorem, informal version of Theorem 2.3.1). Suppose G is a triangle-
free expander graph with two-sided spectral gap p. For every k such that 1 < k < H, there is
a constant C' depending on k, H, s, p, but independent of n such that the Markov transition
matriz for the up-down walk on the k-faces of Q has two-sided spectral gap C'.

First attempt at proving rapid mixing of high order random walks. [65], which
introduced the notions of up-down and down-up random walks, and subsequent works [24,
68, 67, 5] developed and followed the “local-to-global paradigm” to prove rapid mixing of
high order random walks. In particular, each of these works would:

A. Establish that all the links of a relevant simplicial complex have “small” second eigen-
value.

B. Prove or cite a statement about how rapid mixing follows from small second eigenvalues
of links (such as Theorem 2.1.3).

Then, step A. and step B. together would imply that the up-down and down-up random walks
on the simplicial complexes they cared about mixed rapidly. This immediately motivates
first bounding the second eigenvalue of the links of our construction, and applying the
quantitatively strongest known version of the type of theorem alluded to in step B.. Thus,
in Section 2.4 we analyze the second eigenvalue of all links of Q and prove:
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Theorem 2.1.2 (Informal version of Theorem 2.3.3). The two-sided spectral gap of every
link in Q 1s bounded by approximately %

And the ‘quantitatively strongest’ known “local-to-global” theorem is

Theorem 2.1.3 (Informal statement of [68, Theorem 5)). If the second eigenvalue of every
link of a simplicial complex S is bounded by A\, then the up-down walk on k-faces of S, S,Ii
satisfies:

1
A%ﬁhg(l—ziq>+kx

Observe that the upper bound on the second eigenvalue of all links must be strictly
less than m to conclude any meaningful bounds on the mixing time of the up-down
random walk. Thus, unfortunately, Theorem 2.1.2 in conjunction with Theorem 2.1.3 fails
to establish rapid mixing.

Hence, we depart from the local-to-global paradigm and draw on alternate techniques.

Decomposing Markov chains. FEach k-face of Q is either completely contained in a
cluster {(v,?)} for a single vertex v in G, or straddles two clusters corresponding to vertices
connected by an edge, i.e., is contained in {(v,?)} U {(u,?)}. Consider performing an up-
down random walk on the space of k-faces of Q (henceforth Q?). If we record the single
cluster or pair of clusters containing the k-face the random walk visits at each timestep, it
would resemble:

(17,19} — {17,19} — {17,19} — {17} — {17} — {17,155} — {17,155} —
{17,155} — {155} — {155,203} — {155,203} — {155,203} — {155,203} —
{155,203} — {203} — {6,203} — {6,203} — - --

In the above illustration of a random walk, let us restrict our attention to the segment of the
walk where the k-faces are all contained in, say, the pair of clusters {155,203}. Intuitively,
we expect the random walk restricted to those k-faces to mix rapidly and also exit the set
quickly by virtue of the state space being constant-sized. In particular, if we keep the random
walk running for ¢ =~ C'logn steps for some large constant C', it would seem that the number
of “exit events”! is roughly « - C'logn for some other constant «. The sequence of “exit
events” can be viewed as a random walk on the space of edges and vertices of G, and since
there are many steps in this walk, the expansion properties of GG tell us that the location of
the random walk after ¢ steps is distributed according to a relevant stationary distribution.
In light of these intuitive observations of rapidly mixing in the walks within cluster pairs and
also rapidly mixing in a walk on the space of cluster pairs, one would hope that the up-down
walk on k-faces mixes rapidly.

This hope is indeed fulfilled and is made concrete in a framework of Jerrum et al. [62].
In their framework, there is a Markov chain M on state space 2. They show that if €2 can

!Transitions like {17,19} — {17}, {155} — {155,203}, and so on.
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be partitioned into €, ..., €, such that the chain “restricted” (for some formal notion of
restricted) to each €);, and an appropriately defined “macro-chain” (where each partition
(); is a state) each have a constant spectral gap, then the original Markov chain M has
a constant spectral gap as well. Our proof of the fact that Q? has a constant spectral
gap utilizes this result of [62]. This framework of decomposable Markov chains is detailed
in Section 2.2.2, and the analysis of the spectral gap of the down-up random walk” is in
Section 2.5.

2.1.2 Related Work

While high-dimensional expanders have been of relatively recent interest, already many
different (non-equivalent) notions of high—dimensional expansion have emerged, for a variety
of different applications.

The earliest notions of high—dimensional expansion were topological. In this vein of
work, [80, 54] introduced coboundary expansion, [37] defined cosystolic expansion, and [37,
64] defined skeleton expansion. To our knowledge, most existing constructions of these types
of expanders rely on the Ramanujan complex. We refer the reader to a survey by Lubotzky
[87] for more details on these alternate notions of high dimensional expansion and their uses.

To describe notions of high dimensional expansion that are relevant to computer scien-
tists, we need to first highlight a key property of (one-dimensional) expander graphs—that
random walks on them mix rapidly to their stationary distribution. The notion of a random
walk on graphs was generalized to simplicial complexes in the work of Kaufman and Mass
[65] to the “up-down” and “down-up” random walks, whose states are k-faces of a simplicial
complex. They were interested in bounded—degree simplicial complexes where the up-down
random walk mixed to its stationary distribution rapidly. They then proceed to show that
the known construction of Ramanujan complexes from [90] indeed satisfy this property.

A key technical insight in their work that the rapid mixing of up-down random walks
follows from certain notions of local spectral expansion, i.e., from sufficiently good two-sided
spectral expansion of the underlying graph of every link. A quantitative improvement be-
tween the relationship between the two-sided spectral expansion of links and rapid mixing
of random walks was made in [24], and this improvement was used to construct agreement
expanders based on the Ramanujan complex construction. Later, [68] showed that one-sided
spectral expansion of links actually sufficed to derive rapid mixing of the up-down walk on
k-faces.

2.1.3 HDX Constructions

Although this combinatorial characterization of high—dimensional expansion is slightly weaker
than some of the topological characterizations mentioned above, few constructions are known

2Which is actually equivalent to proving a spectral gap on the up-down random walk but is more
technically convenient. See Fact 2.2.29.
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for bounded degree HDX’s with dimension > 2. Most of these rely on heavy algebra. In con-
trast, for one-dimensional expander graphs, there are a wealth of different constructions,
including ones via graph products and randomized ones. [49] states that even a random
d-regular graph is an expander with high probability.

The most well-known construction of bounded-degree high—dimensional expanders are
the Ramanujan complexes [90]. These require the Bruhat-Tits building, which is a high-
dimensional generalization of an infinite regular tree. The underlying graph has degree
¢ where ¢ is a prime power satisfying ¢ = 1 (mod 4). The links can be described by
spherical buildings, which are complexes derived from subspaces of a vector space, and are
excellent expanders.

Dinur and Kaufman showed that given any A € (0, 1), and any dimension d, the d—skeleton
of any d + [2/X]—dimensional Ramanujan complex is a d-dimensional A\-spectral expander

[24]. Here, the degree of each vertex is (2/\)?(@% M) In other words, they “truncate” the
Ramanujan complexes, throwing out all faces of size greater than some number k. Their
primary motivation was to obtain agreement expanders, which find uses towards PCPs.
Recently, Kaufman and Oppenheim [67] present a construction of one-sided HDXes,
which are coset complexes of elementary matrix groups. The construction guarantees that
for any A € (0,1) and any dimension d, there exists a infinite family of high—dimensional
expanders {X,};en, such that (1) every X; are d—dimensional A-one-sided—expander; (2)

(1/A+d—1)(d+2)

every X;’s 1-skeleton has degree at most © log (/3 rd=1)

>; (3) as i goes to infinity the

number of vertices in X; also goes to infinity.

Even more recently, Chapman, Linial, and Peled [15] also provided a combinatorial con-
struction of two-dimensional expanders. They construct an infinite family of (a, b)-regular
graphs, which are a-regular graphs whose links with respect to single vertices are b-regular.
The primary motivation for their construction comes from the theory of PCPs. They prove
an Alon-Boppana type bound on A\y(G) for any (a,b)-regular graph, and construct a fam-
ily of graphs where this bound is tight. They also build an (a,b)-regular two-dimensional
expander using any non-bipartite graph G of sufficiently high girth; they achieve a local
expansion only depending on the girth, and the global expansion depending on the spectral
gap of GG. Like ours, their construction also resembles existing graph product constructions
of one-dimensional expanders.

2.2 Preliminaries and Notation

2.2.1 Spectral Graph Theory

While we can describe our constructions combinatorially, our analysis of both the mixing
times of certain walks as well as the local expansion will heavily rely on understanding graph
spectra.
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Definition 2.2.1. For an edge-weighted directed graph G on n vertices, we use Adj(G) to
denote its (mormalized) adjacency matriz, i.e. the matrix given by

) L vyer@) - w((u,v))
Adj(G) ) = ’
() ZU:(U,U)GE(G) w((u,v))

and write its (right) eigenvalues as
L=XM(G) =2 G)=...2\(G) = -1

Let Spectrum(G) to indicate the set {\;(G)}. We write OneSidedGap(G) for the spectral gap
of G, which is the quantity 1 — A\2(G). Graphs with OneSidedGap(G) > p are one-sided
[-expanders.

Most of the graphs we analyze achieve a stronger condition; that the second largest
eigenvalue magnitude is not too large. Formally, we write |\|; for the i-th largest eigenvalue
in absolute value. In particular, |A|; = max{|As|, |A\s|}. The absolute spectral gap of G,
denoted TwoSidedGap(G), is the quantity 1 — [A|s. Graphs with TwoSidedGap(G) > p are
two-sided p-expanders.

Remark 2.2.2. For an undirected weighted graph, we simply have w((u,v)) = w((v,u)),
and use this to define the adjacency matrix the same way.
Graph Tensors Our construction can roughly be described as a tensor product, defined
below.
Definition 2.2.3. The tensor product G x H of two graphs G and H is given by

1. Vertex set V(G x H) =V(G) x V(H),

2. Edge set E(G x H) = {((u1,v1), (ug,v2)) : (ug,us) € E(G) and (v1,v2) € E(H)}.

The adjacency matrix Adj(G x H) is the tensor (Kronecker) product Adj(G)® Adj(H). Due
to this structure, Spectrum(G x H) = {\;jit; : \; € SpectrumG, p; € Spectrum(H)}. As 1 is
the largest eigenvalue of both Adj(G) and Adj(H), it follows that both

OneSidedGap(G x H) =min(1 — 1 9,1 — Ay - 1)

= min(OneSidedGap(G), OneSidedGap(H))
TwoSidedGap(G x H) = min(1 — 1 - |u|z, 1 — A2+ 1)

= min(TwoSidedGap(G), TwoSidedGap(H))
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2.2.2 Markov Chains

We provide a basic overview of the Markov chain concepts used to analyze our high order
walks. We refer to [76] for a detailed and thorough treatment of the fundamentals of Markov
chains.

Definition 2.2.4. A Markov chain M = (92, P) is given by states € and a transition matriz
P where P[i,j] is the probability of going to state j from state i. We may also write this
quantity as M[j — i].

Remark 2.2.5. The literature often defines P, ; as the probability Pr(¢ — j), so their P
is the transpose of ours. However, we work with column (right) eigenvectors to analyze
the spectrum of P, while this alternate convention uses row (left) eigenvectors, so both
conventions yield the same results.

Definition 2.2.6. We can view any Markov chain M as a weighted, directed graph G,
defined by V(G) = States(M), E(G) = {(i,j) : i,j € V(G),M[i — j] > 0}, and
w((i,)) = M[j —i].

The transition matrix of M is Adj(G), and we also refer to Spectrum(G) as the spectrum
of M. Every adjacency matrix has A\; = 1, so transition matrix of M has an eigenvector
7y (normalized so that entries sum to 1) for the eigenvalue 1. We call my a stationary
distribution of M.

Remark 2.2.7. We may use the term “graph” in lieu of “chain” when we want to indicate
the random walk defined by the transition matrix Adj(G).

The next property we introduce is present for every Markov chain we analyze.
Definition 2.2.8. The Markov chain M = (Q, P) is time-reversible if for any integer k > 1:
(o) Mxg — x1] - Mz — xp] = (k) Mzg — 2p—1] - M1 — 0]

Intuitively, it means that if start at the stationary distribution and run the chain for a
sequence of time states, the reverse sequence has the same probability of occurring. Time
reversibility helps us compute stationary distributions via the detailed balance equations.
(This is especially helpful when there are a huge number of symmetric states.)

Fact 2.2.9. The Markov chain M = (0, P) is time-reversible if and only if it satisfies the
detailed balance equations: for all x,y € €,

() Mz — y] = my(y) My — ]

Definition 2.2.10. The e-mixing time of a Markov chain M is the smallest ¢ such that for
any distribution v over the states of M,

|70 — P'ufly < e

where ), is the stationary distribution of M.
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Theorem 2.2.11. For any Markov chain M, the e-mixing time tyi(g) satisfies:

tmix(€) < lo ! !
mix(2) S 108 eminmy /) TwoSidedGap(M)

Decomposing Markov Chains Consider a finite-state time reversible Markov chain M
whose structure gives rise to natural state-space partition, M can be decomposed into a
number of restriction chains and a projection chain. [62] show that the spectral gap for the
original chain can be lower bounded in terms of the spectral gaps for the restriction and
projection chains.

We now formally define the decomposition of a Markov chain. Consider an ergodic
Markov chain on finite state space Q with transition probability P: Q% — [0,1]. Let 7: Q —
0,1] denote its stationary distribution, and let {€;};c;m) be a partition of the state space
into m disjoint sets, where [m] := {1,...,m}.

The projection chain induced by the partition {€2;} has state space [m| and transitions

Pli,j) = (Z w<x>> S w(@)P(x.y).

€, xeQyef);

The above expression corresponds to the probability of moving from any state in £2; to any
state in €); in the original Markov chain.
For each i € [m], the restriction chain induced by 2; has state space 2; and transitions

o I- ZzGQZ\{x} P(.f, Z)? r=y.

Pi(x,y) is the probability of moving from state x € ; to state y when leaving €; is not
allowed.

Regardless of how we define the projection and restriction chains for a time reversible
Markov chain, they all inherit one useful property from the original chain.

Fact 2.2.12. Let M = (2, P) be a time-reversible Markov chain. Then, for any decomposi-
tion of M, the projection and restriction chains are also time-reversible.

We ultimately want to study the spectral gap of random walks. Luckily, the original
Markov chain’s spectral gap is related to the restriction and projection chains’ spectral gaps
in the following way:

Theorem 2.2.13 ([62, Theorem 1]). Consider a finite-state time-reversible Markov chain
decomposed into a projection chain and m restriction chains as above. Define v to be maxi-
mum probability in the Markov chain that some state leaves its partition block,

7 = max max P(x,y).
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Suppose the projection chain satisfies a Poincaré inequality with constant X , and the restric-
tion chains satisfy inequalities with uniform constant Ayin. Then the original Markov chain
satisfies a Poincaré inequality with constant

. 5\ 5\/\min
A= min< —, = 0.
37 3yv+ A

Recall that if A satisfies a Poincaré inequality, it is a lower bound on the spectral gap (cf.
[76]).

2.2.3 High-Dimensional Expanders

The generalization from expander graphs to hypergraphs (more specifically, simplicial com-
plexes) requires great care. We now formally establish the high dimensional notions of
“neighborhood”, “expansion,” and “random walk.”

Definition 2.2.14. A simplicial complex S is specified by vertex set V(S) and a collection
F(S) of subsets of V(S), known as faces, that satisfy the “downward closure” property: if
A€ F(S) and B C A, then B € F(S). Any face S € F(S) of cardinality (k + 1) is called
a k-face of S. We use k-faces(S) to denote the subcollection of k-faces of F(S). We say S
has dimension d, where d = max{|F|: F € F(S)} — 1.

Example 2.2.15. A 1-dimensional complex S is a graph with vertex set V(S) and edge set
1-faces(S).

Definition 2.2.16. To formally define random walks and Markov chains on a S, we need
to associate S with a weight function w : F(S) — R,. We want our weight function to be
balanced, meaning for I’ € k-faces(S):

w(F) = > w(J)
Je(k+1)-faces(S):JDF

If we restrict ourselves to balanced w, it suffices to only define w over d-faces(S) and prop-
agate the weights downward to the lower order faces.

Definition 2.2.17. The (weighted) k-skeleton of S is the complex with vertex set V(S) and
all faces in F(S) of cardinality at most k + 1, with weights inherited from S.

Example 2.2.18. The 1l-skeleton of S only contains its vertices (0-faces) and edges (1-
faces). It can be characterized as a graph with edge weights, so we can also compute
OneSidedGap(1-skeleton(S)) and TwoSidedGap(1-skeleton(S)).

Definition 2.2.19. For S € k-faces(S) for £ < H — 1, we associate a particular (H — k)-
dimensional complex known as the link of S defined below.

link(S) := {T'\ S : T € F(S),S C T}
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If S was equipped with weight function w, then link(S) “inherits” it. We associate link(.S)
with weight function wg given by wg(7T) = w(S UT). If w is balanced, then wg is also
balanced. We call a link(S) a t-link if |S| has cardinality ¢.

Example 2.2.20. In a graph, the link of a vertex is simply its neighborhood.

Definition 2.2.21. The global expansion of S, denoted GlobalExp(S), is the expansion of
its weighted 1-skeleton.

Definition 2.2.22. The local expansion of S, denoted LocalExp(S) is

LocalExp(S) := min min _ TwoSidedGap(1-skeleton(link(.S))).

0<k<H-—1 Sek-faces(S)
In words, it is equal to the expansion of the worst expanding link.

Example 2.2.23. We use K;ﬁzZ to denote the complete H-dimensional complex on vertex
set [H + 2], i.e., the pure H-dimensional simplicial complex obtained by making the set of
(H + 1)-faces equal to all subsets of [H + 2] of size H 4+ 1. The 1-skeleton is then a clique
on H + 2 vertices whose expansion is 1 — ﬁ and the 1-skeleton of a t-link is a clique on
H +2—t vertices, which has expansion 1— H+1+(t—1) As a result, TwoSidedGap <IC§£22> = %
Remark 2.2.24. We often use Adj(S) to refer to the adjacency matrix of the 1-skeleton of
S, and we may also use \;(S) to refer to the i-th largest eigenvalue of Adj(S).

Previously, we mentioned that there are several different notions of high dimensional ex-
pansion: some geometric or topological, some combinatorial. We now formally define high
dimensional spectral expansion, which is a more combinatorial and graph theoretic notion:

Definition 2.2.25. S is a two-sided A-local spectral expander if GlobalExp(S) > A and
LocalExp(S) > A.

High Order Walks on Simplicial Complexes Let S be a H-dimensional simplicial
complex and with weight function w : k-faces(S) — R on the k-faces of S, for k < H. For
each k < H, we can define a natural (periodic) Markov chain on a state space consisting of
k-faces and (k + 1)-faces of S.

e At a (k+ 1)-face J, there are exactly (k + 2) faces F' € k-faces(S) such that F' C J,
due to the downward closure property. We transition from .J to each k-face F' with
probability 5.

e At a k-face F, we transition to each (k + 1)-face J satisfying J D F with probability

%. (Note that w must be balanced for these transitions to be well-defined.)

Restricting the above chain to only odd or even time steps gives us two new random walks:
one entirely on k-faces(S) and one entirely on (k + 1)-faces(S).
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Definition 2.2.26 (Down-up walk on k-faces of S). = Let S,ﬂl be the Markov chain with
state space equal to k-faces(S) and transition probabilities Sj4+[J — J'| described by the

process above, where there is an implicit transition down to a k-face and back up to a
(k + 1)-face. Then:

(1 w(J) .
- ) i T=J
k+1 2 F =7
S [J . J/] ) Fek—{zc(e}(;;‘):FCJ
I = .
. f "€ k-f
Fr1 W N if JNJ' € k-faces(S)
0 otherwise

Definition 2.2.27 (Up-down walk on k-faces of ). Let S| be the Markov chain with state
space equal to k-faces(S) and transition probabilities Sy [F' — F’] described by the process
above, where there is an implicit transition up to a (k + 1)-face and back down to a k-face.
Then:

L if F=F'
atlL
Syl[F — F' = wiF U F) it FUF' € (k+ 1)-faces(S)
w(F)
0 otherwise

Remark 2.2.28. In the literature, we also see S,ﬁl written as Sy, , and S}¥ written as S}

We now present some facts about these high order walks without proof. We refer to [68, 5]
for proofs of these facts.

Fact 2.2.29. The transition matrices for S,ﬁl and S,? share the same eigenvalues. The
nonzero eigenvalues occur with the same multiplicity. A straightforward but important con-
sequence of this fact is

Spectrum(Sy' ) = Spectrum(Sft )

Fact 2.2.30. The Markov chains S,f and S,Ii have the same stationary distribution on
k-faces(S), which is proportional to w(F') for each F € k-faces(S). We will call this distri-
bution 7y (+).

For the remainder of the paper, we will assume a uniform weight function on d-faces(S),
which is useful for applications like sampling bases of a matroid [5]. When using the uniform
weighting scheme, for F' € k-faces(S), there is a natural interpretation of 7 (F'): the fraction
of d-faces that contain F' as a subface. (We also note that we will use symbolic variables to
represent various weight values, and that it is straightforward to adapt our computations to
cases where we have uniform weights over k-faces(S) for any k.)
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2.3 Local Densification of Expanders

For a graph G and H-dimensional simplicial complex S, we give a way to combine the
two to produce a bounded-degree H-dimensional complex LocalDensifier(G,S) of constant
expansion. First, construct a graph G’ with

1. vertex set equal to V(G) x V(S§), and
2. edge set equal to {{(v1, 1), (v2,ba)} : {b1,ba} € 1-faces(S), {v1,v2} € E(G) or vy = vy }.

LocalDensifier(G, S) is then defined as the H-dimensional pure complex whose H-faces
are all cliques on H + 1 vertices {(v1, b1), (v2,b2), ..., (Vg+1,bgs1)} such that there exists an
edge {a,b} in G for which vy,...,vg41 € {a,b}.

To describe a k-face of LocalDensifier(G,S), we may also use the ordered pair (F, f),
where F'is a k-face of S, and f is a function mapping each element of I’ to a vertex of G.
Because of the local densifier’s tensor structure, image(f) is either a single vertex, or a pair
of vertices that form an edge in G.

Linear algebraically, we can think of this graph construction as adding a self loop to each
vertex of G and then taking the tensor product with the 1-skeleton of S.

Our construction is Q := LocalDensifier(G, B), where B is equal to K the H-dimensional
complete complex on some constant s > H + 1 vertices, and G is a T-regular triangle-free
expander graph on n vertices. We endow Q with a balanced weight function w induced by
setting the weights of all H-faces to 1.

As a first step to understanding this construction, we inspect the weights induced on
k-faces for k < H. Consider a k-face F' :== {(v1,b1), ..., (Vk+1,0k+1)}. A short calculation
reveals that if vy, . .., 41 are all equal, then w(F) is equal to wyy, = () - [T27 % —(T—1)]
and otherwise, w(F) is equal to wyy = (,,°,) - [27*]. Henceforth, write w; and w; instead
of wy and wyy when £ is understood from context.

We now list out what we prove about Q. Most importantly, we show:

Theorem 2.3.1. For every 1 < k < H, the Markov transition matrix Qﬁ for down-up (and
equivalently up-down) random walks on the k-faces satisfies:

- TwoSidedGap(G)
T 64T2(k +1)2(s — k)(2F — 1)

TwoSidedGap (QtT )

We dedicate Section 2.5 to proving Theorem 2.3.1.
As an immediate corollary of Theorem 2.3.1 and Theorem 2.2.11, we get that

Corollary 2.3.2. Let Ny denote the number of k-faces in Q. Then the e-mizing time of QtT
satisfies:

AT? 1)%(s — 2k 1 2N,

(5)<6 (k + ) (s —k)( )-log 2Ny,

TwoSidedGap(G) £

We note that Nj, = ©(n).
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We also derive bounds on the expansion of links of Q. In particular, as a direct con-
sequence of Theorem 2.4.2 and the discussion of the expansion properties of the complete
complex in Example 2.2.23, we conclude:

Theorem 2.3.3. We can prove the following bounds on the local and global expansion of Q:

1 1
GlobalExp(Q) > |- —

5 m 'TWOSIdedGap(G), and

1

LocalExp(Q) > 5

Remark 2.3.4. Suppose G is a random T-regular (triangle-free) graph and H > T. Then

the corresponding (random) simplicial complex Q. as a consequence of Friedman’s Theorem
[49)%, with high probability satisfies

_ T — 27T — 1 — 0,(1)
Y > n
TwoS|dedGap <Qk ) = 64T3(/€ + 1)2(8 o k)(Qk _ 1)
T—-2v1T —1—o0,(1
GlobalExp(Sg) > T+1 ( )>

LocalExp(S) > 1/2.

Vv

and

Thus, @ endows a natural distribution over simplicial complexes that gives a high-dimensional
expander with high probability.

Remark 2.3.5. If G is strongly explicit, such as an expander from [101, 10], then Q is also
strongly explicit since the tensor product of two strongly explicit graphs is also strongly
explicit.

2.4 Local Expansion

For this entire section, we will mainly work with the complex LocalDensifier(G,S), so when
we use link(-) without a subscript, it will be with respect to LocalDensifier(G,S). Next, fix
a face 0 = (F, f) € k-faces(LocalDensifier(G,S)). In order to study the expansion of the
1-skeleton of link(c), we need to first compute the weights on its 1-faces.

Let 7 = {(v1,b1), (ve,b9)} € 2-faces(link(c)), where as before, v; € V(G) and b; €
1-faces(S). There are several cases we need to consider:

1. Case 1: |image(f)| = 2.
Here, w,(7) = w(r U o), which is proportional to the number of H-faces (F”, f') that

contain 7 Uo. The face 7 U o already has (k + 3) vertices, so there are ( H(k +2)) possi-

bilities of F”. There are 28~ +2) choices for f’, since image(f’) must equal image(f).

3Friedman’s theorem says that a random T-regular graph, whp, has two-sided spectral gap (T—2v/T — 1—
0r(1))/T. Additionally, random graphs are triangle-free with constant probability.
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2. Case 2: |image(f)| = 1.

a) Case 2(a): vy = vy € image(f) and {by, by} € 2-faces(links(F)).
Again, there are (H—(Sl;—i-Z)) possibilities for F’. Since v; = vy € image(f), we will
have T - [2H=(:+2) _ 1] 4- 1 choices for f’, as v; has T neighbors in G, and when f’
is not constant on vy, there are T choices for the other value it can take.

b) Case 2(b): v1 # ve but (v1,v2) € E(G), and {b1,bs} € 2-faces(links(F)).
Again, we have (, ¢ +2)) possibilities for F, but we only have 27~ +2) choices
for f’; the image of f" must be {v,vs}.

c) Case 2(c): vy = vy ¢ image(f) but v; Uimage(f) € E(G), and {by, b} €
2-faces(links(F")).
The analysis is identical to that of Case 2(b)

For simplicity, we’ll assign weights to the elements of 2-faces(LocalDensifier(G, S)) as below:

wg = 20~ (k+2) for Case 1, 2(b), and 2(c)
7b ) 7b = 7
w(i(vr, b)), (v2, 02)}) {wc,k =1+ T(2°-+2 — 1)  for Case 2(a)

(Here, the C' and S denote “center” and “satellite,” whose meanings will be more natural
when discussing link(o) when o # ().)

Remark 2.4.1. Note that if we choose 0 = () (so k = —1), we simply get the weights of the
1-skeleton of LocalDensifier(G, S) itself, which will be useful for computing global expansion.

Theorem 2.4.2. Let G be a triangle-free T'-regular graph and let S be a pure H-dimensional
simplicial complex. Then

T2H—1
T2H — (T —1)
and LocalExp(LocalDensifier(G, S)) = TwoSidedGap(S).

GlobalExp(LocalDensifier(G,S)) = min { - TwoSidedGap(G), GIobaIExp(S)} :

We omit the proof and refer the readers to section 4 of [83] for more details.

2.5 Spectral Gap of High Order Walks

In this section we omitted the proofs of many lemmas. These proofs can all be found in
section 5 of [83].

2.5.1 Offsets and Colors

We now inspect the structure of the k-faces of our construction @ in more detail.
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Definition 2.5.1 (k-faces of Q). The set of k-faces of Q is exactly equal to the set of
tuples (F, f) where F' is a k-face of B and f is a labeling of each element by endpoints
of some edge {u,v} in G. We call (F, f) t-offset if either |{z € F: f(z) =u}| = t or
Hx € F: f(z) =v}| =t.

Remark 2.5.2. Suppose t < k+ 1 —t. Note that a (k+ 1 — t)-offset state is also t-offset,
but we will stick to the convention of describing such states as t-offset. For example, a
(k + 1)-offset state is also 0-offset, but we will only use the term 0-offset.

Definition 2.5.3 (Coloring of k-faces of Q). We color a k-face (F, f) of Q with image(f).
Each 0-offset face is then colored with a vertex of G and the remaining faces are each colored
with an edge of G.

u v

Figure 2.1: A 5-face in Q. Corresponding 5-face in B is {1,3,4,5,7,8} is given by red
vertices. Labeling is (1,u), (3,v), (4,v), (5,u), (7,u), (8,v). {u,v} is an edge in G. Color of
5-face is {u, v}

In the rest of the section, we study the spectral gap of the Markov chain Qﬂ, the down-up
random walk on k-faces of Q induced by certain special weight functions — weight functions
w : k-faces(Q) — R with the property that there are two values w; and w; such that

wy if (F, f) is 0-offset

wy otherwise.

w((F, f)) = {

For the sequel, we use D to refer to the quantity Tw; + w;. The transition probabilities
between states (F, f) and (F”, f') depends on a number of conditions such as whether they
are 0-offset or 1-offset or a different type, whether they arise from the same k-face in B,
and the colors of (F, f) and (F”, f') respectively. A detailed treatment of the transition
probabilities Ot [(F, f) — (F”, f')] can be found in Table 1 in Appendix A of [83]. From the
transition probability table we observe that:
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u

Figure 2.2: A 0-offset 5-face. Color of 5-face is {u}.

wg

Observation 2.5.4. For all k-faces in QtT, the self-loop probability is at least ﬁ -

Therefore, the smallest eigenvalue of Qﬁ is at least ﬁ . % —

2.5.2 High-Level Picture of Q'

As noted in the previous subsection, each k-face can be described by three parameters: a
base face F' € k-faces(B), a “color” set C' that is either a single vertex or an edge in F(G),
and a function f : ' — C. The walk Qﬁ is difficult to analyze directly, but by grouping
states based on these three parameters, we can decompose the walk into a projection and
restriction chain, and analyze it using the tools from [62].

At the outermost level, we can first group states into subchains based on their color. All
subchains whose color is an edge (the rounded rectangles in Figure 2.3) are isomorphic to each
other; similarly, all subchains whose color is a single vertex (the circles in Figure 2.3) are also
isomorphic to each other. At first, it seems promising to partition Qﬂ into these subchains;
however, it is inconvenient that these subchains are not all isomorphic. To remedy this,
we split the single-vertex-colored subchains into 7" isomorphic copies (with some changes to
transition probabilities), and absorb them into the edge-colored subchains. This is detailed
in the next section.

If we use this partition, the projection chain resembles a random walk on the line graph
of G. Each restriction chain corresponds to all states of a single color C'. The states are still
represented by any base face F' € k-faces(B3) and any function f : F' — C. To analyze each
of these restriction chains, it is simplest to apply [62] once more.

Now, we first group states by which base face F' they correspond to. The subchains
derived from fixing a particular F' (the rectangles in Figure 2.4) are all isomorphic to each
other, which leads to a much simplified analysis. Using this partition, the projection chain
is simply the k-down-up walk on B. Each restriction chain is thus over states corresponding
to a fixed base face F' and fixed color C', but the function f : FF — C' is allowed to vary. At
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(1, vh) ({FLf, {u}) (F. £, ()

Ol wmen 1O Lwmmen 1O

{FL 3 {u, w))

6 (L1, {(wh)

Figure 2.3: This figure illustrates Qf, with states clustered by their color. The rounded
rectangles correspond to colors that are edges, while circles correspond to colors that are
single vertices. In each cluster, the { F'} indicates that all F' could be represented. Similarly,
{f} indicates that any f with image(f) as the color set can be represented. We use f, to
denote the constant function on wu.

this point, we may assume |C| = 2; thus f corresponds to assigning every element of F' one
of two elements. The inner restriction chain can be modeled by a hypercube.

(F {7 {uw v

F, . (u, W)

F, (), ()

@, 4, v})

(F. £, {u})

(F,-' fuv {u}] (Fk’ fu' {u})
(F, f, (u})

Figure 2.4: This figure illustrates a subchain of Q' for particular color {u,v} and {u}. We
can further cluster the states in this subchain by which face F' in B they represent. Again,
{f} indicates that f can be any function with image(f) as the color.

Thus, the spectral gap of Qﬁ is a combination of the spectral gaps of (1) the line graph
of G, (2) the k-down-up walk on B, and (3) the random walk on a hypercube.
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2.5.3 Splitting 0-Offset Vertices

Towards our end goal of lower bounding the spectral gap of Qﬁ, we find it convenient to

analyze a related Markov chain Qﬁ, since the related chain has a natural partition into

isomorphic subchains. Qﬁ has the property that its spectrum contains that of QtT, which

lets us translate a lower bound on the spectral gap of QtT to a lower bound on the spectral
f QH

gap of Q.

Definition 2.5.5 (Split chain éﬂ and coloring of states in ég) We identify each state in
States(Q;") with a tuple (F, f,c) where (F, f) is a face in k-faces(Q) and ¢ is a color.

1. For each 0-offset face (F, f) in k-faces(Q), let {u} be the color of F, and let the
neighbors of u in G be vy,...,vp. States(QtT) contains the states (F, f,{u,v1}),...,
(F, f,{u,vr}) in place of the state (F, f, u).

2. For each remaining k-face (F, f) of Q (i.e. each k-face that isn’t O-offset), States(@g)
contains (F, f,image(f)).

For each pair of states (F, f,c), (F', f',c) in States(éﬂ),

41 ’opt
Qi ()= (F",f")] if (F', f') is O-offset

) N AN T
Qi [(F, f,0) = (F', ', )] {QtT[(F’ f)—= (F', f)] otherwise.

Intuitively, we want to split any transition to a 0O-offset face in Q into T" separate transi-
tions in Qﬁ, since each 0-offset face is also split into T" new states.

Definition 2.5.6. We say two k-faces (F, f,e) and (F', f',¢’) have identical base k-faces if
F = F' and different base k-faces if ' # F'.

Definition 2.5.7. Given a state (F, f, e) such that (F) f) is a 1-offset face, there is a single
vertex v such that f(v) is different from f(u) for all uw in F'\ {v}. We call this vertex v a
lonely vertex.

In the next lemma, we show that the spectrum of the original Markov chain Qﬂ is
contained in that of QtT.

Lemma 2.5.8. Spec (Q,f) C Spec (éﬁ), and therefore, Ag(QtT) < Az(éﬁ).

2.5.3.1 Stationary Distribution of @g

If we want to apply the projection and restriction framework to é?, we first need to compute
its stationary distribution. To do this, we take advantage of the time-reversibility of the high
order random walks, and apply the detailed balance equations.
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A WRLL, V) (RS, (wx) “”’ff*{"' )

{F), (A {u, v}) {F}, (A {u, x})

{F}f, {uw))

(F {3 {u, w})

(1, (W)

Figure 2.5: This figure illustrates the post-split vertices of Definition 2.5.5. The new vertices
can take on any F', but their mappings f will be constant functions.

Lemma 2.5.9. The stationary distribution of the Markov chain éﬁ s given by:

1 1 1 w gy
. L 0- ¢
E@)] (3) 2 @ = )Tw +w, for @ 0-offse
wan(z) = k1
ot 1 171 Twy or
. c = otherwise
E@] (2) 2 @ DTw +w,

Proof. Via the detailed balance equations, we first observe that all vertices with the same
offset have the same stationary distribution. Now, let x be any 0-offset vertex and y be any
1-offset vertex. Using the detailed balance equations, we have:
wr w.y
"o @) oD "YW G 6 —WDT
Now, let = be any t-offset vertex, with ¢ > 1, and let y be any (¢ + 1)-offset vertex. Again,
using the detailed balance equations:

(@) 5 W) 5

T () - =n5 .

S Sk G-k Y ST (s — k)

From here, we see that all 0-offset faces have one stationary distribution probability, and all

other faces also share the same stationary probability. The relations above tell us that for a
O-offset vertex z, and a t-offset vertex y with ¢ > 1:

ﬂ-@tT (SL’) wy

m5i(y) - Tuy
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Normalizing so that » a1+ 75t (2) = 1 gives the desired result. O
k k

2.5.4 Outer Projection and Restriction Chains

Now, we can further decompose éﬁ into a projection chain and m isomorphic restriction
chains, where m = |E(G)|, since we will have one partition element for each edge in G.
Formally, we partition States(Qy') into m disjoint sets Q; U---UQ,,, where Q; = {(F, f,¢) |
c=e;}.

2.5.4.1 The Outer Projection Chain

The partition 2 induces a projection chain ([m], P,). The state space is [m]. The edge set is
E(P,) = {{i,j} | 3(F. f,e;) € Q and (G, g,¢;) € Q s.t. Q[(F, f.e) = (G, g,¢;)] > 0}

In words, we have an edge between ¢ and j if there are transitions from ; to €;.
We obtain the following lower bound on the spectral gap of P,.

Lemma 2.5.10. The spectral gap of P, is

TwoSidedGap(G) wy + Twy - TwoSidedGap(G)
2 wy+ (28— )Twr = 2(2F—1)

2.5.4.2 The Outer Restriction Chain

Each partition block €2; induces a restriction chain R, ;. We show that all restriction chains
R, ; for i € [m] are isomorphic.

Lemma 2.5.11. Foranyi # j, i,j € [m], the restriction chains R, ; and R, ; are isomorphic.

2.5.4.3 Stationary Distribution of R,

To compute the spectral gap of R, ;, we will further decompose the chain in the next section.
In order to apply the projection and restriction framework once more to R, 1, we must again
compute a stationary distribution.

Lemma 2.5.12. The stationary distribution of the outer restriction chain is given by:

1 1 w g
- 0-offset
( s ) 2 (2k _ 1)Tw[ + Wy fOT’ xXr OﬁSe
R, (1) = {
Ro,1 1 1 Twy i _
3 c = otherwise
(,51) 2 @F=1DTwr+wy

Proof. By Fact 2.2.12, R,; is also time-reversible. We proceed using the same analysis we
used for Lemma 2.5.9. At the very end, we use a slightly different normalization to get the
desired result. O]
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2.5.5 Inner Projection and Restriction Chains

Now, we are left to study the outer restriction chain, which, for a fixed e € E(G), is composed
of all (F, f,e) in States( éﬁ) Again, we further decompose this chain into projection and
restriction chains which are easier to analyze.

We group all (F, f,e) with the same F' € k-faces(B) into the same restriction state space
Qp, which induces a projection chain resembling B4, the down-up walk on k-faces of B, and
a restriction chain resembling a lazy random walk on a (k + 1)-dimensional hypercube.

2.5.5.1 The Projection Chain

By defining the projection restriction chains as above, we end up with isomorphic restriction
chains for each F' € k-faces(B). Thus, we can identify each of the states of the inner
projection chain P; with some face F' € k-faces(S). Let {F;} be this partition based on face.
Given F, F" € k-faces(S), we can only transition from F' to F’ either when F' = F’ or
when F'N F’ € (k — 1)-faces. This coincides with the feasible transitions in B.
We are able to obtain the following bounds on the spectral gap of the outer projection
chain:

1
Lemma 2.5.13. OneSidedGap(F;) > THETTD)

2.5.5.2 The Restriction Chain

Each restriction chain R; can be treated as a (k + 1)-dimensional hypercube with self loops.
To see this, note that each restriction chain is a set of states (F, f,e) in éﬁ where both F
and e are the same. There are thus 2¢*! states in each restriction chain, since for each z, we
have two choices for f(x). Associating x where f(z) = u to a O-coordinate in a hypercube
vertex, and x where f(x) = v to a l-coordinate, gives us a bijection from the restriction
chain to the hypercube.

We show:

Lemma 2.5.14. If we impose uniform weights on the highest order faces,

Wy 2wy 1
2Tw; Dk+1)(s—k) = (k+1)(s—k)

OneSidedGap(R;) >

2.5.6 Rapid Mixing for High Order Random Walks

Now we put together the decomposition theorem, the lower bounds for the spectral gaps of
the project and restriction chains, and Observation 2.5.4 to obtain the following lower bound
on the two-sided spectral gap of QtT:
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Theorem 2.5.15 (Restatement of Theorem 2.3.1). The k down-up random walk QtT has
one-sided spectral gap,

< TwoSidedGap(G)
)2 64T (k + 1)2(s — k)(2k — 1)

TwoSidedGap(Q;' (2.1)

Proof. Use OneSidedGap(M) to denote the spectral gap of a Markov chain M. We deduce
from Lemma 2.5.8 and Theorem 2.2.13 that

OneSidedGap(Qy') > OneSidedGap(@ﬂ)
(Lemma 2.5.8)
- {OneSidedGap(Po) OneSidedGap(PO)OneSidedGap(Ro,l)}
- 3 ’ 37, + OneSidedGap(P,)
(Theorem 2.2.13 on ég)

> min { OneSidedGap(P,)

3 Y
OneSidedGap(P,) OneSidedGap(Fy)
37, + OneSidedGap(P,) 3 '
OneSidedGap(F,)

OneSidedGap(Pr)OneSidedGap(R;)
37, + OneSidedGap(P,) 371 + OneSidedGap(Pr)
(Theorem 2.2.13 on R, 1),

where

Yo = Max max Z ég(x,y) <1

i€lm] €8
yeEQ;

- RO 9 < 1.
" Fegii(s(S) Igl/&(%) Z ,1(45 Y)
yeV(Ro,1)\V (Rr)

Furthermore, Lemma 2.5.10, Lemma 2.5.13 and Lemma 2.5.14 provide lower bounds for
OneSidedGap(P,), OneSidedGap(P;), and OneSidedGap(R;). If we substitute the spectral-
gap lower bounds, and an upper bound of 1 for both 7, and ~;, we obtain a lower bound on
OneSidedGap(Q;'):

- TwoSidedGap(G)
)2 64T (k + 1)2(s — k)(2F — 1)

OneSidedGap(Q}' (2.2)

Observation 2.5.4 gives a lower bound on 1 — [Apin(QLN)| larger than the right hand side
of (2.2), which immediately lets us upgrade the statement (2.2) to (2.1), thus proving the
theorem. O
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Chapter 3

2-dim Expanders from Random
Geometric Graphs

The simplest example of a 2-dimensional expander is the complete complex, based on the
complete graph K. Sparse examples are known as well (e.g. [14, 77, 90, 91, 64]), though at
first their existence may seem remarkable: such graphs must be globally sparse, and yet the
O(1)-sized local neighborhood of every vertex must be densely connected to ensure sufficient
expansion. This is a delicate balance, and indeed given the state of our knowledge today the
phenomenon of sparse high-dimensional expansion seems “rare,” in sharp contrast with the
ubiquity of 1-dimensional expansion. Only a few sparse constructions are currently known,
and many of these constructions are algebraic, inheriting their expansion properties from
the groups used to define them (as discussed further in Section 3.1.2).

A prominent open problem in the area is to identify natural distributions over sparse
higher-dimensional expanders [87, 82, 86]; this would be highly beneficial, both for a deeper
mathematical understanding and for applications in algorithms and complexity. The simplest
distributions immediately fail: random d-regular graphs are locally treelike, and so with high
probability G[N(v)] will be an independent set (with A = 1) for most v € V. The same
is true for an Erdés-Rényi graph G(n,p) when p < \/Lﬁ Though a number of distributions
have been shown to have some higher-dimensional expansion properties [80, 47, 18, 19, 83,
53], they all fall short in some sense: either they are quite dense (degree Q(y/n)) or fail to
satisfy the spectral conditon A < % In this work, our primary question is the following:

Are there natural, high-entropy distributions over 2-dimensional expanders of average
degree < \/n?

We answer this question in the affirmative. We prove that for any ¢ > 0 and any large
enough n € N, there exists a choice of d € N such that a random n-vertex geometric graph
on S with average degree n® is a 2-dimensional expander with high probability.
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3.1 Problem background and summary of results

3.1.1 Our results

In order to state our results, we first recall some definitions.

Definition 3.1.1 (Simplicial complex). A k-dimensional simplicial complex X is a downward-
closed collection of subsets of size at most k + 1 over some ground set X, with a downward-

closed weight function w.! Any S € X is called a (|S] — 1)-face, and the restriction of X to

sets of size at most £ + 1 < k is called the /{-skeleton of X. The degree of v € X is the

number of top-level faces that contain it.

For example, the set of all cliques of size at most £+ 1 in a graph G, where the weight of each
clique is proportional to the number of (k + 1)-cliques it occurs in, defines a k-dimensional
simplicial complex.

Definition 3.1.2 (Link). Let X be a simplicial complex. For any face S, the link of S in
X is the simplicial complex Xg with weight function wg, consisting of all sets in X which
contain S, minus S:

Xs¢={T\S|TD2S TeX}, ws(T\S)=w() VT e Xs

For example, in the simplicial complex whose highest order faces are the triangles in a graph
G, the link of a vertex v is the induced graph on the neighbors of v with its isolated vertices
removed.

We are interested in simplicial complexes where the links expand enough to trigger
a “local-to-global phenomenon” via the trickling-down theorem, stated below in the 2-
dimensional case.”

Theorem 3.1.3 (Trickling-down theorem [97]). Let X be a 2-dimensional simplicial complez.
If its 1-skeleton is connected, and the second eigenvalue of every link’s random walk matriz
s at most A\, then the second absolute eigenvalue of the random walk matrix of the 1-skeleton
of X is at most ﬁ

This theorem explains the significance of A = %, since when A < %, local expansion “trickles
down” to imply global expansion. We will show that random geometric graphs, in a carefully-
chosen parameter regime, have sufficient link expansion.

'Recall that X is called downward-closed if S C T and T' € X imply S € X, and w is called downward-
closed if weights are assigned to maximal faces, and for each non-maximal S € X, we recursively define
’LU(S) = Ea:EXo ’lU(S U {Z‘})

2The trickling-down theorem also generalizes to higher dimensions: sufficiently strong local spectral
expansion of only the highest-order links implies global spectral expansion.
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Definition 3.1.4 (Random geometric graph). A random geometric graph G ~ Geogy(n, p)
is sampled as follows: for each i € [n], a vector u; is drawn independently from the uniform
distribution over S¢~! and identified with vertex i. Then, each edge {i,j} is included if and
only if (u;, ;) > 7 where 7 = 7(p,d) is chosen so that Preeo,mp)[(i,7) € G| = p.

Definition 3.1.5 (Random geometric complex). The random geometric k-complex

Geo((jk) (n,p) is the distribution defined by sampling G ~ Geoy(n, p) and taking the downward-
closure of the complex whose k-faces are the cliques of size (k+ 1) in G.

Our main result proves that there are conditions under which random geometric 2-
complexes of degree n® are high-dimensional expanders enjoying the trickling-down phe-
nomenon:

Theorem 3.1.6. For every 0 < € < 1, there ezist constants C. and 6 = exp(—0O(1/¢)) such
that when H ~ Geo?(n, n~1%€) for d = C.logn, with high probability every vertex link of

H is a (3 — 6)-ezpander, and hence its 1-skeleton is a (1 — %)-ewpander.

Remark 3.1.7. The complexes arising from Theorem 3.1.6 with high probability have degree
bounded by O(n*), as the number of triangle a vertex participates in is the square of its
degree in the 1-skeleton.

Along the way, we also analyze the spectrum of G ~ Geoy(n,p) directly and obtain
sharper control of its second eigenvalue in a more general setting, giving bounds on the
spectral norm of random geometric graphs in the full high-dimensional (d —, oo0) regime.
To our knowledge, previous results in this vein are only for d ~ n'/* for fixed integers k [34,
17, 31, 11, 38, 85].

Theorem 3.1.8. Let G ~ Geoy(n,p) and 7 = 7(p,d). Then with high probability G is a
u-expander, where

p=(1+o(1))- max{(l + 04:2(1)) - T, 1%}7

where 04,2(1) denotes a function that goes to 0 as d - 7(p,d)? — oo.

In Section 3.8 we show that an eigenvalue close to 7 is achieved (for some p,d), so
Theorem 3.1.8 is close to sharp. Since in Theorem 3.1.6 we show that the vertex links of G
have eigenvalue \ < this implies that the trickling-down theorem is tight

T
Proposition 3.1.9 (Trickling-down theorem is tight). For each A € (0,1] and n > 0 there
exists a 2-dimensional expander in which all vertex link eigenvalues are at most X for which
the 1-skeleton is connected with eigenvalue at least ﬁ —n.
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Spectra of random restrictions. Theorem 3.1.8 (and morally Theorem 3.1.6) is a conse-
quence of a more general theorem that we prove concerning the spectral properties of random
restrictions of graphs. We describe this result here, both because it may be of independent
interest, and because it may help demystify Theorem 3.1.6.

Random restriction is a procedure for approximating a large graph X by a smaller graph
G: one selects a random subset of vertices S, and then takes G to be the induced graph
X|[S]. The random restriction G is now a smaller (and often sparser) approximation to X;
this idea has been useful in a number of contexts in theoretical computer science (e.g. [52,
3,9, 74, 60]). The core question is: to what extent do random restrictions actually inherit
properties of the original graph? We will show that if random walks on X mix rapidly
enough, then random restrictions inherit the spectral properties of the original graph.

To see the relevance of this result in our context, notice that a random geometric graph
on the sphere is a random restriction of the (infinite) graph with vertex set S¥~! and edge
set {(u,v) | (u,v) > 7}. Theorem 3.1.6 is then a consequence of the fact that the sphere is
itself a 2-dimensional expander.

We state the theorem precisely below.

Definition 3.1.10 (Random restriction). Suppose X is a (possibly infinite) graph, and
that the simple random walk on X has unique stationary distribution p. We define an n-
vertex random restriction of X to be a graph G ~ RR,(X) sampled by sampling n vertices
independently according to p, S ~ p®", then taking G = X[S] to be the graph induced on
those vertices.

We show that if the average degree in G is not too small, As(G) reflects the rapid mixing
of the random walk on X.

Theorem 3.1.11. Let X be a (possibly infinite) vertex-transitive graph on which the associ-
ated simple random walk has a unique stationary distribution p, and let p = Prg.rr, (x)[(4, J)
€ E(G)] be the marginal edge probability of a n-vertex random restriction of X. Suppose
there exist C > 1 and X € [(np)~'/2,1] such that for any k € N, k-step walks on X satisfy
the following mixing property: for any distribution a over V(X),

drv (X*a,p) < C- A,

where X* denotes the k-step random walk operator on X, and furthermore suppose pn >>
C%log*n. Then for any constant v > 0,

~ ~ log*n _
< . >1—- 7
GN%-@R&X){M(AG)\,An<AG>\\<1+o<1>> max()\, p_n)}/l n,

where Ag is the (normalized) adjacency matriz of G.

Remark 3.1.12. It is likely that some of the conditions of Theorem 3.1.11 could be weak-
ened. The decay of total variation could plausibly be replaced with a (much weaker) as-
sumption about the spectral gap of X; this would not impact our results for S*!, but may
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be useful in other applications. Transitivity is assumed mostly to make the proof of The-
orem 3.1.11 go through at this level of generality; to prove Theorem 3.1.6 we re-prove a
version of Theorem 3.1.11 for the specific non-transitive case where X is a link of a vector
in the sphere (a spherical cap).

3.1.2 Related work

We give a brief overview of related work. While so far we have focused on a spectral notion
of high-dimensional expanders (HDX), there are two additional notions: coboundary and
cosystolic expansion. These are meant to generalize the Cheeger constant, a cut-based
measure of graph expansion.

Distributions over high-dimensional expanders. The existence of natural distributions
over sparse HDXs has been a question of interest since sparse HDX were first shown to exist
(and this was highlighted as an important open problem in e.g. [87, 86]).

The early work of Linial and Meshulam [80] considered the distribution over 2-dimensional
complexes in which all edges ([;L]) are included, and each triangle is included independently
with probability p; they identified the phase transition at p for coboundary connectivity for
this distribution (see also the follow-ups [6, 93, 81]). This distribution has the drawback that
the 1-skeleton of these complexes is K,,, and so the resulting complex is far from sparse.

In [47], the authors show that a union of d random partitions of [n] into sets of size k + 1
with high probability produces a geometric expander [54], which is a notion of expansion
which measures how much the faces must intersect when the complex is embedded into
R*. The resulting complexes have disconnected links when d < \/n, and so they fail to be
spectral HDXs.

The work of [83] introduces a distribution over spectral expanders with expansion exactly
% by taking a tensor product of a random graph and a HDX; the authors show that down-up
walks on these expanders mix rapidly, and [53] introduces a reweighing of these complexes
which yields improved mixing time bounds. However, the links in these complexes fail
to satisfy A < %, and so fall outside of the range of the trickling-down theorem. The same
drawback applies to [18, 19]: they show that up-down walks mix on random polylogarithmic-
degree graphs given by subsampling a random set of generators of a Cayley graph. However,
these graphs do not satisfy the conditions of the trickling-down theorem.

Explicit constructions. One of the first constructions of sparse high-dimensional spectral

expanders was the Ramanujan complex of [14, 77, 90, 91], which generalize the Ramanujan
expander graphs of [89]. Not only are these spectral expanders, but [64, 37] also show
that they are co-systolic expanders. These Ramanujan complexes are algebraic by nature,
constructed from the Cayley graphs of PSL4(F,). Other algebraic constructions include that
of [66]; the authors analyze the expansion properties of coset complexes for various matrix
groups. They achieve sparse spectral expanders, with local expansion arbitrarily close to
0. More recently, [95] extend the coset complex construction to the more general family of
Chevalley groups.
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A few combinatorial constructions for HDX are also known. [15] prove that objects called
(a,b)-expanders are two-dimensional spectral expanders; they give a graph-product-inspired
construction of a family of such expanders, and show that other known complexes [14, 77,
90, 91, 66] are also (a,b)-expanders. Their work is extended by [48] to higher dimensions.

Applications of HDX. The local-to-global phenomenon in HDX has already been useful
in many settings. [24] use high-dimensional spectral expanders to construct “agreement
expanders,” whose links give rise to local agreement tests: given “shards” of a function that
pass a large fraction of the local agreement tests, the authors can conclude the presence of a
“oglobal” function ¢ that stitches the shards together. In coding theory, the locally testable
codes of [28] and quantum LDPCs of [98, 75, 26] utilize a common simplicial-complex-like
structure called the square Cayley complex, whose local-to-global properties are essential in
the analysis of these codes.

The local-to-global phenomenon also implies that “down-up” walks on the associated
simplicial complex mix (as made formal in [2]). A k-down-up walk is supported k-faces
of the simplicial complex, and transitions occur by dropping down into a random (k — 1)-
face, then transitioning up to a random k-face (one can also define the “up-down” walk
analagously). This local-to-global analysis has recently been influential in the study of
mixing times of Markov chains. Several well-studied Markov chains can be recast as the
k-down-up random walk of a carefully designed simplicial complex. One notable example is
the matroid basis exchange walk, which is an algorithm for sampling independent sets of a
matroid (e.g. spanning trees in the graphical matroid). [5] were able to obtain an improved
mixing time bound for the basis exchange walk—a significant breakthrough that, due to the
local-to-global property, was achieved through the analysis of simple, “local” view of the
matroids.

Random geometric graphs and random kernel matrices. Random restrictions of
metric spaces such as S¢°! and [~1,1]¢ are well-studied in the fixed-dimensional regime,
where d = O(1) and n — oo (see the survey of Penrose [100]). In our work we are interested
in the high-dimensional setting, where d — oo with n. The high-dimensional setting was
first studied only recently, initiated by [22, 13], and many mysteries remain in this young
area of study.

Our Theorem 3.1.8 is related to the study of kernel random matrices: random n x n
matrices whose (7,7)-th entry is given by fq ((u;,u;)), for f3 : R — R and uy,...,u,
sampled independently from some distribution over R?. The special case of u; ~ Unif(S¢1)
and fq(x) = 1[z > 7(p, d)] yields the adjacency matrix of Geoy(n, p). A line of work initiated
by [73] studies the spectrum of kernel random matrices [34, 17, 31, 11, 38|, and the most
recent work [85] characterizes the limiting empirical spectral distribution when d = ©(n'/¥)
for k a fixed constant and f can be “reasonably” approximated by polynomials (in a sense
that is flexible enough to capture the indicator fy(z) = 1[z > 7(p,d)]). In comparison with
our results, they characterize the entire empirical spectral distribution, but we do not need
to restrict d ~ n'/* for integer k, which is crucial for our applications.
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3.1.3 Overview of the proof

We now explain how we prove our main theorem, Theorem 3.1.6, which states that for a
complex sampled from H ~ Geoff) (n,p) for p = n~1¢ with 0 < e < 1 and d = C.logn,
with high probability every link of H is a (3 — &)-expander for some § = exp(—O(1/e)),
and its 1-skeleton is a ( — %)—expander. By the trickling-down theorem, it suffices for us
to prove:

1. All n vertices’ corresponding links in H are (% — (5) -expanders with high probability.

2. The 1-skeleton of H is connected with high probability.

To show Item 2, it is enough to show that some reweighting of the 1-skeleton expands;
[tem 1 implies that every edge (i,j) must participate in at least one triangle (otherwise
the link would contain isolated vertices), so the unweighted 1-skeleton is just the adjacency
matrix of an unweighted graph from Geoy(n,p). En route to proving Item 1 we’ll prove that
unweighted random geometric graphs expand, by this logic yielding [tem 2 a consequence.

Analyzing link expansion. We establish I[tem 1 by showing that that each of the n
links is a (% — 5)—expander with probability 1 — o(1/n), then applying a union bound. We
can think of sampling the link of vertex i, in H by first choosing the number of neighbors
r ~ Binom(n — 1,p), then sampling = points vy, ..., v, independently and uniformly from
a measure-p cap in S¥! centered at some point w (corresponding to the vector of the link
vertex i,,), placing an edge between every ¢, j such that (v;,v;) > 7(p, d). Finally, we remove
any isolated vertices; here, we’ll show that the graph expands with high probability before
removing these isolated vertices, which implies that no isolated vertices have to be removed.
For the remainder of the overview, let 7 = 7(p, d). We’ll show that:

Theorem 3.1.13 (Informal version of Theorem 3.5.1). Let G be the link of some point
w ~ ST induced by vy, ..., v, ~ capp(w) . Then with high probability G is a p-expander

where
7 log*m

T+1 /qm

= (1+o(1)) .max{ }+0d<1).

Here ¢ = Pr,, . sa—2 [(u, v) = T—H}

Links are essentially random geometric graphs in one lower dimension. Since
most of the measure of the cap lies close to its boundary, intuitively the link is distributed
almost like a random geometric graph with points drawn independently from the cap bound-
ary, i.e. the shell shell,(w) = {z : (z,w) = 7}. Our proof of Theorem 3.1.13 must pay
attention to the fluctuations in (v;, w) — 7, but to simplify our current discussion we assume
each link is in fact a random geometric graph on shell,(w), and address the fluctuations later
in the overview.
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Observe that a uniformly random v from shell,(w) is distributed as 7w + v1 — 72 - u
where w is a uniformly random unit vector orthogonal to w. Using this decomposition, we
see that (v;,v;) > 7 if and only if (u;, w;) > 1. Thus, under our simplifying assumption,
the link is distributed exactly like a random geometric graph on S%? with inner product
threshold . Hence (up to the difference between cap,(w) and shell,(w)), to understand
link expansion we can study the second eigenvalue of a random geometric graph on the

sphere.

Remark 3.1.14 (Requiring d = O(logn)). In light of Theorem 3.1.13 (and even the heuristic
discussion above), it turns out that d = O(logn) is the only regime for which the links can
be connected while the 1-skeleton has average degree < /n. To see this, we consider the
relationship between p, 7, and d; we have that

d—1

p= Pr [(v,0)27]=0(L) (1-7°) % =~exp(—dr?/2). (3.1)

U,U/NSd_l

See Lemma 3.2.8 for a formal argument.” Note that the arguments above in conjunction
with (3.1) imply that the probability that two vertices within the link are connected is also
roughly

a—2
— ! . 1 2 2
o=, Prlwu) > 2] =0 () (1-52) 7
since the link is like a random geometric graph on shell,(w).

Connectivity within the links in conjunction with sparsity now requires us to have d €
©(logn): The number of vertices inside each link concentrates around m = np, so the
average degree inside the link is ¢gm =~ ¢pn; we must have the average link degree gpn > 1,

T

otherwise the link is likely disconnected. Now, if 7 = o(1), then 7 ~ = and p ~ ¢, so

gon > 1 = pn 1 = p X n~ /2 ruling out a l-skeleton with average degree < v/n.
Hence we need 7 = €(1). Given that 7 = Q(1), (3.1) implies that to have the average
1-skeleton degree /n > pn > 1 we need d € O(logn).

Spectral expansion in random geometric graphs. We now explain how to prove
near-sharp second eigenvalue bounds for random geometric graphs.

Theorem (Restatement of Theorem 3.1.8). Let G ~ Geoy(n,p) and 7 := 7(p,d). Then with
high probability G is a p-expander, where

p=(1+0(1))- max{(l + 04-2(1)) - 7, 1(\)2)_:}7

where 04,2(1) denotes a function that goes to 0 as d - 7(p,d)? — co.

3Heuristically, it makes sense that p = Pr[(v,v') > 7] ~ exp(—©(72d)), because (v, v’) is approximately

N(0, 7).
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As mentioned above, Theorem 3.1.8 is a consequence of the more general Theorem 3.1.11
about the second eigenvalue of random restrictions of vertex-transitive graphs, and the in-
ner product threshold 7 = 7(p, d) appears as the mixing rate of the random walk on S¢~!
where a step originating at v walks to a random vector in cap,(v). Via standard concen-
tration arguments applied to the vertex degrees, to prove the above it suffices to bound
|Ac — E Ag|| < p-pn, where Ag is the (unnormalized) adjacency matrix of G. We'll focus
on the regime where pn > polylogn, so that u~ 7.

Trace method for random geometric graphs. To bound ||Ag — E Ag||, we employ the
trace method, bounding the expected trace of a power of Ag — E Ag. This is sufficient for
the following reason: for convenience, let Ag = Ag — E Ag, and let ¢ be any non-negative,
even integer. Since { is even,

o 6] < (%),

And so applying Markov’s inequality,
Pr (HZGH > €f (Etr (ﬁé))lﬂ) = Pr (HZGHZ > e Etr (Zﬁ;)) < exp(—el).

Thus, our goal reduces to bounding the expectation of tr(ZEG) for a sufficiently large even /;

in particular, if we choose ¢ >> logn, then since Ag has n eigenvalues, tr(Zé)l/ is a good
“soft-max” proxy for ||A¢||, and we will obtain high-probability bounds.

We now explain why properties of random walks on S9~! naturally arise when applying
the trace method. Concretely, tr(ZeG) is a sum over products of entries of Ag corresponding
to closed walks of length ¢ in the complete graph K, on n vertices:

tr (EEG) = Z ﬁ(XG)MtH mode ?

i0,e-yip—1€[n] t=0

The walk 29, %2, ...,%,_1, 19 can be represented as a directed graph. When we take the expec-
tation, the symmetry of the distribution means that all sequences i, ..., 7,1 which result
in the same graph (up to relabeling) give the same value. That is, letting W, be the set of
all such graphs, and for each W € W, letting Ny, be the number of ways it can arise in the
sum above,

Etr(ﬁé) =Y Nw-E [[ @Aa)s (3.2)

Wew, (3,5)eW

To bound this sum, we must bound the expectation contributed by each W € W,. For the
sake of this overview we will consider only the case when W = Y, the cycle on ¢ vertices,
as it requires less accounting than the other cases; however it is reasonable to restrict our
attention to this case for now, as bounding it already demonstrates our main ideas, and
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because this term roughly dominates the sum with N¢, > Ny for all other W/ € W, at
¢ = polylogn and pn > poly logn.*

We now bound the expectation for the case W = C; readers uninterested in the finer
details may skip to the conclusion in (3.4). We expand the product using that (Ag);; =
Az‘j —p (Since E[Az]] = p)

E H(Ai,iJrl —p) = Z (—p)£_|T| E H Aiit

i=1 T[] ieT
= Z YT Pr[{(i,i+1) : i € T} is subgraph of GI. (3.3)
Tl

and thus our focus is to understand subgraph probabilities in a random geometric graph.
It is not too hard to see that when the edges specified by T form a forest, its subgraph
probability is p/T!, identical to its counterpart in an Erdés-Rényi graph; the nontrivial cor-
relations introduced by the geometry only play a role when T has cycles. Hence, the sum
(3.3) simplifies,

E H(ZG)i,iJrl = Z (—p)é’mp‘T' + Pr[C} is subgraph of G]

i=1 TCll)
= Pr[C; is subgraph of G] — pf, (3.4)

where we used that the binomial sum is equal to (p — p)* = 0.
Hence it remains to estimate the subgraph probability of a length-¢ cycle. We will now
see how subgraph probabilities are related to the mixing rate of a random walk on S

Subgraph probability of a cycle in a random geometric graph. For the cycle C; =
0,1,...,¢/—1,0, by Bayes’ rule:

Pr[C, € G] = HPr ii+1) e G|Vj<i (jj+1)e€q]

:pé L. Pr[({-1,00€G|0,1,../—-1€@q],

since in all but the step ¢ + 1 = ¢, the graph in question is a forest. Identifying each ¢ with
a point x; on S?!, for any choice of , the above probability can equivalently be written as

-1 Pr[<$g_1,£lfo> > T | <£L‘Z',$i+1> 2 7:0 < 1 < {— 2}

Denoting with P the transition kernel of the random walk we alluded to earlier, where in
one step we walk from a point x to a uniformly random point in cap,(r), we can write the

4Briefly, this is because whenever i, . .., 4,_; are all distinct elements of [n], the resulting walk’s graph is
a cycle, and when ¢ = polylogn, £ indices sampled at random from [n] are all distinct with high probability.



CHAPTER 3. 2-DIM EXPANDERS FROM RANDOM GEOMETRIC GRAPHS 40

distribution of @, | {xo, (Ti, Tis1) = 7:0 < i <€ —2} as P16, where 0, refers to the
point mass probability distribution supported at xy. In turn, we can write the subgraph
probability as:
-1
. Pr To—1 € cap,(To)|-

p xé—l"‘Peilémo[ =1 pp( 0)i|
If 2,_, were sampled from the uniform distribution p on S~! then the probability of landing
in capp(:co) would be p, which lets us upper bound the subgraph probability by:

P (p+ dry (P76, p0))-

The terms for more complicated subgraphs W' € W, also similarly depend on the mixing
properties of P via subgraph probabilities. Our next goal then is to understand the mixing
properties of P.

Remark 3.1.15. To prove Theorem 3.1.11 about random restrictions, the same strategy is
used to relate subgraph probabilities with mixing rate of the random walk on the original
graph we start with.

Mixing properties of P. We show that the walk over S%! with transition kernel P
contracts the TV distance by coupling this discrete walk with the continuous Brownian
motion U; over S¢~!. Then via a known log-Sobolev inequality for Brownian motion on
spheres, we can prove the following contraction property for P.

Theorem 3.1.16 (Informal version of Theorem 3.4.6). For any probability measure o over
St and integer k > 0,

_ 1 1
v (Posp) < (14 0p2(1) )" -y [5 Tog

where P, denotes the transition kernel in which every x € S* walks to a uniformly random
point in the measure-p cap around it and o42(1) denotes a function that goes to 0 as dr* —
00.

We leave the details to Section 3.4, but in brief, the reason we are able to execute this
coupling is that the probability mass in Pd,, concentrates around shell_,(x), and most of
the (5 log 1)-step Brownian motion starting from @, concentrates at shell_, (xo), so when
t = ﬁ log% the operators P and U; have similar action.

We can now apply Theorem 3.1.16 to bound drv (Pf_lémo, ,0) with o = 0, and k = (—1:

drv (P 0g,,p) < ((1+ 0(1))7)672\/ 3 1085%-



CHAPTER 3. 2-DIM EXPANDERS FROM RANDOM GEOMETRIC GRAPHS 41

Spectral norm of random geometric graph. We now return to bounding the expected
—t .
trace of Ag; putting together the above, we have the bound

E [] (Ae); <Pr[Cie G-
(1,5)€Cy
<P (p+ dov (P 104.0)) — 0

<P+ o(1))7) 7% /5 log 5.

The coefficient N¢, in front of the W = Cy term in (3.2) is the number of sequences
i1,...,1¢ € [n] which yield an ¢-cycle graph; this happens if and only if all of the indices are
distinct, so N¢g, = 0! - (7;) < n’. Hence the contribution of the ¢-cycle to the sum is at most
(1 + o(1))np7)e2 - poly(n) when p > 1/n. By a careful accounting similar to the above
for all graphs W € W,, one can show that in the parameter regime pn > poly log(n) and
¢ = polylogn, the term W = C, contains (1 — o(1)) of the total value of this sum, so we
obtain the bound

Bur(A)] " < (1 +0(1)) - (1 + o(1))npr)' = - poly(m) 7" = (1 + o(L))mpr.

when we choose ¢ = w(logn). Applying Markov’s inequality we conclude that [[Ag| <
(1+o(1))npr with high probability, and normalizing by the degrees (which concentrate well
around np) we conclude our upper bound of 7 in Theorem 3.1.8.

Adapting the spectral norm bound to links. Up until now, we have pretended that
the link of 7, is a random geometric graph, where the vertices are identified with vectors
in shell_.(w), rather than cap..(w). While it is true that most of the probability mass in
cap,.(w) is close to the boundary, some m—fraction of the vertices j in the link will
have (vj,w) = k; > (14 §)7 for some § > 0. And within the link, these vertices will have
higher expected degree: for v;, v; having (v;,w) = K; and (v;, w) = k;, following a similar
calculation to the one above,

a=Prlin = Pr[(ww)> ] (35)

And this quantity is > ¢ = Pry, 4 g2 [(wi, uj) > 7] when k; > (14 9)7 and k; > 7.
Hence, vertex degrees are not as well concentrated within each link as they are (around pn)
in the entire graph H.

As a result, if we let G, now stand for the link and Ag, now stand for the adjacency
matrix of the link, it is no longer the case that ||Ag, — E Ag, || is small: E Ag, still has
every entry equal to ¢, but the top eigenvector of Ag will not be close to the all-1 vector.

To contend with this, we analyze the spectral norm of Ag conditioned on the shells
that the points in cap,(w) are in. Letting k € [r,1]™ be such that k; = (v;, w), vertex
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degrees concentrate in G, conditioned on K, and we can readily bound the spectral norm of
AGle,:AGw|I‘L—E[AGw|I§]. o o

The analysis of the spectral norm of Ag,, is then not so different from that of Ag for
G a random geometric graph; the main difference is that now, instead of working with the
walk P in which we walk from u; to a random point in cap..(u;), at each step of the walk
we must adjust the volume of the cap: when considering the probability that the edge ¢, 7 is
present, we apply the operator F,,; for ¢;;(k;, k;) as defined in (3.5), which walks from u; to
a random point in Capqij(ui). This requires some additional accounting, but one can show
that the slowest mixing occurs when k; = k; = 7 and ¢;; = 77, from which we obtain the
desired bound on ||Ag,, | #||. For details, see Section 3.5.

One additional complication is that E Ag, | & is not a rank-1 matrix, so bounding
|Ag,, | k|| does not directly imply a bound on the second eigenvalue of Ag,. However, it
turns out that E Ag, | k is sufficiently close to a rank-1 matrix Rg, (the matrix whose
(,7)th entry is the product of the expected degrees conditioned on k) that we can apply
the triangle inequality:

I(Ae, — Ra.) | &Il < |4q, | & — ElAq, | &l + [|E[Ae, | ] = Rq, | &,

the first term we bound using the trace method as described above. The second term we
bound via more-or-less direct calculation: because all but an o(1) fraction of k; ~ 7, when
ignoring an o(1) fraction of rows and columns, the rows of E Ag, | k are almost constant
multiples of each other, and further these o(1) fraction of rows and columns represent an o(1)
fraction of the total absolute value of E[Ag, | k]. (This is because the high-degree vertices
in G,, represent an o(1) fraction of the total edges in G,,.) Now, thinking of E[Aq, | K| as
a transition operator of a Markov chain, we are able to use this to argue that the Markov
chain mixes so rapidly that E[Ag, | k] must be close to Rg,, | K, yielding the desired bound.
For details, see Section 3.6.

3.2 Preliminaries

Notation. For a self-adjoint matrix M, we denote its eigenvalues in decreasing order as
M(M) = ... 2 M\ (M), the absolute values of its eigenvalues as |A|1 (M) = ... > |A.(M),
and Amax(M) and |A|max(M) to denote A (M) and |A|1(M) respectively. Given a sequence
of matrices M, ..., My we use HiTzl M; to denote the matrix My - My_q - -+ M;.

For a graph G, we use V(G) to refer to its vertex set and F(G) to refer to its edge set.
For a vertex v € V(G), we use N(v) to denote the set of neighbors of v.

_ For a probability distribution D, we use ®p(z) to denote the CDF of D at x, and
Op(x) =1 — Pp(z) to denote the tail of D at z. For any point z, we use 0, to denote the
delta distribution at z .
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3.2.1 Linear algebra

The following articulates how one gets a handle on the second eigenvalue of a matrix after
subtracting a rank-1 term, which will be used in Section 3.3 and Section 3.5.

Fact 3.2.1. For any n x n symmetric matric M and rank-1 PSD matriz R, |A2(M) <
M — R|.

Proof. By Cauchy’s interlacing theorem, \o(M) < \(M — R) < ||M — R|| and —\, (M) <
—M\(M — R) < ||M — RJ|. The desired inequality is then true since

[Al2(M) < max{Ay(M), =An (M)}
O

Establishing second eigenvalue bounds in Section 3.3 and Section 3.5 also involves bound-
ing the spectral norm of some matrices via the “trace method” articulated below.

Claim 3.2.2 (Trace Method). Let M be a symmetric (random) matrix. Then for any even
integer ¢ > 0,

Pr [HMH > e - E [tr((M)gﬂl/q < exp(—el).

Proof. By Markov’s inequality, Pr[|M]| > t] < t‘€E<HMHZ>. The claim then follows
because for any self-adjoint matrix M, \pax (M ’5) < tr(M*) when £ is even. O

We will also require the following bound on the spectrum of a matrix, which is a special
case of the Gershgorin circle theorem.

Claim 3.2.3 (Row sum bound). For any matrix M, |A|max(M) < max;|| M[i, *]||;.

Proof. Let v be the eigenvector achieving A\ = |A|pnax(M). Then letting k& be the index
maximizing |vy|, we have

|Avg| = |(Mv)i] =

Z Mpjv;

J

<okl Y [ M) < o max || Mz, #][|r,
J
and dividing through by |vg| gives the conclusion. ]

3.2.2 Probability

Definition 3.2.4. The total variation distance between probability distributions p and v is
defined as:

drv (p,v) = max|u(€) — v(E)].
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Fact 3.2.5. When p is a nonnegative measure such that p and v are absolutely continuous

with respect to p, then:
@) dote) = [ (T) - i) 1| ) > Tt doto)

drv (p, v / ‘ (z)

When 1 and v are supported on [n], then:

n

drv (1, v) = %Hu — vl =) (i) = v(D)) - 1u(i) > v(i)

i=1
where . and v are the vectors of probabilities.

We describe a Markov chain via its transition operator P where P(i,j) denotes the
probability of transitioning from state i to state j.

We call the joint distribution w(u,v) a coupling between two distributions p and v if
pw=w(-,v)and p = w(y,-). In other words, the marginals of w correspond to p and v.

Fact 3.2.6. Let x and y be two arbitrary states in a Markov chain over state space () with
transition operator P, and sample X ~ P(x,:) and Y ~ P(y,-), where P(z,-) denotes
the distribution over €1 given by a single step of the walk starting from state z. Then,
there exists a coupling of X and Y such that X =Y with probability 1 —  if and only if

drv (P(.I‘,-),P(y,-)) S€

3.2.3 The uniform distribution over the unit sphere

We use p to denote the uniform distribution on S
Let v € S¥! and w ~ p. Then the distribution Diy(d) of (w,v) is invariant under the
choice of v, is supported on [—1, 1] and has probability density function:

'1

(5) (1= o2) @972

R CONG

1\7/—\

= N\R.

Henceforth, we use Z; to denote the normalizing constant (

Fact 3.2.7. Z; < O(Vd).
In addition, we will rely heavily on the following sharp estimate of the tail of Djy(d).

Lemma 3.2.8. Let ®p, ) (t) = Prxp, ) [X > t]. Then, whent > 0:

24 2\ (d—1)/2 4log(14d - t?) = Zq o (d—1)/2
(11—t 11— < Op. t) < (1 —t .
t(d—1) (1-7) R Dip(d) (1) (1—¢)
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Proof. 1t suffices to upper and lower bound j;l(l — 2%)(@=3)/2 We first obtain an upper

bound.
! o (d-3)/2 1 [ o (d-3)/2
/(1—x) dmzz/ t(l—x) dx
t t

1/1x(1 . x2)(d_3)/2da:
t t

L @2
t(d—1) (1-27)

_ L a2
=qa—p 1)

N

1

NOW we prove the lower bound. For any € > 0 such that ¢ - /1 —¢+ 5 < 1, and defining
0 = 5 — ¢, we have the following.

1
1
/ (1 — 2232y > t\/ﬁ t 153 )( 22) I gy
t

/t\/l-i- )(d*3)/2dx
tV/1+5
(d-1)/2
- _ 1—
(d _ 1) ( x ) t
1 —0 1 — 2 (d-1)/2 1 1 (d—1)/2
_t(d—l)'(_ ) (_< —¢) )
where the second inequality uses \/ﬁ > 1 —§ and the last equality uses 1 — t3(1 + §)
o 2
(1 —*)(1 — &). Choosing & = gc(lljldt ) yields
1 2
_ 1 d-1)/2 410g(1 + dt )
1— 2(d3)/2> ‘1_t2( == ) ]
J = e

We use Di,(d)|>, to represent Djy(d) conditioned on lying in |7, 1].

Definition 3.2.9. For a vector y, we use cap,,(y) and cap ., (y) interchangeably to denote
the measure-p spherical cap around y:

cap,(y) = Cap>T(p) = {U 7(p),u € S 1}

We use cap,(y) and cap. .., (y) to denote the uniform measure over the set cap,(y). We
denote the boundary of Capp(y) by shell,(y) or shell_.(;)(y). That is,

shell, (y) = {u: 7(p),u € ST},
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3.3 The second eigenvalue of random restrictions

In this section we prove Theorem 3.1.11. Let X be a (possibly infinite) vertex-transitive
graph with a unique stationary measure p. Let G ~ RR,(X) be a random restriction of X
as defined in Definition 3.1.10, and let p = Prgrr,(x)[(¢,j) € E(G)] be the marginal edge
probability in G. Suppose furthermore that

1
FC, A with C > 1and — < A <1 s.t. for any distribution a on V(X),
NGID

dTV (Xk&,p) < C/\k (36)

We overload notation and use X to denote the transition operator for the simple random
walk on X, and for H C V(X)) we also use H to denote the indicator vector of the set H.
We denote its adjacency matrix by Ag, the diagonal degree matrix by Dg, the centered

adjacency matrix by Ag = Ag — E Ag, and the normalized adjacency matrix by AG =
DG"?AgDG"?. Then we'll show the following.

Theorem 3.3.1. As long as pn > C®log®n, for any constant v > 0, with probability at

least 1 —n™7,
~ log*n
< . .
|)\|2<AG> < (1+0(1)) - max <)\, = )

Proof. By Fact 3.2.1, for any rank-1 PSD matrix R, Wg(flg) < H%AIG — RH Thus we

turn our attention to bounding HA\G — RH for appropriately chosen R. Setting Rg =

pDE;/ 2] DE;/ ? where J is the all-ones matrix and using submultiplicativity of the opera-
tor norm, we see:

n —1/2||?
Vool < 31—

2
Now, observe that HD&I/ 2 = HD&lH. To bound this quantity, we’ll use the concentration

of the vertex degrees (the entries of the diagonal of Dg). For every vertex, the marginal
distribution of the degree is Binom(n,p). So by Hoeffding’s inequality and the union bound,

when pn > log®n, for any fixed v > 0, |(Dg)i — pn| < /pnlog®n for all i € [n] with
probability at least 1 — n?. So with probability at least 1 —n™7, Dg' = plnl + A for A a

diagonal matrix with entries with absolute value of order y/log”n/(pn)3. Thus, HDE;H <

1 . <1 + logn>
pn Vo )' . .
Next, [|[Ag — pJ|| < HAG” + p, where recall Ag = Ag — E Ag. We will show:

||Z(;H < (1+ o(1)) - max{Apn, \/pnlog*n}.
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Putting these bounds together gives:

M (Ae) < (1t o(1) - max{)\, lf/g;}.

Finally, we devote the rest of the proof to bounding HZ(;H By Claim 3.2.2, it suffices to
bound E tr((Ag)?) for a large enough even .

For an n X n matrix M, tr(M?*) can be written as a sum over length-¢ closed walks on the
complete graph KC,,, with each walk W weighted according to H(z new Mij. The exchange-

ability of entries in Ag means that the walks can be partitioned into equivalence classes
based on their topology as graphs, where the members of each class contribute identically
to the summation.

Definition 3.3.2. We use W, to denote the collection of length-¢ walks in IC,,, the complete
graph on n vertices. For W € W, we use G(W) = (V(W), E(W)) to denote the simple
graph induced by edges walked on in W. We let the multiplicity of e in W, m(e), be the
number of times e occurs in W.

We can then write:

Etr (Ag—EAg))= Y E H e € G] —p)™ (3.7)

wew, ecE(W

We now focus on understanding each term of the above summand in terms of the properties
of G(W). Our first step is to handle leaves.

Definition 3.3.3. We use Go(W) = (Vo(W), E2(W)) to denote the 2-core of G(W), the
graph obtained by recursively deleting degree-1 vertices from G(W). We denote the graph
induced on the edges deleted in this process as G ().

Observation 3.3.4. We have G(W) = G1(W) U Go(W). Further, every vertex in Go(W)
has degree at least 2, and G1(W) is a forest where each connected component has at most
one vertex in Go(WW).

Notice that if F is a forest, then Pr[F € G] = p/PU)| and further if F is a forest sharing
at most one vertex with a graph H, then the events {H € G} and {F' € G} are independent.
Hence, with the above decomposition in hand, we can “peel oft” the one-core and for any
W € W, we can write:

(3.7)
— m(e)
= E E I[ (lecG)-p)
i€Va(W) jeVi(W)\Va(W) e€E(W)

H E( e e G] —p)" )>- E H (1[e € G] — p)™@

Uj

ecE1 (W) 1€Vo (W) e€Ey(W)
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= I E@kec(@-p"~(p)") + (=" E ][] (e6]-pm

U;

e€E (W) i€Va(W) e€ Eo(W)
< I eO-p™@+0-pEp™))-| B ] @ecc-p™ (3
e€ By (W) CET e By (W)

where in the third line we've used that (1[e € G] —p)* = 1le € G]((1 —p)* — (=p)*) + (—p)*.

It now remains to handle the 2-core G5(W). To simplify the expression, we’ll exploit the
following fact: if J is a subset of vertices in Go(W'), conditional on an assignment of u; for
all 7 € J, the existence of edges in regions of Go(W) separated by J are independent. We'll
take advantage of this fact by splitting Go(W) into regions separated by the set of vertices
in Go(W) of degree at least 3, leaving us to bound a collection of paths and cycles.

Definition 3.3.5 (Junction vertices). We use J(W) to denote the set of junction vertices
of Go(W), which are vertices with degree-> 3 in Go(W), or in the case that G(W) only has
vertices of degree-2, we choose an arbitrary vertex ot Go(W) and add it to J(WW). We use
G;(W) = (J(W), E;(W)) to denote the junction graph of Go(W), which is a multigraph
obtained by starting with Gi(WW) and contracting to an edge all walks v = ug . . . u; satisfying
the following conditions:

1. ug and wu; are (possibly identical) junction vertices,
2. uy,...,u;_ are distinct vertices with degree-2 in Go(W).

For an edge f € E; (W), we use v(f) = uo,...,u; to identify the walk from which f arose
in Go(W), s(f) to denote the “start” vertex ug of v(f), and ¢(f) to denote the “terminal”
vertex u; of y(f).

Then we can bound the contribution of the 2-core in terms of the contribution of the
walk (f) corresponding to each edge f in the junction graph:

E ] eec-p™|= E E [[ eea—p™@
. ¢ u;ieJ(W) u;:ig J(W)
1€V2(W) e€Eo(W) e€Ex(W)
= E JI E [T (e G —p™
u;ieJ(W) FEE uiiey(f)\J (W) cen(f)

< B I | Bo T (lec =™
u;ieJ (W) FEE uii€y(f)\J (W) cer(f)

(3.9)

We now focus on understanding the innermost expected value, the expectation over the
internal vertices along a path, conditioned on the endpoints. Again using (1[e € G] — p)* =
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1le € GI((1 —p)* = (=p)*) + (=p)*,

E 1le € G] — p)™©
wiertoa, 1L € Gl=p)

e€y(f)

- E 1le € G]- (1 —p)™©) — (—p)™©) 4+ (—p)™©)],
wisi€r (NI (W) (1fe € GI- (1 —p) (=p)™) + (=p)™)

e€v(f)

- E o J[ieec] (-9 = (=p)") T] (=p)"@
- wiiey(f)\J (W)
Sy(f) ecT e€y(fN\T

Now, using the independence of edges in a forest, we can bound terms where T # ~(f)
simply, and the term 7" = 7(f) in terms of the probability that a |y(f)|-length walk in X
starting at w,(s) ends at u,s) (which is where properties of the random walk in X will enter
into the bound):

| Y IIr (=p™@ = (=pm@) - [ (=p)™

TCr(f) e€T eey(F\T

T#(f)

+ IT (« — (=p)™@) . phDI-L, <N(us(f))7le(f)l—l(;ut(f>> ,
e€y(f)

where N (u,(s)) is the neighborhood of u,y) in X, and 6ut(f) is the point mass at us). Now

adding and subtracting [[ (((1 — p)™©) — (=p)™©) + (—p)™@) - ph I, we complete the
first summation and from the trlangle inequality we obtain the bound

<[ I (et =p)™@ + (1 = p)(—p)™)

ecy(f)

| IT (@ =p)™@ = (=p)m@) - prDIt. <<N(us(f))’X\w(f)\—l(;ut(f)> _p) _
e€v(f)

(3.10)

We bound (3.10) based on the graphical properties of v(f).

Definition 3.3.6. We say an edge e is a singleton edge if m(e) = 1 and a duplicative edge
otherwise.

If v(f) contains any singleton edges, then the first term of (3.10) is 0; otherwise it is

bounded by
1T w1 =p)*+( < [J p(1=p) <pPV.

ecy(f) ecy(f)
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The second term can always be bounded by

TT (1= p)@ 4 pm@) . phni-t. ‘<N(us(f)) xhI- 15uw>> p‘ <
e€y(f)

p|”/(f)|—1 . ‘<N(us(f)); Xh/(f)\—l(sut(f)> _p‘

Using D;(W) to denote the collection of edges f in G, such that v(f) contains no
singleton edges, and S;(W) to use the collection of edges f in G; such that v(f) contains a
singleton edge, and plugging the above bounds into (3.9) tells us:

o< B I PO ([(N ) X000, ) = | +p)-

Uu;
icJ(W) feD; (W)

11 pw ‘<N(us(f))’X‘V(f)‘_15“t<f>> _p)'

fes;(w

If G ;(W) were a tree, we could recursively take the expectation over leaf vertices to bound the
quantity above, as we did to get rid of G;. However, it is not a tree, so we’ll pick an arbitrary
spanning tree T;(WW) of G ;(W), and bound edges outside of the spanning tree directly. For

f e E;(W)\ T;(W), we use Assumption 3.6 to conclude that drv (X'”’(f” 16 ),p> <
CANII=1 which thus implies that

’<N(us(f))7Xl'Y(f)l_l(Sut(f)> —p’ < C)J’Y(f)l—l, (3.11)

because <N (us(py), X (s )|_15ut( f>> represents the probability that a point sampled at random

from the measure X/ )‘_161”( 5, lands in N(uy(ys)), which is a set of measure p under p. We

now prove the following by induction.
Claim 3.3.7. We have the following bound on the contribution of f € T;(WW):
L 0 (Vi) X000, ) <o 317 € D,09)

U;: ’LEJ

< H ph Al (20)\|’Y(f)| +1[f e DJ(W)])
fET;(W)

Proof. We fix an order for i € J(W), iy,...,4, such that i; is a leaf in T(])(W), the graph
obtained by taking 7);(W) and deleting 4;.1,...,%. We use f; to denote the unique edge

incident to i; in Ty )(W) Then if we define

4= E<'> H oot <‘<N(“5(f))7X|W(f)|_15ut<f>> —p‘ +p-1fe D‘](W)])
u G eV (T (W) feT(])
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Because f; is independent of f; for j' < j we can write:

=B B ] o0 ([(Nu) X060, ) = p| +p- 10F € Dy(W)]):
" rery =)

0 i—
E pht)-1 . (‘<N(us(fj)),Xlw(fj>‘*16ut(fj)> - p‘ +p-1[f; € DJ(W)])

u; .
'j

Without loss of generality we can assume i; = t(f;), and because N(uys;)) = pX6u, ,,
L)

B (N X80, ) = | = B[Nl ) XI5, ) =
_ (£l _
=p B[ (X" b 000, )~

— 2 - dopy ( xhs, p>
< p- 20NNl

This gives us the inequality:
% < a1 p(?C)\h/(fJ)‘ + l[fj € DJ(W)])
The above inequality combined with the fact that ay = 1 yields the claim. O]

We use e(W) to denote |E(W)| and sing(W) to denote the number of singleton edges
in Go(W),”. For any graph H we use exc(H) to denote the excess of H, which is |[E(H)| —
|[V(H)| + 1, the number of edges H has over a tree.

Observation 3.3.8. exc(G(W)) = exc(G2(W)) = exc(G;(W)). Thus, we denote this quan-
tity as exc(W).

Observation 3.3.9. |E;(W)| < 3exc(W).

Proof. We use Observation 3.3.8 to write:

2exc(W) =2 = 2[E;(W)| = 2[V;(W)| = Y (degn (v) = 2) = [Vo(W)] - 1,

veVy

where the degree a self-loop incurs on a vertex is 2, and the —1 on the right-hand side is
to capture the possibility that |J(IW)| = 1 when G2(W) has no degree-3 vertices. Adding
exc(W) to both sides gives:

3exc(W) = |E;(W)). O

®Note sing(W) is the same as the number of singleton edges in G(W) since G1 (W) cannot have singleton
edges, as it is the multigraph induced by a closed walk of length /.
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Using the bound on the non-tree edges from (3.11) and Claim 3.3.7, we get:

(3.9) < H ph I (20)\|7(f)| +1[f e DJ(W)])
fET, (W)

H ph(fﬂ_l X (Cv)\|7(f)|_1 —|—p- l[f S DJ(W)])
FEE;(W)\T (W)

Now, we bound separately the contribution of singleton and duplicative edges. For each
f € S;(W), we pull out a factor of (pA\)")I2C if the edge was in the tree, and a factor
(pA)PII=1C if the edge was not in the tree; this fully accounts for the contributions of
singleton edges. For each f € D;(W), we upper bound its contribution by pl"VI3C" if the
edge was in the tree, and a factor p")I=13C otherwise; this is potentially loose because we
don’t keep the factors of A, but it is a valid upper bound because C' > 1 and p, A < 1. We
thus have a factor of p from |Ey(W)| — exc(W) edges, a factor of A from sing(WV') — exc(W)
edges, and a factor of at most 3C' from each edge in E;(W). Summarizing,

< p|E2(W)\—exc(W))\sing(W)—exc(W) i (30)|EJ(W)"

and by Observation 3.3.9, the above is bounded by:

< p|E2(W)\—exc(W))\sing(W)—exc(W) . (30)3exc(W).

Since m(e) > 2 for every edge in e € E; (otherwise the walk cannot be closed), by an analysis
identical to that of the first term of (3.10), we have:

(38) < p|E1(W)\ . p|E2(W)\—exc(W))\sing(W)—exc(W) . (30)3exc(W)

3\ exc(W)
e(W)—exc(W) )\sing(W) (270 ) )

Finally, we can bound the trace power (3.7) as follows.

3\ exc(W)
(3.7) < Z pe(W)exc(W))\sing(W)(27C >

A
wew,
e 0
27C%\ °
-yyy oy (5
A
a=1 b=1 c=1 Wew,
e(W)=a, sing(W)=b, exc(W)=c
¢ 0 3\ ¢
a—c\b 270 :
= ZZZ}? A — HW e W, : e(W) = a, sing(W) = b, exc(W) = c}|
a=1 b=1 c=1

(3.12)

To finish bounding the trace power, it remains to count length-¢ closed walks with a specified
number of edges, excess edges, and singleton edges.
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Claim 3.3.10. The number of walks W such that e(W) = a, sing(W) = b, and exc(W) = ¢

1s at most:

na—c+l X €2(£—b) . 620.

Proof. Observe that W has a — ¢ + 1 vertices. Then the following information about W is
sufficient to reconstruct it:

e The labels of the visited vertices in [n] in the order in which they are visited. There
are at most n® *t labelings.

e The timestamps when the edge walked on is not a singleton edge. There are at most
(=Y possibilities.

e The timestamps when W takes a step uwv such that the edge {u,v} has not been
previously covered by W, but v has been previously visited, along with the timestamp
of when v was visited for the first time. There are ¢ such steps, and hence there are at
most (>¢ possibilities.

e The timestamps when W takes a step uv such that the edge {u, v} has been previously
covered by W along with the timestamp of when {u,v} was covered the first time.
There are at most % such steps, and hence there are at most £~ possibilities.

Putting the above bounds together completes the proof. O

Observation 3.3.11. Any walk with b singleton edges and ¢ excess edges has at most ‘]g—b
edges.

Proof. Each nonsingleton edge must be Visited at least twice. There are at most ¢ — b non-
singleton steps. So, there are at most 2 nonsmgleton edges, and the total number of edges
is at most 2. O

Now we can continue bounding the trace power.

L 27C3\ ¢
(312) < ZZ ZpaC)\b< T ) .poetl €3(€fb) Nz
—n Y (5
270302\ "] = < -
<n€~max{1,( on > }ZZ )\pn ) b, p2(t=b)

a=1 b=1

By Observation 3.3.11 and the assumption on A from Assumption 3.6, we can bound the
total edges a and hence the below.

¢
Z Apn)? - (pn) 7 - 20

302
< nﬁ-max{l, (270 ! ) }
a=1 b=

MN
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392\ ¢
< ne3 . max{l, (270 ¢ ) }maX{()\pn)e, (pn€4)£/2}

NG
By Claim 3.2.2,

32
Qi/o_prf }max{)\pn /pnl? }} exp(—el),

Pr ||| Ag| > € - (nl/zﬁ?’/g) max {1,

and choosing £ = log®n, € = loglogn/logn, for any constant -y, we get:
27C% log*n
N

with probablhty at least 1 —n~7. Now, by the assumption of the theorem, pn > C®log®n,

sol+%_l+o(l). O

|Ac —E Ag| < (1+0(1)) - <1 + ) -max{Apn, \/pnlog’ n} (3.13)

3.4 Analyzing the discrete walk with Brownian
motion

In this section we quantify the extent to which convolving a measure o over S ! with a
spherical cap of measure p brings a closer to uniform, provided that « satisfies a certain
monotonicity property. We now define this monotonicity property, establishing a couple of
additional definitions along the way.

Definition 3.4.1. We say a distribution on S with relative density a is symmetric about
y € ST L if there exists a function £, : [~1,1] — R such that a(z) = £,((z,y)). We note that
{, is also the density « projected onto the line defined by y relative to the projection of the
uniform distribution, so that

Jom1 1z y) = 1] - ba(t) dp(z) _ foas 1[(2,9) = 1] - a(2) dp(2)
fgdl Zy —t]dp() fgdl zy—t]d,o() .

Notice that £, = 1.

la(t) =

Definition 3.4.2. A measure o over S*! which is symmetric about some y € S%! is said
to be spherically monotone if ¢, is monotone non-decreasing.

An alternate characterization of spherically monotone distributions is that their relative
densities can be written as a non-negative combination of spherical caps. Recall that we use
cap,(y) and cap. ., (y) interchangeably to denote the uniform measure over cap,(y).
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Claim 3.4.3. A density o : S“! — R which is symmetric about y € S? ! is spherically
monotone if and only if there is a distribution r on [—1, 1] such that:

o= /@920 dr(6).

We call the above way of writing « as the cap decomposition of a. Further, ¢, = [ Ceap.., dr(0).

We give the straightforward proof later. Notice that in writing the expression for ¢, we

have replaced leap_,(y) With Leap_,; this is because leqp., () does not depend on y.

Definition 3.4.4. Given a measure j over S%~! which is symmetric about some y € S,
its spherical kernel P, is the transition operator of the random walk on S9! where a single
step, starting from x € S?~!, samples a ~ ¢, and then walks from x to a uniformly random
w € S™! satisfying (w,z) = a. Equivalently, the density of P, is u* « for * denoting
convolution.

Remark 3.4.5. For brevity, we will use P, as a shorthand for P@p.
The main result of this section, proved after developing some tools, is the following:

Theorem 3.4.6. If a probability distribution o over S4=! is symmetric and spherically mono-
tone, then for any integer k > 0,

dry (P, p) < (14 0a2(1)) - 7)" - \/§D(allp),

where o4:2(1) denotes a function that goes to 0 as dr* — oc.

As an immediate corollary, we obtain the following version which can be used in conjunction
with Theorem 3.1.11 to conclude a bound on the second eigenvalue of random geometric
graphs.

Corollary 3.4.7. For any probability distribution o over ST1,

_ 1 1
drv (Pasp) < (1 0ar2(1) 1)y 5 - Tog

Proof. We write o as a convex combination of (symmetric, spherically monotone) point
masses 0,. Then we apply Theorem 3.4.6 in conjunction with the triangle inequality and the
fact that Pyd, = Py~'cap,(z) and D(cap,(z)|p) = log ;. O

Our proof of Theorem 3.4.6 will relate the action of P, to the action of the Brownian
motion kernel.
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Definition 3.4.8 (Brownian motion on S%71). Let (B;);so be standard Brownian motion
in R?. We define Brownian motion on S?~! starting at some point V; € S*! as the process
(V)i=0 via the following stochastic differential equation:

AV, = V2(1 - V") dB; — (d — 1)V, dt.

Definition 3.4.9. For any t > 0, let the time-t Brownian motion kernel U; be the transition
operator of a random walk on S%~! where a single step samples runs a time-t Brownian motion
on the sphere. Equivalently, U; = Pg, for /3; the (spherically symmetric) density of a t-step
Brownian motion.

For any y € S%™!| P,y is highly concentrated near the boundary of the cap of measure p
around y. As we will show in Section 3.4.1, the same is true for U,y; it is highly concentrated
near the boundary of a cap of measure ¢ = ¢(¢) around y. So, choosing 7" > 0 so that
q(T') =~ p, we will argue that Uz and P, have similar action on spherically monotone measures.

We can then take advantage of the contractive properties of Ur in order to prove that P,
is contractive. The Brownian motion kernel satisfies the following mixing condition (which
can be obtained, e.g., as a corollary of [8, Theorem 5.2.1] and [33, Corollary 2]):

Theorem 3.4.10 (Mixing of Brownian motion on S4~1). For any probability distribution ¢
on ST,
DU || p) < exp(=2(d = 1)t) - D(¢ || p)

As a corollary of the above and Pinsker’s inequality, for any ¢ > 0 and measure « over
Sd_l,

2 (drv (Uiar, p))* < D(Uat || p) < exp(—2(d — 1)¢) - D(a | ). (3.14)

Armed with (3.14), we can pass to working exclusively with the 1-dimensional projection
of the measures in question onto the direction .

Claim 3.4.11. For any spherically symmetric distribution with relative density v, drv (7, p) =
drv (€4, £,).

Proof. We express the total variation distance in terms of the ¢; norm:

2dry (v, p) = /

zeSd—1

[7(2) = 1] dp(2) =/ 16,((2,9)) — 1] dp(2)

zeSd—1

= [ 1e@ =1 dt ) =2 (6,). O
te[—1,1]

Note that if « is spherically symmetric about y then so is U, by the rotational invariance
of Brownian Motion on the sphere. Hence combining Claim 3.4.11 with (3.14), we have that

drv fren ) <[ -exp(-(d - 1) Dl
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Now, we’ll show that for a well-chosen T' > 0, {7, nearly stochastically dominates £p o,
and that P, and Ura are both spherically monotone, and that this furthermore implies that
drv (Cupa, £p) and dry (€ Poas p) are related. Specifically, we show the following lemmas:

Lemma 3.4.12. If v and p are spherically monotone densities and £, < €, then®

dTV (EV’ gp) g dTV (Zua ep) .

We prove the lemma below, but intuitively, a spherically monotone distribution can be
realized as a non-negative combination of spherical caps; the uniform distribution has all
of its mass on the largest cap (of measure 1). If ¢, < ¢,, then the total probability mass
within any radius 6 of the mode of u exceeds that of v, witnessing a larger total variation
distance.

Lemma 3.4.13. Let pu,v,a be spherically monotone densities over S¥1, with £, <4 ly.
Then

1. P,a is spherically monotone (as is P,a),
2. gpa,/ jst gpau, and
3- éPl,oc jst éPua'

We will prove this lemma below as well; the crux of the proof of Part 1 is to realize that
because «, pu are spherically monotone, they can be decomposed as a non-negative combina-
tion of spherical caps. Then, by linearity of P, and by the commutativity of convolution,
Part 1 reduces to showing that the convolution of two spherical caps is spherically monotone
(this is a statement that we find intuitive, and it is easy to verify by directly examining the
expression for ¢ Psgcap,, w>‘ To show Part 2, we observe that by decomposing « in its cap de-
composition, it is then enough to compare £P>9,/ with €p>w for each 0. Here, when ¢, = (.,
a straightforward coupling demonstrates that (p_,, = ¢p.,,. Part 3 is a consequence of
Part 2 and commutativity of convolution.

Our aim is to now apply these lemmas with v ~ cap,(y) and u = 7 (note that P,a = P,
and P,a = Ura). We now verify that these densities meet the conditions above. The density
cap,(y) is spherically monotone because it is the same as p conditoned on being closer to y;
we now show that (; is indeed spherically monotone.

Claim 3.4.14. The density of a time-t Brownian motion, f;, is spherically monotone.

Proof. Since Brownian motion on S%! can be realized as a sequence of random steps within
spherical caps of infintesimally small measure ds, the measure of a t-step Brownian motion
starting from y € S is achieved by iteratively applying Pe.p ,. to the point mass at y. The
proof is then complete by noting that fcap is spherically monotone for every p, then applying
Part 1 of Lemma 3.4.13. O

6 As will be apparent from the proof, one may replace £,,, ¢,, with any monotone non-decreasing densities
on [—1,1].
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Next, we argue that for T = T'(p), there is some small § for which (1—06)leap, +6¢, 2t s
that is, the linear projection of the p-cap is almost stochastically dominated by the linear
projection of Brownian motion run for the proper amount of time. In order to do this, we
first establish that almost all of the probability mass of 7 is in a cap of radius close to p.
In Section 3.4.1, we’ll prove the following lemma:

Lemma 3.4.15. Let (V;);>0 be a Brownian motion on S1 starting at Vo. Then for any
time t > 0,

_ x?
Pr[|(Vo, Vi) —exp (—(d — 1)t) > 2] < 2exp (—%m) :

From this lemma, we can show that almost all of the mass of the cap decomposition of
is contained inside a (> 7)-cap:

ls

T

Claim 3.4.16. Let v > 0, T = ﬁ(log% — 25), and € € [0,%log 11/] Then the total mass
of £g, outside of cap. 1., (Vo) for V4 the starting point of the Brownian motion is bounded:

(d— 1)52,,2) |

(14e)T
/ dls,.(x) < 0(g) :==2exp (— 20— 07)

1
Proof. We let (V;);=0 be a Brownian motion on the sphere, A; = (V;,V;), and A, =
exp (—(d — 1)t) + R;. At time T', we have
Ar=exp(—(d—1)-T)+ Ry =v-exp(2¢) + Ry
>v-(14+2)+Rr>v-(1+2)+ Ryr.

The event that Ar < v - (1 + ¢) implies Ry < —ev, so it suffices to upper bound the
probability that |Ry| > ev. Applying Lemma 3.4.15,

_ 21 e2v3(d - 1)
Pr[|Rr| > ev] < 2exp (—%—1 — 62(d1)_T) = 2exp (— 2T =) ) O

Now, we are ready to establish the stochastic domination of the combination.
Claim 3.4.17. Let p € (0,%) and v = 7(p) + \/ig. For T = 5 (logl — 2¢) with € €
5 1 1
[(d—l)z/? 5 log ;] ,
Cor Zst (1= 20(€))leap, +20(€)C,,
for d(¢) as defined in the statement of Claim 3.4.16.

Proof. Using Claim 3.4.3, we write 7 = fjl ¢g - Leap.,d0, with [ cpdf = 1. Let 7/ € [-1,1]
be such that

/

T 1
/ codf = 20(¢), and / codf =1 —24(e). (3.15)

1 /
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The proof strategy is to show that the conclusion follows if 7/ > 7(p), and then establish
that inequality.

First observe that if @ and {7, }.cx are measures satisfying v, = « for all z € X, then a
convex combination f CxYedr =g « as well, from which the conclusion follows. Now, writing

7 1
Br = /1 co * Leap,,d0 + // co * Leap.,d0,
we see that the first term on the right-hand-side stochastically dominates 20(¢) - leap, , =
20(¢) - £, since for every 0 € [—1,7], 0 > —1 and therefore leap_, =t leap. , = £, By
1dent1ca1 reasoning, the second term stochastically dominates ¢ since for every 6 €
[7,1], 6 > 7(p) and therefore leap_, =5t leap,, = Leap,-

We now show that the 7/ satlsfymg (3.15) is at least 7, for which it is sufficient to show
T >v Letk= [" L CodO; T > v is equivalent to showing that x < 26(g). Using Claim 3.4.16,

we know that Pry.s,.[v € caps 1., (Vo)] = 1 —0(e).

€ap> 7 (p)

1-4(e)
< Pr [v € capz(ie, (V)]

UNT

(1+¢) 1
:/ cog- Pr [az}(l—i—a)y]dﬁ—l—/ co db

1 @rolbeap (I+e)v

v 1
</ cg- Pr [m>(1+s)y]d9—l—/ co do

_1 mNZQE)e

N

1 1
(max Pr [a:}(l—ke)zﬁ)-m—i—/ cgdd = Pr [w>(1+6)u]-/<a+/c@d0.

0€[—1,v] ®~Leap,q zleaps,,

Using Lemma 3.2.8 and v > 4/V/d,

ca v
Pr [332(1_1_5)”]:%
x~leaps,, p(cap>,,)
31— (1 +e )2)(@=/2
2w(l +¢e) (1 —p2) /2

3 (1+ 6 (d—1)/2
5 ( 1—v? )

3 2er? 4 g2y 1/

= (1-

2 ( 1—v? )

<3,

2

(1 ) (d-1)/2

<
= 1+(d— 1ev?’
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The final quantity is smaller than % given our lower bound on ¢, and le cpdd =1 — k.

Plugging into the above, we have that
1
1—-9(e) < 5/@%—1—/4; — Kk < 26(¢g),

which completes the proof. O]

Finally, we will need the following claim to transfer the statement about the stochastic
domination of a linear combination of ¢p,, and ¢, to just {p o:

Lemma 3.4.18. Suppose p and v are spherically monotone distributions, then for any n €
[0, 1),
1
dTV (8/“ £p> < ﬂdTv ((1 — U)gu + 7]&,, gp) .

Proof. Let s € [—1,1] be such that:

s

drv (6, 6,) = / () — Vdpip = / (1~ €,(x))dpro,

-1

where p1p is the density of the 1-dimensional projection of cap,(y). The choice of s satisfying
the above is the one satisfying ¢,(s) = 1. If £,(s) > 1, by spherical monotonicity ¢,(z) > 1
on [s, 1] and:

dov (1 =)l +nly, £y) = / (1 =n)(lu(x) = 1) +n(ly(z) — 1)) dpip

> (1- 77)/ (lu(z) = D)dpip = (1 =) - drv (€, £p) -

On the other hand, if ¢,(s) < 1, by an identical argument we know:

S

dry (1= )l + 160, ,) > (1— 1) / (1~ tu(@))dprp = (1 — 1) - doy (6, 6,)

-1
The desired statement follows from rearranging the above inequality. m

We are now ready to prove Theorem 3.4.6, following the reasoning above, in combination
with induction on &, the number of applications of P,. We state and prove a more refined
version of Theorem 3.4.6 below.

Theorem 3.4.19. If a probability distribution o over S is symmetric and spherically

monotone, then for any integer k > 0 and for v = 1(p,d) + \/ia,

eXP<<d_1+/4ﬁ)

\/1 — 2exp(—vv/d — 1)

dry (P:%P) %
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Note that when 72d — oo, the parenthesized term is 1+ o(1) and v = 7 - (1 + o(1)).

Proof. Suppose 7(p) = 1 — 1/(d — 1)"/*, then the statement is vacuously true. Thus, we
assume from now on 7(p) < 1 —1/(d — 1)¥/4.

Let v = 7(p) + 4/Vd, let t = 2 (log2 — 2¢), and § = 2exp <—(Z(_11_)i2;;2> for e =

(d*—%; note that for d sufficiently large, ¢ € [ﬁ, % log %] For convenience’s sake,

define P, 5 = (1 — 20)F, + 20P;. We will prove that
Eplﬁéa =t Lupan and Ura, Pll,f(;oz are spherically monotone. (3.16)

Given this, the proof of the theorem will follow: by the linearity of the projection onto the
line defined by y, and by the commutativity of convolution,

k
. |k
EPktsOt - Z(l - 25)k j<26)] ( ‘)fpgfjpfa)

p,
j=0 J

So from Claim 3.4.11, Lemma 3.4.18, (3.16), and Lemma 3.4.12,

dry (Pra, p) = dy (épga,e,,) < ﬁdw (epﬁéa,ep) < mdw (eUtka,e,,) .
(3.17)
Then we can apply Claim 3.4.11 to get that
dry (gUtka,ép) = dpy (UFa,p) | (3.18)
and finally using that UF = Uy, in conjunction with Lemma 3.4.10, we have that
dry (Ufa, p) = dry (Upeer, p) < \/% exp(—2(d — 1)tk) - D(«||p), (3.19)

So combining (3.17), (3.18), and (3.19), we have that

drv (Pya,p) < \/2(1_—125),~C exp(—2(d — 1)tk) - D(e| p).

In our case, § = exp(—vvd— 1), t = dL (log}/ — w_—%), so combining these estimates,

k
4
eXp((d_l)l/él\/Ij)
dry (Pya,p) <v*- -1/ 3D(ellp),

\/1 — 2exp(—vvd—1)
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as desired.

Now we prove (3.16). The proof is by induction on k; when k& = 0, there is nothing to
prove. Suppose now that the statement holds true for k; we shall prove it for £ + 1. By
Claim 3.4.14, the density of a time-t spherical Brownian motion (; is spherically monotone
about its starting point, and clearly, any convex combination of caps is spherically monotone.
Hence we can apply Lemma 3.4.13, Part 1 in conjunction with the induction hypothesis to

conclude that both P;:{loz = P,5(Pysa) and Uft'a = U,(UFa) are spherically monotone,

giving the second part of the induction hypothesis.
By our induction hypothesis Ufa and P* .5 are spherically monotone with €y, = ¢ P a

and so we can apply Lemma 3.4.13, Part 2 in conjunction with Claim 3.4.14 to conclude
that

gUtkHa = éPﬁt (UFa) st EPﬁt (P;i(saﬁ
and then apply Lemma 3.4.13, Part 3 in conjunction with Claim 3.4.17 to conclude that
gpﬁt(P;:éa) st éPp,g(P;éa) = éPZIf,éom
completing the proof. n
Now, we fill in the proofs of the lemmas from above.

Claim (Restatement of Claim 3.4.3). A density a : S®! — R which is symmetric about
y € S is spherically monotone if and only if there is a distribution r on [—1, 1] such that:

a = /@929 dr(6).

We call the above way of writing « as the cap decomposition of a. Further, £, = [ leap. ,dr(0).

Proof of Claim 5.4.3. We first prove the “only if” direction. Since « is spherically symmetric
about y, a(v) = £,({(v,y)). Let dl, be the distributional derivative of ¢,, and set dr(f) =

p(capsy(y)) dla(0).

[ cmatmar) = [ ZELZL ptcap) dta(®) = [ 1lt0,0) > 61 6) = )

To see that the measure dr indeed gives a probability distribution, first observe that dr(f) > 0
for every 6 due to the monotonicity of ¢,, and next observe that

- /vesd 1 / ) *(capso ) ) dr(8) do(v)
/_1 vesd—1 (cap=(y))(v) dp(v) dr(8) = /_1 dr(0).

1
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In summary, since r is a positive measure which integrates to 1, it is a probability distribution.
The claim regarding ¢, follows because the line projection onto y is a linear operation.
Now we prove the converse. Suppose o = f_ll cap.4(y) dr(f). By linearity of projection

onto the line defined by y, ¢, = ffl leap., dr(0). Since Leap_, is monotone for every 0,
and a non-negative combination of monotone functions is monotone, ¢, is also monotone,
concluding the proof. O

Lemma (Restatement of Lemma 3.4.12). If v and p are spherically monotone densities and
0, = L, then
dry (6, 0,) < dry (L4, 4,).

Proof of Lemma 3.4.12. First, observe that ¢, = ¢, and ¢, =4 ¢, by the assumption that
u, v are spherically monotone. Thus, ¢, =4 ¢, =« {,. Further, if measures a,b on [—1, 1]
satisfy a =g b, then their CDFs G, and G}, satisfy G,(s) < Gy(s) for every s. Hence,

Gg”(s) < Ggy(8> < GZ,,(S) Vs € [—1, 1].

By definition of the total variation distance, for any non-decreasing density v : [—1,1] — R,
drv (v,€,) = max Gy, (s) — G,(s).
s€[—1,1]
Thus,

dyy (€, €,) = G, (s7) = Gp, (57) < G, (57) — Go, (5") < dpv (L, L)
which completes the proof. n

We’ll now prove Lemma 3.4.13.

Lemma (Restatement of Lemma 3.4.13). Let u, v, a be spherically monotone densities over
S with 0, <4 l,. Then

1. P,a is spherically monotone (as is P,a),
2. gpa,, jst gpau, and
3. éPl,oc jst éPua'

Proof of Lemma 3.4.13. We first prove Part 1. We can write o and p in terms of their cap
decompositions as shown in Claim 3.4.3, a = f_11@]g>9(y) dr(6) and p = f_llm>w(z) ds(v)
for some z € S*'. P, is a linear operator, so P,a = [ P,cap.y(y)dr(f). Further, by
the commutativity of convolution, P,cap.4(y) = Psg,, where p, denotes the version of p
centered at y. Hence,

P = / P,cap.,(y)dr(f) = / Pegpt, dr(0) = / / Pogcap..,(y) ds(1) dr(6).

7As will be apparent from the proof, one may replace £,,, ¢,, with any monotone non-decreasing densities
on [—1,1].
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Each P.gcap.,(y) is clearly spherically symmetric about y. Since the projection onto the
line defined by y is a linear operation, ¢p,a = [ [£p,scap.,ds(¢)dr(), and because a non-
negative combination of monotone functions is monotone, it suffices to prove that for any
0,v € [-1,1], P, ycap.,, is monotone. By definition,

Crssean. ,(8) = B [(Popcap=y(y)) () | (v,9) = 1]

B | B ) )] )~

= 1w >v] -
- UEP |:wN@E>9(’U) |: P(Cap>w) :| | <v7y> - :|

_ Pry v~y (w,y) > | (w,v) >0, (v,y) = 1]
Pry., [(w,y) > 1] '

This ratio is monotone increasing in ¢, completing the proof of (1).
Now we show Part 2. Claim 3.4.3 shows that by the spherical monotonicity of a;, we can
express « in its cap decomposition,

1
az/ cap, dr(q),
0

and now by the linearity of convolution, P, = fol Peap, dr(q), and Pop = [ Pyudr(q), Pov =
[ P,vdr(q). So, to show that ¢p,, = (p,., it suffices to argue “slice-by-slice” that for every
q €[0,1], £p,u = Lp,u-

This follows from the following coupling argument: we sample (x,y) from (¢p,,, (p,,) in
a coupled manner as follows: first, sample (a,,a,) ~ (¢,,¢,) in a coupled manner so that
a, > a,; such a coupling is guaranteed because ¢, = ¢,. Next, choose (v,,v,) at random
in S*! conditioned on (v,,y) = a, and (v,,y) = a,. Now, let 8, be the random variable
(y,u,) for w, ~ cap,(v,), and 6, = (y,u,) for u, ~ cap,(v,). Note that the marginal
over @, is {p,, and the marginal over 6, is {p,,. The probability Pr[f, > t] is proportional
to the measure of the intersection of cap.,(y) and cap,(u,), and similarly the probability
Pr[0, > t] is proportional to the measure of the intersection of cap.,(y) and cap,(u,). By
our choice of coupling, the angle between u,, and y is smaller than the angle between u, and
y, so for every t € [—1,1],

Pr[0, > t] > Pr[0, > 1],

and hence we may couple 6,, and 6, so that 8, > 0, always. Taking x = 6, and y = 0, in
this coupling gives our conclusion.

Finally, observe that by the commutativity of convolution, P,a = P, and P, = P,v,
and so Part 3 follows from Part 2. O]
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3.4.1 Concentration of spherical Brownian Motion within a cap

In this section, we study the concentration of Brownian Motion on S?~! in the spherical cap
around its starting point.

Lemma (Restatement of Lemma 3.4.15). Let (V;)i=0 be a Brownian motion on S starting
at Vy. Then for any time t > 0,

~ 2
Pr[|(Vo, Vi) —exp (—(d — 1)t)[ > 2] < 2exp (—%m) :

Proof of Lemma 3.4.15. Letting A; = (Vp, Vi) be the correlation of the motion at step ¢
with the starting point, (B;),., be standard Brownian motion on R?, (B)),., be standard
Brownian motion on R, and § =d — 1,

dA, = (Vo,dV;) = —0 - A, dt + V2(Vy, (L - V,V,") dB,)
=—0- Aydt +V2((1 - V,V,")V,,dB;)
=—0-A;dt +V2y/1— A} dB,
The solution to the deterministic differential equation dx; = —0x, with initial condition

xo = 1is z; = exp(—0t). To this end, it’s convenient to split A; up into a deterministic and
a random part:

Ay =exp(—0t) + R;,

with the initial condition Ry = 0. Then via calculation,
dR, = —0R,dt +V/2\/1 — A2dBL.. (3.20)

We now relate R, to a stochastic process without drift, as is done, for example, in the analysis
of the Ornstein-Uhlenbeck process. Consider R, exp(6t). Note that

d(Ry;exp(0t)) = exp(0t) dR: + R, 0 exp(0t) dt
— — R, 0exp(0t) dt + V2exp(0t)\/1 — A2dB, + R, 0 exp(0t) dt
= V2exp(0t)\/1 — A2dB,,

a process without drift.
The following version of the Azuma—Hoeffding inequality will allow us to argue that this
driftless process concentrates.

Lemma 3.4.20. Let (X;);=0 C R be a stochastic process adapted to the filtration F, with
Ele" Xt | F)] < exp (r?c2dt), for all t,r. Then for all s,z > 0,
—72
Pr[| X, — Xo| > x| <2 — .
0> <200 (1725)
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Versions of this lemma are known (c.f. [21] and references therein).
We apply Lemma 3.4.20 to prove that

z2df
> 2] < oY)
Pr[|RS|/x}\2exp( C l—exp(—ﬁs))

Indeed, R, exp(6ft) is a stochastic process without drift and satisfies that
Elexp(rd(R;exp(6t)))] = E [exp (\/57" exp(ft)\/1 — A? dB;)}

exp (r® exp(26t) - (1 — A7) dt)

<
< exp (7"2 exp(26t) dt) ,

Since A, is real-valued. So we can apply Lemma 3.4.20 to the process and derive that

Pr[|R,| > 2] = Pr[|R, exp(fs)| = x exp(¥s)]

B 22 exp(20s)
4 [ exp(20t)dt

= 2exp (—2 1= S;E;(—%S))) 7

and plugging in # = d — 1 concludes the proof. O

< 2exp(

3.5 The second eigenvalue of links

In this section we analyze the links of the random geometric complex. Each link is a
random geometric graph in a cap centered around some w € S%°! on m vertices where
m ~ Binom(n,p). We are interested in obtaining a high probability bound on the second
eigenvalue of Ag = D;/ QAgDE;/ ?_ the normalized adjacency matrix of link graph G, where
Ag and D¢ denote its adjacency matrix and diagonal degree matrix. Since the number of
vertices m concentrates well in our setting, throughout this section we treat the number
of vertices m as fixed and handle the variation in m in Section 3.7. We also specialize the
parameters to the regime relevant in proving Theorem 3.1.6 in Section 3.7 — in particular,
the relationship between n, p and d is such that lim,,_,., 7(p, d) is a constant in (0, 1), np is
a polynomially large function of n, and d = Q(logn).

Theorem 3.5.1. Let 0 < 7 < 1 be a constant. Let vi,..., v, ~ capy . (w) and G =
gg. (v, ...,vy,). Then for q = EDip(d)(ll—T), suppose qm > log®m - 10g3/2% . (HTT)S and
d > C -logm for any constant C' > 0, then for any constant v > 0,

~ T _
Pr[|A|2(AG> > 1 Foum(1)| O(m™).
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To prove Theorem 3.5.1, by Fact 3.2.1 it suffices to bound HEG — RH for any rank-1 PSD

1/2 1/2
DY?IDY
tr(Dg)

matrix R. For a given G, the minimizing R for EG — R||is R= Rg = where J

is the all-ones matrix. R

One challenge in directly performing the trace method on Ag — R is that the degree of
any vertex ¢ is a random variable that depends on the locations of all the vectors, and hence
introduces extra correlations. In Section 3.3, this issue was resolved because the degrees
concentrated very well, and hence D&l/ ? and Dé/ ? were close to scalar multiples of identity.
However, in the links the degrees of vertices in G' no longer concentrate around a single
value, and even the behavior of the expected degree of vertex ¢ depends on which “shell” wv;
is contained in around w, (v;, w). To better control the degrees, we will study the spectral
norm of Ag — Rg|k conditioned on the shells k == {k; == (w,v;)},.
Let D, € R™™ be the conditional expected diagonal degree matrix with D,[i,i] =

E[degq(i) | k). Then we define the new normalized matrix Ag = D~ ?AgD,.~"/? and the
DKI/ZJDKI/2

new conditional rank-1 PSD matrix R, = )

. Then by optimality of Rg:
| - e < A - (06D (D.2205 )|

_ H (D&UQDRI/Q> (Ag — Ry (DR1/2D51/2)

2
< A — Rell - HDZ;I/QDJ” '

2

Since HDE;/QD,J/2 = HD&anH, this is equivalent to bounding

) Dy Ji
Ag — Rul| - | Dg' Dull < IlAg — Recl - |
A I |Dg" D | < [l 4g | ?El[a”?b](DG[iai]

Now, in the trace method it is convenient to work with Ag — E[Ag| | &, which is not a

rank-1 matrix. So, applying the triangle inequality,

D,.Jii
< (l4g - Eldg | ]l + |ElAg | &] - Rul) - max 2520 (391)
1€[m) Dg[l,l]

D, [i,i]
Dglii]?

It then suffices to bound ||E[Ag | K] — Rel|, max;cpm,
plete the proof of Theorem 3.5.1.
In Section 3.6 we’ll show that E[Aq | k] is close to Rg in spectral norm:

and [|[Ag — E[A¢s | K]|| to com-

Lemma 3.5.2. If d > C-logm for some constant C' > 0 and the constant 7 € (0,1) satisfies
gm > log®m, then
log? d

d

B[4 | k] — Rell < O

with probability at least 1 — o(m™7) for any constant v > 0.
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And the remainder of this section will be devoted to bounding the other two quantities,
as follows:

Lemma 3.5.3. For any 0 < a < 1,
D.[i,1] o 1

iem] Delii] S1—a

with probability at least 1 —m - exp(—%).

3/21 (1+7’)3

Lemma 3.5.4. For any k,q and m and gm > log®m - log PRl G

T

-
1+7

1Ae — Eldg | ]l < (14 0m(1))

In service of proving Lemma 3.5.2, Lemma 3.5.3 and Lemma 3.5.4, we need the fol-
lowing fact that arises in studying random geometric graphs with shifted edge-connectivity
thresholds.

Definition 3.5.5. We define the bivariate function 7'(z,y) == ———=24— as the shifted

(1-22)(1-y?)
threshold function, defined so that

Pr [(x,y) >T(z,y)l= Pr [(u,0)>7](w,w) =z (v,w) =y
x,y~Sd—2 u,v~Sd—1
Claim 3.5.6. The shifted threshold function T'(z,y) = % on the domain z,y €
—2?)(1—y
[7,1] is maximized when x = y = 7, and achieves value ;7. Additionally 9,7 (z,y) and

0,T(x,y) are both negative.

Proof. The derivatives 0,1 (z,y) = Ti=E g(y) — il h(y) and 0,T(z,y) = \/17_2 .
—X —X —y

g(x) — \/1y_7 - h(x), where g(z) = (1_;2)3/2 and h(z) = \/11_z2 + (1_§§)3/2- Since g(z) < h(z)

for z € (0,1], then for z,y > 7 we deduce that 0,T,0,T < 0. Therefore, T" achieves the

—72 T _ _
=7 = 157 Whenz =y =r. O]

maximum value

Now we prove Lemma 3.5.3.

Proof of Lemma 3.5.3. For any o € (0,1), consider the event that max;cp, DDZ[[Z’?] .

We can bound the probability that this event happens by union bound and Bernstein’s
inequality:

Pr [Ell € [m]7 DG[Z72] < (1 - @)DK[Z7ZH < ZPI‘[DG[%Z] < (1 - Oé)DK[Z,ZH
1 a?D,li,i)?
S M- max exp (‘5 (a+ 1)Dn[i,i])
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M)

< m - maxexp (—
i 4

Observe that Dyli,i] = Z#i6Dip(d,1)(T(m,/{j)). By Claim 3.5.6, T'(ki, %) < 1=, 80
6Dip(d,1)(T(m,/§j)) > Eoip(dq)(lﬁ) = q. Consequently, Dy[i,i] > g(m — 1) from which

the desired statement follows. O

3.5.1 Spectral norm bound for centered links

In the rest of the section, we prove Lemma 3.5.4 by bounding the expected trace

B |tr (4o — Blde | 7))].

for k € [1,1]™ a fixed configuration of shells. The proof will be almost identical to the one
in Section 3.3, but here we have to deal with the fact that the graph is not vertex-transitive.

Proof of Lemma 3.5.4. First observe:

E |ir (46~ Elde | #))| ~ B [“‘«Dﬂ‘” *AgD, ™ — D, E[Ag|s| D, Z)Z)l
- E[u((D;lAG _ D, E[AG|;@])K>} ,

We rewrite the expression in terms of D, ' Ag which approximates the transition matrix of
the random walk on G.® Next, we expand the expression in terms of walks in /C,,.

Following the convention of Section 3.3, we use W, to denote the collection of length-¢
walks in /C,,. For every W € W, use G(W) = (V(W), E(W)) to denote the multigraph
obtained by the vertices and edges used in W. Use m(e) to denote the number of times that
an edge e appears in the walk W.

Definition 3.5.7. We also introduce the following notation. Let dw (k) := [, ., ew

Dn_l[it, i¢] denote the normalization constant along the path W conditioned on the shells &.
Also define p. = E[1]e € G] | k] to be the probability that an edge e exists conditioned on
K.

Then:
E [tr ((AG _E[Ag | m])‘) | H] =S dwlw)-E| J[ @lecq-p)" x| (322
wew, ecE(W)

Next we apply the decomposition in Section 3.3 to G(W) and obtain the 2-core graph
Go(W) and the forest graph G (W). Since conditioned on the vectors v; € Vo(WW) the events

8If D, were not the expected degree matrix but rather the exact degree matrix of G, we would have a
true transition matrix here.
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e € G are independent for all e € E; (W), the expectation in (3.22) can be decomposed into
two parts:

Bl I (leel-p)" |x

ecE(W)
-1 E[(1[e € G| —p)" | n] E | I (eeG-p)" s (3.23)
e€Ey (W) 1i€Va(W) | eeEx(W)

We bound the contribution from the edges in Ey (W) by further spliting Go(W) into paths
consisting of degree-2 vertices and the junction graph G;(W) = (J(W), E;(W)) as defined
in Definition 3.3.5. As in Section 3.3 the key observation here is that conditioned on vertices
in J(W) the contributions from the paths of degree-2 vertices are all independent from each
other:

E | [ (leeGl—p)™|x||<

v;
i€Va(W) | ecBE2(W)

E ]I E [T (le€Gl—p)™ | k|| (3.24)

i€J(W) fEE (wy [1€Y(H\T(W) | eey(f)

Now, let X, .+ be the transition operator for the random step that walks from vector v in
shell_,.(w) to a uniformly random vector v’ in shell_,,(w) N cap..(v) . Like in Section 3.3,
we use Y(f) = (fo, f1,---, fep)) to identify the walk in Go(WW) corresponding to the edge
f € Ejw). We denote the edge (f;, fi+1) with v;(f). We simplify the contribution from each
path v(f) where f € E;(W) as follows:

E 1le € G| — p)™ | K
vieY(f\J (W) H ( [ ] p) |
| e€v(f)
= E H (1[6 € G] . ((1 _pe)m(e) _ (_pe)m(e)) + (_pe)m(e)) ‘ o
v €y(/\J (W) cer(f)

= Z ' E H 1[@ c G] . ((1 _pe)m(e) _ (_pe)m(e)) (_pe)m(e) | K
) viey(f)\J(W) er

N

H (pe(l _pe)m(e) + (1 — pe)<_pe)m(e))

eey(f)
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£f)—2
+| I (@ =po)™@ = (=pe)™) H Paus
ee(f)

£f)—2
< H X“fi’“f¢+16”fo’cappw(f)1(f)(vfe(f))> _p'yg(f),l(f) ‘ (325)

i=0
Let SJ( ) € E;(W) be the set of edges f such m(e) = 1 for some e € v(f), and
D;(W) = E;(W)\ S;(W). For any f € S;(W) the first term in (3.25) vanishes, while for

any f € D;j(W)

H (pe(l - pe)m(e) + (1 - pe)(_pe)m(E)) < H (pe(l - pe)2 + (1 - pe)pg) < H De-

e€v(f) ecvy(f) e€v(f)

Therefore we can derive the following bound on the contribution from the 2-core graph.

(3.24)

£(f)—2 (f)—2
S E H H Pri(f) - < H X"‘fi"‘fiﬂ(s"ft)’cappmf)1<f)(vf/f(f)>> = Py ()

ieJW) | feD,; (W) i=0 i=0

f)-2 ()2
+pw(f>—1(f)>' H H Pri(f < TR TS pw(f)_1<f><vfaf>)> = Py (f)

fes;(w) =0 =0

| ]

To bound the absolute value terms, we take an arbitrary spanning tree 7;(W) of G (W),
and bound the absolute value differently depending on whether f € T;(W) or not.

To bound this expectation, let T;(1¥) be a spanning tree of G ;(W). For every edge not
in T;(W), we apply a worst-case bound. To state this bound, we define C' := , /1 log (1‘”)
and A == ;=

+‘r

Claim 3.5.8. For every shell configuration x € |7, 1]™ and non-tree edge f € E;(W)\T;(W)
, we have that

€f)—2
_ -1
< H X“fi’“fi+15”f0 ’ Capp“wf)fﬂf) <,vfé’(f))> Pryyg)-1(1) SC-A
i=0

Proof. To prove the claim, we first need to understand the random variable

of)—2
H Hfz "ifz-ﬁ-l va pp"/g(f),l(f) (,vfz(f)) :

=0
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Recall that at time step ¢ the operator X, denotes the random step that takes a vector

fiffiqtn
v = Kkg -w—+ 4 /1 — K2 - z; and outputs v =ke oW+ 4/1—K2 -z, where z;.1 IS a
fi fi fi i b fiv1 - fit1 fig1 <t i+1

uniformly random unit vector orthogonal to w such that

<vfi7 vfi+1> > T

This is equivalent to

K/fz'%fH»l + \/ ]' - K/f2+1) <Zi, zi‘f‘l) 2 7-7
which can then be rearranged as
T —RpRfin

(L= 7)1 = n5.,)

In particular, we are choosing z;;; in the p,,y-cap of z; within the d — 2 dimensional unit

(zi, zig1) 2 T(/‘ffi/{fi+l) = \/

sphere orthogonal to w. So the operator Hf(:fo) —2 Kfyohg,, CAI be decomposed into its action
in the span of w and that in the space orthogonél to w. The action in the span of w
conditioned on k is deterministic. Orthogonal to w, it is the operator Hf(:fo) 2 B, . on Sd-2,
Thus the quantity we are interested in understanding is the same as 1

£(f)—2
< H Ppw(f)(szO’ Cappw(f)fl <z£(f))>'
=0

Now, observe that:

<H Pyi(h) ZO’Cappwf>_1(z‘f(f))>_pwm1 < drv H Ps() 0200 P

Recall that p,, sy = Pp,,(a-1) (Tﬁi75i+1), which by Claim 3.5.6 is minimized when 7, .,,, = T
which means p., sy > ¢. Thus, by Claim 3.4.11, Lemma 3.4.13, and Lemma 3.4.12, which
make concrete the intuition that applying P, should only mix slower than applying P, for
q > q, we have:

of)-
-1
< H Pl zo,cappvé(f)l(ze(f))> Prcya | S dav (P 5an0)

1
=dpv <5Pj(f)_2capqz0,p> .

Then by Theorem 3.4.6, the above is

of)—2 ((f)-1
llogl- T = 110g1'1+7— T — . \hWl=
2 Tq \1+7 2 Tq T 147

which completes the proof. O
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Next we bound the contribution of a tree edge f € T;(W) using the following claim
whose proof is identical to that of Claim 3.3.7.

Claim 3.5.9. For every shell vector x and tree edge f € T;(W) , we have that

0(f)-2 4(f)l-1
E’ H H Pri(f) < H X“fw“fm(svfo’Cappmem (vfl(f)>> = Py ()
=0

i€J(W) feTy;(W) i=0

Pt LS € Dy(W)])
of)-1
1T Py - (2CA) £ 1[f € Dy (W))).

fer;(w) =0

.

Combining the two bounds for different edges in G ;(WW) to obtain the simplified bound for
(3.24):

321)< ] H Py (20N 1 1[f € Dy (W)))-

fETJ W) =0
of)—2

11 Il 7 (C/\e L P11l € DJ(W)]>

FEE;(WN\T,;(W) =0

We now recall some notation from Section 3.3. We use e(W) to denote |E (W), sing(WV)
for the number of singleton edges in Gy(W), and exc(G) for |E(G)| — (|[V(G)| — 1), the
number of edges G has more than a tree. The relations between these variable are already
shown in Observation 3.3.9 and Claim 3.3.10. So here we directly apply these results to get
that

. -1 . \sing(W)—exc(W) | |Ey (W)
5 24 H Pe H p"fe(f)—1(f) A (30) !
eGEz(W) fEE;(WN\T5(W)
i -1 . \sing(W)—exc(W) | 3exc(W)
H Pe H Pyyisya(h) A (3C)

ecEx (W) FEE;(WN\T; (W)

last inequality by Observation 3.3.9

Therefore
323 < ] E[ ecGl— ] I1 pe
ecE1 (W e€Ex (W
-1 . \sing(W)—exc(W) | 3exc(W)
H p'YZ(f)—l(f) A (30)
JEE;(WN\T; (W)
. . -1 . \sing(W)—exc(W) | 3exc(W)
H Pe H Pe H Pryyipy-1(5) A (3C)

ecE1 (W) e€Ey (W) fEE;(WN\T (W)
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' 2703 exc(W)
. -1 . \sing(W)
<o T ol (5) (3.20)

e€cE(W) FEE;(WN\T;(W)

Before finally bounding the trace power, we make the following observations.

Observation 3.5.10. As a consequence of Claim 3.5.6 for all ¢ € [m], the expected degree
of vertex i satisfies

Dy[i,i] = E[degg(i) | 5] > (m —1) - ¢

We define Struc, to be the set of distinct unlabelled walks of length ¢. Then as a corollary
of Claim 3.3.10, we have

Corollary 3.5.11. The number of unlabelled walks U € Struc, such that e(U) = a, s(U) = b,
and exc(U) = ¢ is at most:
€3(€—b) . EQC'

The result follows by observing that since U is unlabelled, we can remove the m@ <*!

term that counts the number of distinct labelings in Claim 3.3.10.
For an unlabeled walk U and labeled walk W, we say W ~ U if W is a labeling of U in
[m].

Claim 3.5.12. For any unlabelled walk U we have that

-1 —exc(U)—M
Z dw (% H Pe - H Pryyisyr(h) < (m-q) ’

W~U ecE(W) fEE;(WNT (W)

Proof. For each W ~ U we use iy, .. .,1, € [m] to denote the label of each vertex in W in the
order of visit. Then we construct the canonical spanning tree T'(W') by adding each directed
edge in the order of W as long as the edge goes to an unvisited vertex. Use Par(i;) to denote
the parent of vertex i;. Then the j-th edge of T(W) is (Par(i;11),4;11), and use T(W)Y) to
denote the tree consisting of the first j edges of T(W). Then 4,4, is always a leaf in T(W)\@.

T(W) gives rise to a canonical spanning tree T;(W) in the contracted graph G;(W): an
edge f is in T;(W) if and only if every edge in the path (f) is in 7(W). From this fact we
can deduce that

TW)=EW)\ {vep-1(f) : f € E;(W)\T;(W)}.

Therefore, using Observation 3.5.10 we can take a loose upper bound on the contribution of
edges outside of T'(W) and write

Z dW H Pe - H p;@tf)—l(f)

W~U ecE(W) FEE;(W\T (W)

- - Dij
< Z ((m—1)-q) HH(V(U)I=1) H D_J

- wli, 4]
W~U (1,5)ET (W)
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< ). V@)l PPax ”)” 2
((m )-q)” Z H «[Par(i;), Par(i;)] (3:27)

7'La6[m] Jj=2

where a = |V(U)|. Next we show by induction on a that
Z ﬁ D(Par(iy),i;) 1
2 M5 par(iy), Par(iy)]

The base case a = 1 is true by definition. Suppose this is true for a — 1. Then:

a a—1 m
P(Par(ij),i;) . P(Par(iy),ij) ) PPar(iy),ia)
“z:la ]1:[ D, [Par(i;), Par(i;)] i17§_1 JI:Iz D, [Par(i;), Par(i;)] hz::l D, [Par(i,), Par(i,)]
By definition )7, Dﬁ[ﬁﬁ‘zz:;}lgﬁ(ia)] =1, so we have:

P(Par(ij),i;) .
Z H D, [Par(i,), Par(i )]'1_1

Ulyees Zaljz

Finally, observe that ¢ — (|[V(U)| — 1) > exc(U) + H# is at least the number of steps
that use a previously walked-on edge. The way to see this is to observe that the quantity
¢ — ([V(U)| — 1) counts the number of steps to a previously visited vertex. Such a step can
either (1) use an excess edge for the first time, of which there are exc(U) steps, or (2) use a
previously walked-on edge, which must be at least half the steps that do not use a singleton

edge, i.e. at least Z_52((?)steps. Thus we conclude that (3.27) < ((m —1) - q) IO
L—s(U

(m—1)-q) ™27, O

Now we are finally already to bound the expected trace power. Plugging (3.26) into (3.22)
gives:

— sin, 2703 o)
(3.22) = Z ZdW H Pe H p'vif)—l(f)')\ g(W)<T)

UeStrucy W~U ecE(W) fEE;(W)\Ty(W)
_ _t=s) 2703\ V)

< D> ((m=1)-q) W e\ ( . > by Claim 3.5.12

Ue&Strucy

¢ l ¢ c

_tb 27C3

53 SEEED DI R iy

a=1 b=1 c=1 U€&Strucy q

e(U)=a, s(U)=b, exc(U)=c
l l

l - 3 e
= Z Z Z((m —1)- q)’% b _ 2t D) L g2e Yy Claim 3.5.11
a=1 b=1 c=1 )\q(m - 1)
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' t=b
02 27C30% \©
() )
ZZ( (m—l)-q) Ag(m — 1)

32 ¢ 2 ¢
= /3 max 1, (ﬂ) . max /\27 ﬁ—
Ag(m —1) (m—1)-q

By choosing ¢ = log® m, we can conclude that with probability at least 1 — m ™7,

27C3 log* m log* m
_ < ) 2 e ). -5
e~ Bldg |l < (1-+01) - (14 TEREM) sy, 01

Since gm > log®m - logg/Zé : (HTT):S, we have:

|[Ae — E[Ag | /]|l < (1+0(1)) - A O

3.6 The second eigenvalue of the shell walk

The goal of this section is to prove Lemma 3.5.2, and in particular bound |E[Aq | kK] — Rs||
where & ~ (Dip(d).,)*™ is a configuration of m shells, and we have conditioned on r; =
(w,v;) for all 7 € [m].
To make the matrix more amenable to analysis via the coupling-based techniques we use
here, we first observe that the spectral norm we are interested in bounding is equal to the
D

largest eigenvalue of E[D, 'Ag | k] — In T where 7 = mi is the stationary distribution

of the Markov chain described by the transition matrix E[D,, 'Ag | ]. Indeed:
IB[Ag | £] = Rull = [Mmax(B[Ag | £] = Re) = [Muax (BIDx "' Ag | £] — 177)

where the first equality uses symmetry of the matrix and the second equality uses the fact
that the spectra of M and D,,~'/2M D,.'/? are identical. For convenience, let Q = E[Ag | K]
and let @ = D,. *@Q. The following main result of this section implies Lemma 3.5.2.

Lemma 3.6.1. There exists a constant C'> 0 such that for any d = C'logm, any threshold
7 € (0,1) such that q = ¢Dip(d)(1—"’r-_7') > log®m/m, and any constant ~ > 0, with probability
at least 1 — o(m™) over the shells k ~ (Dip(d), . )*"™,

log?d
d

Moo (@ = IxT) <O

In service of proving Lemma 3.6.1, we show:
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Lemma 3.6.2. There exists a constant C' > 0 such that for any d > C'logm, any threshold
7 € (0,1) such that gm > log® m, and any constant vy > 0, with probability at least 1—o(m™")

over the shells k ~ (Dip(d)._)*™
log®d
2 o 2 <
@),.- @), <o(*%").

where (QQ)Z , denotes the i-th row of the matriz QQ.

2T ’

max
i,j€[n]

We show how to prove Lemma 3.6.1 using Lemma 3.6.2 and then dedicate the rest of the
section to proving Lemma 3.6.2.

Proof of Lemma 3.6.1. First, observe that |A|_,. <Q - Tﬂ'T) = \/\)\]max (Q2 — Tﬂ'T). Via
the row sum bound from Claim 3.2.3, Lemma 3.6.2 and the fact that = is the stationary
distribution of Q:

IA] e (Qz - IT('T) <max|[(Q%), —m'

i€n] Il ~— 7 o*

= max||(Q%), - > m(Q7),,

i€[n]

= max Z T ((Q2)z* N (Q2)3*>

i€[n]

1

< max
i,j€[n]

3.6.1 Coupling for the shell walk

In this section we give the proof of Lemma 3.6.2 assuming a few key lemmas. The proofs for
the key lemmas are deferred to the next section.

3.6.1.1 A high-probability condition for

To simplify the upcoming computations for Lemma 3.6.2, we will condition on the following
high-probability event &, over the sample space of the shells &:

Definition 3.6.3. Let &, be the event that for all m shells k; € & in the link, k; < 7, where
n= T(m_%_l : §Dip(d) (T), d) .

Note that the outermost 7(-) refers to the threshold function, rather than the value of the
threshold such that ®p_4)(7) = p.
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Claim 3.6.4. The event &, occurs with probability at least 1 —m ™27,

Proof. By definition, for any shell k;: Pry,<p, (4., [£i = 1] < m™>~'. Our conclusion follows
from taking a union bound over all m shells. O

The conditioning on &, can be folded into high-probability guarantee over x in
Lemma 3.6.2. Thus, for the remainder of the section, we can assume that x obeys event &,.
This will be especially relevant in the analysis of the outlier shells (Section 3.6.2.2).

Claim 3.6.5. If d > C'logm for some constant C' > 0, then n < 1 —¢,, where e, > 0 is a
constant depending only on 7.

Proof. Since T is a constant bounded away from 1, and d = Q(logm), by the lower bound
in Lemma 3.2.8, the quantity m=27"! - ®p,_(4)(7) is at least exp(—C,d) for some constant C,,
depending on v. By the upper bound in Lemma 3.2.8, there is a constant €, > 0 such that
6Dip(d)(1 — &) < exp(—C,d). Since 5Dip(d) is a decreasing function, n <1 — ¢, O

3.6.1.2 “Typical” and “outlier” shells

In the proof of Lemma 3.6.2, we analyze the contributions of “typical” and “outlier” shells
separately.

36logd

Definition 3.6.6. We say that a shell ; is “typical” if 5; € [7, 7(1+a)], for o = -

Remark 3.6.7. « is chosen so that @, when restricted to typical rows and columns, will
resemble a rank-1 matrix. For our eventual choices of d and m, the event that every shell

is typical does not occur with high probability; we will inevitably need to deal with outlier
shells.

3.6.1.3 Total variation bound from similarity of typical rows and scarcity of
outlier columns

To obtain the desired row-sum bound in Lemma 3.6.2, we will prove the following two lemmas
about the matrix . The first shows that outlier columns do not contribute much to the
total row sum of any row:

Lemma 3.6.8. For any d > C'logm for some constant C > 0 and any 7 € [0, 1] such that

qm > log8 m, if Ky <1,
“ 1
5 sz - 1[k outlier] < O (ZZ)

k=1
with probability 1 — o(m™=1°8™).

The second shows that typical rows are similar at indices corresponding to typical columns:
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Lemma 3.6.9. For any dimension d and any threshold T € (0,1), if k;, k; correspond to
typical shells, then for all ¢ such that r, is typical,

2
@< (0 (%))a,

These lemmas are both proven by direct calculation, and we leave their proofs to Sec-
tion 3.6.2.2 and Section 3.6.2.3 respectively.

To illustrate these statements, we provide a schematic of the matrix ) below, organized
into its typical and outlier rows and columns. Lemma 3.6.9 states that the sub-rows in area
(I) of the matrix are all nearly equal to each other. Lemma 3.6.8 says that the sum of its
entries in area (II) or area (IV) is a O (%) fraction of the total row sum.

typical  outlier

(1I1) typical

(II) (V) |} outlier

One straightforward corollary of Lemma 3.6.9 and Lemma 3.6.8 is that the ¢; norms of
the differences between any two typical rows of @ is at most O (%). More formally:

Corollary 3.6.10. For any d > C'logm for some constant C > 0 and any threshold 0 <
7 < 1 such that gqm > log®m, let i,j be rows of Q corresponding to typical shells k;, k;.

Then: o2 d
og
<
<o (%)

based on its contributions from typical columns and out-
1

[@..- ),
with probability 1 — o(m~108™).

©,.- @),

Proof. We split

lier columns.

|@,.- @),

L Z ’QM B QM’ + Z ‘sz - Qj,z

£ typical £ outlier

Lemma 3.6.8 and the triangle inequality tell us that with probability 1 — o(m~'°8™):

Z ‘Qi,e _Qj,f‘ < Z ‘Qi,f‘ + Z ‘Qj,f‘ <O <$>

¢ outlier ¢ outlier £ outlier
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Lemma 3.6.9 tells us that for some constant C' > 0:

Clog*d
‘Qi,é_gj,€’< Z [1+( (Zig _1)]Qﬂ

¢ typical £ typical

C'log*d Z C'log*d
= Q <
45,0

¢ typical

Combining the bounds on >, ..\ |Q,, — Qj z‘ and >, ouier |€,, — Qj e‘ gives the desired
result. O

We can furthermore use Lemma 3.6.8, Corollary 3.6.10, and a coupling argument, to prove
Lemma 3.6.2.

Proof of Lemma 5.6.2. We may assume event £, (that all shells x; < 7), and the outcomes
of Lemma 3.6.8 and Corollary 3.6.10. The union of these three events occur with probability
1 —o(m™ +m™lesm),

Let (X,Et))@o be the trajectory of Markov chain @ starting at vertex a. For any pair

oy =2 1@, - @,

of vertices i,j € [n], we couple Xi(2) and X 1(2) such that they are equal with probability
1-0 <1°gd d) and so by Fact 3.2.6:
log® d
s (7)ot () <o (%)

from which the desired result follows.

We now exhibit such a coupling between X ) and X 2. Observe that X ) and X; ()
are distributed accordlng to (Q)H and (Q) When x; and k; are both typical shells, we
can couple X ) and X; () such that they are equal with probability 1 — O <%> using

Corollary 3.6.10 and Fact 3.2.6. As a result X ) and X ? can be coupled so that they

agree with probability 1 — O (bgTd) When either x; or k; is an outlier shell, though XZ-(I)

and X ]( may have TV distance greater than O (log d) by Lemma 3.6.8 for both random
variables 1 — O(E)—fractlon of the probability mass is over the typical shells. Due to that, we

can couple XZ»(Q) and Xj@) with probability (1 — O(é)) . (1 -0 (log d)) by Lemma 3.6.8.

Thereby we complete the proof.

3.6.2 Relating typical rows and bounding outlier columns

Our next step is to prove Lemma 3.6.8 and Lemma 3.6.9. Throughout this section, instead
of working with @, we will work with @) = E[Ag | &]; it will be simpler to operate on the
entries of Q and later relate them to . We first characterize the entries of Q using the
Di,(d — 1) distribution. -
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3.6.2.1 The conditional expected adjacency matrix

For each pair of vertices i, j € [m], we have

Qij = an,(Kj) = Pr [(v,v;) 27| (vi,w) = ki, (vj,w) = Kyl

Vi, Vi~ pPw

Though ¢,(y) is symmetric in its inputs x,y, we choose this notation because we will often
work with the function ¢,(-), where the input is any value in [7, 1].

Claim 3.6.11. The quantity ¢,(y) is exactly a tail probability of the Di,(d — 1) distribution:

qaC(y) = (I)Dip(d—l) (T(CL’, y))

Proof. Conditional on (v;,w) = x and (vj,w) = y, v; and v; are distributed as v; =
z-w+V1I—22-u; and v; = y-w+ /1 —9%- u;, for u;,u; uniformly random unit

vectors orthogonal to w. Now, observe that the condition (v;,v;) > 7 is equivalent to
T—2Y

(wi,uj) > T and thus the desired statement follows since u,; and u; are sampled

from a space isometric to S%2. O

3.6.2.2 The contribution of outlier columns

The goal of this section is to prove Lemma 3.6.8.

Lemma (Restatement of Lemma 3.6.8). For any d > C'logm for some constant C > 0 and
any 7 € [0,1] such that gm > log®m, if k; < n,

;sz - 1[k outlier] < O (cll)

with probability 1 — o(m~'08™).

The lemma statement is equivalent to the following about Q: for all i € [m],

S Q“:n 1[k outlier] <0 (1)
Zk:l Qik

d
with probability 1 —o(m~1°™). Recalling that we use Z to denote the normalizing constant
from Section 3.2.3, we can define:

1

1
V@ = [ ) 20y = 27 [ ) By () dy
T(l+a 714«

1 1
D(z) = Zl/ :(y) - (1 = )32 dy = Zl/ (1= 492 Dp, 41y (T(x,y)) dy
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By our definitions of N(x) and D(z), and recalling that we condition on &, (Definition 3.6.3)
throughout this section,

N(k;) = E[Qi,z - 1[¢ outlier]], D(k;) = E[Qi,f]

The Z71(1 — 4?)=3)/2 expression in each integrand comes from the probability density over
shells.

First, when k; < 7, we establish that the ratio of the expected sum of outlier @);; and
typical @ is of the desired magnitude of O (é)

Lemma 3.6.12. For any d > C'logm for some constant C' > 0, any constant T € [0, 1], and
any r <1,
N(z) 1
<O|-).
D(x) (d)

The proof is omitted here and can be found in Appendix B of [84]. We are now ready to
prove Lemma 3.6.8.

Proof of Lemma 5.6.8. For convenience, we use N and D as shorthand for N(x;) and D(k;).
We compute a high probability lower bound for the numerator » ;" | Q; - 1[k outlier] and a
high probability upper bound for the denominator » ;" | Q; .

Concentration of the numerator: We first show that »"/", Q; - 1[k outlier| concentrates
around Nm. First, each Qi < 1. Then, Var(Qix) < E[Q}, - 1[k outlier]] < E[Q;y -
1[k outlier]] = N. Applying Bernstein’s Inequality, we obtain:

Pr

3" Qi - 1[k outlier] > Nm + (\/Nm + 1) log? m]
k=1

2
(\/Nm + 1) log*m
%-Nm—l—% . (\/Nm—l—1> log®m

—logm
<m™ %

< exp

Concentration of the denominator: We next show that Z;”Zl Qi concentrates around
Dm. Using a similar bound on variance as above, and applying Bernstein’s inequality again:

2
m <\/ Dm + 1> log®m

Pr Zsz < Dm — <\/ Dm + 1> logm| <exp | —
k=1 %-Dm—i—%-(VDm—Fl)logm

—logm
<m”~ %
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> k-1 Qi k-1[k outlier] .

Thus, with probability greater that 1 — 2m~1°¢™_ the ratio S is at most
k=1"%1,

Nm + (\/Nm—+— 1) log?m
Dm — (\/Dm + 1) logm

We can upper bound this by < O (é), as Lemma 3.6.12 tells us % <O (é), and since
Dm > gm > log® m the first terms in the ratio dominate. O]

3.6.2.3 Relating typical rows

Our goal for this section is to prove:

Lemma (Restatement of Lemma 3.6.9). For any dimension d and any threshold T € (0,1),
if ki, Kj correspond to typical shells, then for all £ such that k, is typical,

2
@< (0 (%))a,

We will translate Lemma 3.6.9 into a statement about @) first. Let ;. and @); . be rows
of @) corresponding to typical shells x;, ;. We will prove that @; . and @), ., when restricted
to typical columns, are nearly constant scalings of each other. Formally, we will prove:

Lemma 3.6.13. For any dimension d and any threshold 7 € (0,1), let k;, k;, ke be typical

shells. Then,
—1 2
G (o) ) (%(ﬂ) €140 (log d)
Qr;(Ke)  \q, (T) d

In other words, this establishes that for any typical shells &;, k;, Ky,

qm("ﬁ@) ~ qﬁi(T)
G, (Ke) G,y (T)

9

where the quantity on the right is a constant ¢;; depending only on x; and «; (not xy).

Proof of Lemma 3.6.9 using Lemma 3.0.13. By the definition of @,

Qi Qi
Q=5 Q= 5w
’ Zk:l Q%k a Zk:l ijk

It suffices to prove that QQ” is close to 1. Expanding (%“ , we can upper bound:

—=J,L ==L

Q LimQik Qe
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_ Qig Yo Qi

Qe 2L Qg
C 10g2 d Gr; Zk typical Qj»k + Zk outlier ijk

<(1+ .
d q”j Zk typical Qi,k + Zk outlier Qiak‘

(7)
(7)
(2 (5) L

’ Clog?d ar; (7)
( ClOg2 d) (qm(T)) (]' + %) (1 + dg > zk typical < ) sz
<1+ :
d qlij (T) Zkz typical ink
C"log*d
d

<1+

d QzE

The first inequality uses Lemma 3.6.13 to boun The second inequality uses the fact

that the outlier entries of @); . and @), only occupy an O ( ) fraction of the /1 norm of each
row (Lemma 3.6.8). The third inequality again comes from an application of Lemma 3.6.13
to relate Q;; to Q; when k is typical. The lower bound follows analogously. n

Proof of Lemma 5.6.15. By definition:
G, (Ke) (QM(T)>_1 _ Do) (T(ki 1)) Poy(a—) (T4, 7))
4k, (Ke) 4k; (7) ‘I)Dip(dq) (T(Hj, /‘66)) CI)D,p(d 1) (T'(ki,T))

Since k;, kj, ke € [1,7(1 + a)], by Claim 3.5.6, all terms of the form T'(z,y) in the above
are lower bounded by T'(7(1 + «), 7(1 4+ «)), which is lower bounded by a constant for large
enough d. Thus, by Lemma 3.2.8:

_ log d T(kj,w0) - T(kiy7) (A (d-1)/2
(3.28) = (1 iO( - )) S Tl (E)
V&;lhere A= (1=T(ki,ke)?) (1 =T(k;,7)?) and B == (1 —T(k;,r¢)2) (1 — T(r;,7)2). We

(3.28)

T(kj, ke) - T(ki,7) iy

‘T(m,w) T(k;,7) 1‘ < 0(a) (3.29)
A 2
B~ 1‘ < O(@) (3.30)

where (3.29) and (3.30) are proved in Appendix C of [84]. Consequently,

€(®)  a(7) ( +0 (logd» -(1£0(a%) - (1£0(da?)

0(2)  ga(T)

logd
d

The term of order da? dominates, and because o = O(-%2%) we conclude the desired result.

]
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3.7 2-dimensional expansion of the random geometric
complex

In this section we prove Theorem 3.1.6.

Theorem 3.7.1. For every0 <e < 1,0 <n < 2eandd = nlogysn, if H ~ Geof)(n, n=1te),

46

m) -expander with

then every link of H is a (% — (5) -expander, and its 1-skeleton is a (1 —

1 1_\/1—exp(—210g§'(1_5)/n) —o (1)
2 1+\/1—exp(—210g%'(1—5)/77) " .

high probability where § =
One of the ingredients in the proof of Theorem 3.7.1 is the spectral expansion of random
geometric graphs, which is a corollary of Theorem 3.1.11 and Corollary 3.4.7:

Theorem (Restatement of Theorem 3.1.8). Let G ~ Geoy(n,p) and 7 := 7(p,d). Then with
high probability G is a p-expander, where

p=(1+0(1))- max{(l + 04,2(1)) - T, l(j;gp_:},

where 04,2(1) denotes a function that goes to 0 as d - 7(p,d)? — oo.
The second ingredient is a bound on the second eigenvalue of the links, proved in Section 3.5:

Theorem (Restatement of Theorem 3.5.1). Let 0 < 7 < 1 be a constant. Let vy,..., 0 ~
caps.(w) and G = gg.(v1,...,vn). Then for q = (I)Dsp(d)( suppose gm > log®m -

3/2 1
q

i)

log . (14;_7)3 and d > C -logm for any constant C' > 0, then for any constant v > 0,

Pr[wg(AG) > 14%7 + 04m(1)| <O(m™).
Proof of Theorem 5.7.1. To show that the links expand, we apply Theorem 3.5.1 in combi-
nation with a union bound over all links. The second eigenvalue bound for the 1-skeleton is
then proved using Theorem 3.1.3, the trickling-down theorem. Let p = n=1*¢, d = nlog, /3N
and 7 = 7(p, d).

Let G := gg_(v1,...,v,) to denote the geometric graph of the collection of vectors used
to generate H. The number of vertices that fall in the neighborhood of a vertex v within G
is m, ~ Binom(n,p), and hence m, > m = pn —2/pnlogn except with probability o(1/n).
For the rest of the proof, we condition on the event that m, > m for all v, which happens
with probability 1 — o(1) by the union bound.

The link H, of a vertex v is obtained by taking G,, the subgraph of G induced by the
neighborhood of v, and then removing the isolate vertices. Note that the isolated vertices
need to be removed since when sampling a random complex, we remove all edges that are
not in any triangles. Our goal is to control the second eigenvalue of all the links in H, and
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we do so by showing bounds on the second eigenvalue of G, for all v. The second eigenvalue
bounds show that with high probability, for all v, the graph G, is connected, and hence
has no isolated vertices. Consequently, H, is in fact equal to G, and the second eigenvalue
bounds port over.

As a first step, we show that G, satisfies the hypothesis of Theorem 3.5.1. In particular,
we show for ¢ == ®p,_(4-1) (11—7)

1 /1 4
q-my > log'm, -log® - - ( +T> . (3.31)
q T

Using Lemma 3.2.8 and the fact that the tail function of a probability distribution is mono-
tone decreasing, we can lower bound g:

_ 1 907, 1 (3\@ 22 161ogd 1 ~
qz (I)Dip(dﬂ) (5) P d_d21 . (Z) . (1 — d—gl ) > Q(ﬁ) ‘n 77/27

where the first inequality holds since 7 € (0, 1], and the last inequality holds by definitions
of d and Z;. We now lower bound 7 by a constant. By Lemma 3.2.8:

T, () \/1 _ exp(—%) > Q(%) P (1 _ 0<1°§d>> > p = Bp, 4)(7),

where the first inequality holds by definition of Z;. Since EDip(d) is a decreasing function,

1—¢)log2
72\/1_@@(_%).
n

1 /1 !
log*m,, - log? = - < * T) < log®n.
q T

Consequently:

On the other hand, gm, > Q(\/ig) -2 > log® n, which establishes (3.31). By (3.31) and
Theorem 3.5.1 with v = 2/e, with probability at least 1 — O(1/n?):

|/\|2 (A\Gv> < L

1+7‘+0()

By the union bound over all vertices, with probability 1 — O(1/n):
|)\\2<121\Gv) < % +o0,(1) Vv é€En]

Henceforth, we condition on the above. Since 7 <1, for all v € [n], each G, is connected
and has no isolated vertices and hence H, = G,,. Consequently

|A|2(2Hv) < LT tou(1)  Yueln].
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Assuming the I-skeleton H() is connected, by the trickling-down theorem (Theorem 3.1.3)

it satisfies: )
~ —— 4o,
M (Aro) < 7275
It remains to bound 7, 7/(1+7) and show H (1) i connected. By Lemma 3.2.8, the following
inequality must be satisfied:

=7+ 0,(1).

Za__(q _ _2\(d-1/2
e T

Since the right hand side of the above is a decreasing function of 7 and plugging in

- O, 4 .
\/ 1— exp(—%) yields a value smaller than p, we know:

2(1 —¢)log 40
<y 11— _— 28 =] - —, .32
T \/ exp( ; ) Y, (3.32)

P <

The function 7/(1 + 7) is an increasing function and hence:

. _ 2(1-¢) log%)
e N
<

+o,(l) == -4
1 +7 = 2(1ﬂ€)1c3gé 2
11— exp(—2=m)

Finally, to show H® is connected, it suffices to illustrate H () a reweighted version of
H® whose normalized adjacency matrix has a spectral gap. We use G' as our reweighting
of HM | which is valid since all edges in G occur in H with probability 1 — o,(1). Indeed,
for every vertex v and neighbor w the vertex w has some neighbor w’ within G,,, which means
{v,w,w'} is a triangle in H causing {v,w} to appear in HY). By our choice of parameters,
the lower and upper bounds on 7 shown in (3.7) and (3.32) respectively, and Theorem 3.1.8,
we know |A2(Ag) < 7+ 0,(1) < 1, which implies H®" is connected, which completes our
proof. O]

3.8 Tightness of the tricking-down theorem

In this section we will show that the trickle-down theorem is tight:

Proposition (Restatement of Proposition 3.1.9). For each X € (0, 1] and n > 0 there exists
a 2-dimensional expander in which all vertex link eigenvalues are at most A for which the
1-skeleton is connected with eigenvalue at least ﬁ —n.

We prove the proposition by showing that a random geometric graph’s adjacency matrix
(when weighted in a regular way) has second eigenvalue at least 7, and then prove that the
random geometric complex indeed satisfies that regularity condition.
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Lemma 3.8.1. Let G ~ Geoy(n,p) generated by vectors vy, ..., v,, and let W be the transi-
tion matriz of any time-reversible Markov chain on G with stationary distribution w. Then
with high probability \o(W) = 7 — 0,(1) — O(dyv (7, Un)Q) where U, is the uniform distribu-
tion on [n].

Proof. When dpvy (m,U,) > 0.1, the statement is vacuously true. Thus, we assume drv (7, U,)
< 0.1 for the rest of this proof. We see that:

L Ballf @) = FOI° _ Ballve —wl° 20— 7(p,d))
5v(@=E Byl f(@) = FOI” T Bogerlve =01 Eagrenllve — vy

f non-constant
(3.33)

1= Xo(W) =

where the last inequality uses that for adjacent z,y, (v,,v,) = 7(p,d). To lower bound the
denominator, observe:

LB vl = 3 w@)nw)2 —20v,) =2 1 Y (rlaen(w)v,)

z,y€(n] x,y€[n]
2 2

=21 wla)v.| | =2{1- Z%vm—kz}(w(x)—%)vw

WV
[\
—_

|

| —
]

8

|

N

Z V|| - drv (7T, Un) — 4dry (7T, Un)2

z€[n] z€[n]

SRS

By standard concentration arguments, H% Y we[n] Vz|| 18 0,(1) with high probability. Plugging

in the lower bound into (3.33) tells us:
1- /\Q(W) < 1 - T<p7 d) + On(l) + O(dTV (ﬂ-? Un)2)7
which can be rearranged into the desired inequality. O]

Armed with this lemma we can prove Proposition 3.1.9.

Proof of Proposition 3.1.9. Let T = ﬁ, which is in (0, 1) for A € (O, %) Using the bounds
from Lemma 3.2.8 we can choose n and d = O(logn) such that for p = ®p_(4)(7), we have
”TPQ > poly logn.

Let H ~ Geo?) (n,p). Since each link contains Binom(n — 1, p) vertices, and (n — 1)p >
poly log n, every link has (n—1)p(140,(1)) = m = np/2 vertices with probability 1—-O(n™1).
Also, $Dip(d) (HLT) > ED;p(d) (1), so m- 6Dip(d) (HLT) > "sz > poly log m, and so the conditions
of Theorem 3.5.1 are met so that by a union bound we can conclude that all links have
second eigenvalue at most 7 + o(1) = A + o(1).
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Simultaneously, for any pair of vertices the number of triangles they participate in are
logn

within a multiplicative factor of 1 + Vo 1 + 0,(1) of each other, as we argue in the
pn

next paragraph. Since the stationary distribution 7 of the random walk on G weighted
according to HM | the 1-skeleton of H, puts mass on vertex v proportional to the number
of triangles v participates in, it must be the case that 7(v) = (1 4 0,(1)) - =. Consequently,
dry (m,U,) = 0,(1), and by Lemma 3.8.1, \y(HW) = 7 — 0,(1) = 22 — 04(1).

We now show concentration for the number of triangles that contain a vertex. Indeed,
the number of triangles that a vertex v participates in is equal to the number of edges in
its link. Using, m, to denote the number of vertices in the link of v, deg(u) to denote the
degree of a vertex u within the link of v, and K to denote the collection of shells that vertices

in the link of v lie in, we have:
| E(Link(v) Z deg, (u

Henceforth we condition on m, achieving some Value in (1 £0,(1))p(n —1). The average

degree of a vertex u within the link of v is at least “2-, and hence by Bernstein’s inequality
each deg,(u) = (1 £ 0,(1)) E[deg,(u)|x,] except with probability O(n™*) since deg,(u)|k,
is a sum of independent indicator random variables. The random variables E[deg, (u)|&,]
are independent and distributed as p(&,)m, where p(k,) is the probability that a uniformly
random vector in cap,(v) falls in cap,(u) where (u,v) = k,. We can show with Bernstein’s
inequality that:

ZE deg, (u)|k.] = (14 o(1)) E[p(k.)|m}

except with probability O(n™*). By the union bound, with probability O(n~1) for all v € [n],

1+ 0,(1)

|E(Link(v))] = ——

Elp(k.)m,

which completes the proof. O]



90

Chapter 4

Hypercontractive inequalities over
epsilon product spaces

In this chapter, we focus on analysis of Boolean functions on high dimensional expanders,
whose systematic study was recently initiated by Dikstein et al. [23]. This continues a long
line of investigation of Fourier analysis of Boolean functions on extended domains beyond
the Boolean hypercube, such as the Boolean slice [96, 42, 43, 46], the Grassmann scheme [29,
72, 36], the symmetric group [45, 40, 20], the p-biased cube [35, 78, 41|, and the multi-slice
[44, 12]. The foregoing extended domains arise naturally throughout theoretical computer
science, and indeed, the study of analysis of Boolean functions on extended domains has
recently led to a breakthrough regarding the unique games conjecture [71, 30, 29, 72].

4.1 Problem background and summary of results

Hypercontractive inequalities are amongst the most powerful technical tools in Fourier anal-
ysis, yielding a plethora of applications in algorithms, complexity, learning theory, statistical
physics, social choice, and beyond (see [94] and references therein). Loosely speaking, such
statements assert that functions of low Fourier degree are “well behaved” in terms of their
distribution around their mean. Concretely, in the Boolean hypercube, the simplest exam-
ple of a hypercontractive inequality is Bonami’s lemma, which states that for every function
f:{0,1}" = R of Fourier degree at most d, it holds that ||f]s < v/37|f]|2-

Alas, in the setting of high dimensional expanders, where the domain is not a product
space and the induced measure is biased, general strong hypercontractivity cannot hold. The
heart of the problem is that some highly local functions, such as dictators (i.e., f(z) = x;),
provide strong counterexamples to hypercontractivity. A similar phenomenon also occurs in
several prominent extended domains, such as the p-biased cube and the Grassmann scheme.

Fortunately, as observed in the setting of the p-biased cube [70], all of the aforementioned
examples are local, in the sense that a small number of coordinates can significantly influence
the output of the function. This led to the definition of ‘global’ functions. For Boolean
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valued functions, these are functions wherein a small number of coordinates can change the
output of the function only with a negligible probability. For real valued functions, this is
captured by the 2-norm remaining roughly the same when restricting O(1) coordinates of
the input. More precisely, consider the setting of a general product measure. Let (V;, ;)
be probability spaces, let Vg = [],.¢ Vi and equip Vs with the product measure, which we
denote by ug. Every function f € L2 (V[k], u) is equipped with an orthogonal decomposition
> SCl] /= known as the Efron-Stein decomposition. The function f=° in the Efron-Stein

decomposition plays a similar role to the function f(S ) xs in the Boolean cube. Using that

analogy we write
=0
|S|<d

and f is said to be of degree d if f = fS% Keevash et al. [69] introduced the following
notions. The Laplacians of f are given by

Lo [f] =Y (=)™ =
728

For x € Vg the derivatives are given by restricting the laplacians

DS,acf = LS [f] (l‘7 ) s
and the (S, z)-influence of f is defined as

Iso [f] = 1Ds [f]II2-

In this setting, a function f is (r,d)-global if || f (x,-) Hg:u[n]\s < 0 for each | S| < r. We remark
that here, being (7, §)-global for a small § > 0 is, in a sense, equivalent to having Is, [f] < ¢’
for a small ¢’ for all |S| < r and all z. In fact, 0,0’ can be taken to be within a factor of 2"
of one another.

In [69], it was shown that if f € L? (V, u) is of degree d, then the following hypercontrac-
tive inequality holds:

1113 < 10001 " Eonys s 117 (4.1)
S

This allowed them to deduce if a function f of degree d is (d, d)-global, then
1£113 < 680007 £115.

Here when setting § = 100]| f<%||3 one gets the statement ||f]|s < C¥||f||2, which replicates
the behavior in the Boolean cube. Moreover, the statement is useful even for larger values
of 6.

In this work, we raise the following question.

Does hypercontractivity hold for high dimensional expanders?
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4.1.1 Main results

We answer the question above in the affirmative. Namely, our main contribution is a hy-
percontractive inequality for functions on the k-faces of an e-HDX. We denote by X (k) the
k-faces of a simplicial complex X, and denote by p the uniform measure on its k-faces.
We define the influences [ 51 and the degree restriction operator (-)<¢ analogously to their
definition on the p-biased cube (see Section 4.4 for precise definition). We then prove the
following hypercontractive statement for high dimensional expanders in the spirit of (4.1).

Theorem 4.1.1. Let X be an e-HDX, and let f € L*> (X (k),u). We have

9 < 200 S (4)S By 52 (112 + O () RIS
1S|<d

In the setting of e-HDX, we say that a function f is (d,d)-global if for each |S| < d, we
have || f (z,-) | L2(v; ) < 0. We show that we can bound the infinity norm of global functions
and obtain the following strong hypercontractive inequality for global functions on e-HDX.

Corollary 4.1.2. For each (,d,k > 0, there exists g = €y ((, k,d) , 00 = do (¢, d), such that
the following holds. Let € < €y,d < 8, let X be an e-HDX, and let f € L* (X (k),u). If f is
(d,d)-global, then we have

175203 < <l

We remark that, in fact, we prove our results in a slightly more general setting, to which
we refer as e-product measures. See Section 4.7 for details.

4.1.2 Applications

As corollaries of our hypercontractive inequality for high dimensional expanders, we obtain
several applications, which we discuss below. See Section 4.8 for more details.

4.1.2.1 Fourier spectrum concentration theorem

Fourier concentration results are widely useful in complexity theory and learning theory. Our
first application is a Fourier concentration theorem for HDX. Namely, the following theorem
shows that global Boolean functions on e-HDX are concentrated on the high degrees, in
the sense that the 2-norm of the restriction of a function to its low-degree coefficients only
constitutes a tiny fraction of its total 2-norm.

Theorem 4.1.3. For each (,d, k > 0, there ezists ¢ = €y ((, k,d), 00 = do (¢, d), such that
the following holds. Let € < €y, < do, let X be an e-HDX, and let f: X(k) — {0,1} be
(d,0)-global. Then

175203 < <l FII3-
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4.1.2.2 Small set expansion theorem

Small set expansion is a fundamental property that is prevalent in combinatorics and com-
plexity theory. In the setting of the p-noisy Boolean hypercube, the small set expansion
theorem of Kahn, Kalai, and Linial [63] gives an upper bound on Stab,(14) = (14,7,14) for
indicators 1,4 of small sets A. The noise stability Stab,(14) captures the probability that a
random edge (x,y) of the p-noisy hypercube has both its endpoints in A. Hence, an inequal-
ity of the form Stab,(14) < ¢||14]|3 for an arbitrarily small ¢ and sufficiently small A implies
that that small sets are expanding in the sense that the random walk makes you leave them
with probability > 1 — (. Our second application is a small set expansion theorem for global
functions on e-HDX, captured via bounding the natural noise operator in this setting. Let
p € (0,1) be a noise-rate parameter. The noise operator is given by

T,f () = > P (1= p)" By [f () lys = 2]

SCIk]

In other words, T, corresponds to the random walk that starts with = chooses a p-biased
random S C [k], keeps zg, and re-randomises z given xg. Our small set expansion theorem
tells us that if we start with a small subset A C X (k) and we apply one step of the random
walk, then we leave A with probability 0.99.

Theorem 4.1.4. For each (,d, k > 0, there exists ¢g = € ((, k,d), 00 = o ((,d), such that
the following holds. Let € < €,0 < do, and let X be an e-HDX. If f: Vi — {0,1} is
(d,d)-global, then

IT,f113 < <lI£l5.

4.1.2.3 Kruskal-Katona theorem

Our last application is an analogue of the Kruskal-Katona theorem in the setting of high
dimensional expanders. The Kruskal-Katona theorem is a fundamental and widely-applied
result in extremal combinatorics, which gives a lower bound on the size of the lower shadow
0(A) of a k-uniform hypergraph A on n vertices. The lower shadow is defined to be the
family of all (k — 1)-sets that are contained in an edge of A. More generally, if A C X (k),
then we similarly let 0 (A) be the family of all £ — 1-faces that are contained in a k-face of
A.

Filmus et al. [45] used their hypercontractivity theorem to prove a stability result for the
Kruskal-Katona theorem. We prove a similar stability result for e-HDX.

Theorem 4.1.5. Let X be an e-HDX, for a sufficiently small ¢ > 0. Let § < (200d)”*, and
let AC X (k—1) be (d,d)-global. Then

p@() > () (14 5.
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4.1.3 Techniques

Conceptually, one can view the theory of expanders and pseudorandom graphs in the follow-
ing perspective: Given a pseudorandom regular graph G = (V, E) and (x,y) ~ E, the goal
is to show that z,y behave similarly to independent random variables x,y ~ V', i.e., as an
approximation of a product space.

In the theory of high dimensional expanders, we are given a distribution p on (k+1)-tuples
by choosing a random k-face (z1,...,x541) of a sparse simplicial complex, and the goal is
again to show that the variables {x;} approximately behave as though they were independent.
Thus, our main objective is to generalise results from the product space setting, where the
x;’s are independent, to the setting of HDX, where we only have local spectral information
about the links. However, such a generalisation yields significant challenges.

One of the fundamental tools for studying the product space setting is the aforementioned
Efron—Stein decomposition. Its role in the analysis of product spaces is that it allows us
to easily generalise techniques from the Boolean cube by replacing the Fourier expression
f (S) xs with the function f=.

Our high-level proof strategy is to develop new Efron—Stein decompositions for HDX. We
show that despite the more involved setting, and despite the fact that we only have mere
local spectral information, we can still obtain similar structural properties as in product
spaces. We now list a few of the challenges that we are facing, which require fundamentally
new ideas and techniques.

Dikstein et al. [23] gave a decomposition of the form f = ZZ:O f=%. We provide a new

decomposition { f= } SCIH such that f =Y SCIK] =5, and despite not having orthogonality,

we can still show that the inner product (=%, f=7) is negligible compared to | f||3. This
allows us to generalise the Laplacians, derivatives and influences, but we have to deal with
the following problems:

o Let F C [k] be a small set. We would like to say that g = > ¢ =9 is supported
on F, but we have no way of knowing that looking at {g:S}SCM, as ¢g—° may be
nonzero even for S ¢ F. This leads to the problem of how to even define the degree of
a function. We would like to say that f<? := Z|S|<d =% is of degree at most d, and
that f is of degree d if f = f<%. Alas, according to this definition the function f<¢ is
not of degree d.

e We can and do define the derivatives Dg, to be the restrictions of the Laplacians. In
the product case the derivatives decrease the degree by |S|, and this is a very desirable
property as our proof goes by induction on d. However, this is no longer true in the
HDX setting.

e We may define the influences by taking 2-norms of the derivatives. However, now it is
no longer true that having small influences is equivalent to being global. This leads us
to the following problem which is the source for all of the difficulty.
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e The spectral information tells us that HDX should behave similarly to product spaces
with respect to the L?-norm. However, we care about L, information when bounding
Il f1l4, and we deal with L.-hypothesis as the globalness notion is about all the restric-

tions. There is no reason for HDX to behave well with respect to L, and even more so
for L.

At first, the above, and especially the last point, seem as fundamental barriers to this
approach.

Nevertheless, we overcome this barrier by developing an alternative notion, which we call
the approximate Efron—Stein decomposition. Our new notion has the following properties
that fix all of the above problems.

o If {fs} scik 18 an approximate Efron-Stein decomposition, then crucially, {fs}gcr is
an approximate Efron-Stein decomposition for ) ¢ » f =9,

e If f is approximately of degree d, in the sense that {fs} is an approximate Efron-
Stein decomposition for f, then the derivative Dg, [f] may be Ls-approximated by
DS,:B [f]<d—\5| :

e We find a way of proving an inequality of the form

]EJUNHSIg,x [f] < 6Eﬂc~us]&z [f] )
without having the traditional hypothesis max, Is, [f] < ¢ at our disposal.

e We show that we may move freely between different approximate Efron—Stein decom-
position up to a small Ls-norm error term.

We believe that our approximate Efron—Stein decomposition provides the desired comfortable
platform for analysing functions on HDX in the same way one would analyze a product space.

See Section 4.4 for a detailed exposition of our approximate Efron—-Stein decomposition,
and see Section 4.5 for a more detailed proof overview of our main hypercontractivity results,
which build on the aforementioned decomposition.

4.1.4 Related work

Simultaneously and independently to this work, Bafna, Hopkins, Kaufman, and Lovett [7]
also obtained hypercontractive inequalities for high dimensional expanders. We remark that
while the main hypercontractive inequalities in both papers achieve essentially the same pa-
rameters, the techniques are completely different. Namely, in [7] the proof strategy follows
the approach of analogous results in the setting of the Grassmann graph, whereas our ap-
proach generalises Efron—Stein decompositions and hypercontractivity for general product
spaces. We further note that our approximate Efron—Stein decomposition extends approxi-
mate Fourier decompositions that appeared in several recent works [67, 68, 23, 1, 61].
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4.1.5 Organisation

The rest of the paper is organised as follows. We start in Section 4.2, where we recall the
notions of hypercontractivity and globalness in general product spaces, as well as provide an
alternative proof of a slightly weaker hypercontractive inequality that is more amenable for
generalisation to non-product spaces. In Section 4.3, we present the framework of e-product
spaces, of which high dimensional expanders are a special case, and we also define key opera-
tors in this setting and show some basic properties they satisfy. Next, in Section 4.4, which is
introducing a new approximate Efron—Stein decomposition and developing a framework for
proving hypercontractivity results using this decomposition. Then, in Section 4.5, we give a
detailed proof overview of our hypercontractive inequalities for high dimensional expanders,
which build on the foregoing framework. In Section 4.6, we define the notions of laplacians,
derivatives and influences in the setting of e-measures, give bounded approximated Efron—
Stein decompositions related to the Laplacians, define globalness, and show that it implies
small influences.. Then, we provide the full proof of our main hypercontractivity results
in Section 4.7. Finally, in Section 4.8, we show how to derive the applications from our
hypercontractive inequalities.
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4.2 Recalling globalness and hypercontractivity in
the product space setting

We begin by recalling the Efron—Stein decomposition, as well as derivatives and Laplacians
in the setting of general product spaces, and state the hypercontractivity inequalities for
product spaces that were shown in [69]. We then give a proof, inspired by [36], of a slightly
weaker hypercontractivity inequality that we will later generalise to approximate product
spaces.

4.2.1 Efron-Stein decomposition

Let (Vi,111) .., (Vk, i) be a probability space. Let p be the corresponding product measure
P ® - @ pg. Foraset S C [k], we write Vg = [[,.¢ Vi, and we write pg for the product
measure ftg = Q);cq ii- The Efron-Stein decomposition is a decomposition of L? (V[k], u) into
2% orthogonal spaces {Wg} SClk] - Every function f € L2 (V[k]7 u) can then be decomposed as

f=> SCIK] =9, where f=° is the projection of f to Wg. The Efron-Stein decomposition is
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characterised by the orthogonality of {Wys}, the fact that ¢ Ws = L* (V, i), and the fact
that the space Wy is composed of functions depending only on S.
The functions =7 also have an explicit formula for z € Vg, where we denote

Asf (2) =B,y [ (0],
where S = [k] \ S. We then write

=5 = Z (_1)|5\T\ Arf.

TCS

The function Ag [f] then has the following neat Efron-Stein decomposition

As[f1=>_ T

TCS

See [94, Chapter 8] for more details.

4.2.2 Notations

We write a = b £ € to indicate that a € (b—€,b+¢). We use a < O (b) to denote that the
inequality holds up to an absolute constant, and a < Oy (b) to denote that the inequality
holds up to a constant only depending on k.

4.2.3 Derivatives and Laplacians

Let g = p; ® -+ - ® ui be a product measure. Let f € L2 (V[k}v ,u) , S C [n]. The Laplacian
is given by the formula

Ls[f1=>_ " => ()" Ayprf.

T2S TCS

For S C [n] and x € Vi the derivative Dg, € L* (Vg, ug) is defined by

Dsuof = Ls[f](z,").

For convenience, we also write Dy f = f. The (S, z)-influence of f is defined as

Iso [f] = [ Dsa [f]1I2-

This includes the case S = &, where we have I [f] := || f]|3-

We now state a few facts from [69] that we generalise. The following lemma, which
appears in [69], shows that the notion of small influences corresponds to small 2-norms of
the restriction of f.
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Lemma 4.2.1. Suppose that Is, [f] < § for each set S of size at most r. Then || f (z, )
< 04" for each S and x € V. Conversely, if || f (x, ) H%w[n]\s
then Is, [f] < 04" for each S of size at most r and x € V.

2
H?#[n]\s
< 0 for each |S| < randx € Vg,

For the above reason they gave the following definition.
Definition 4.2.2. A function f is said to be (r,0)-global if Is, [f] < ¢ for each |S| < 7.

The degree of a function is the largest S, such that f=° # 0. The derivatives decrease
the degrees for the following reason.

Lemma 4.2.3. Dg, [f:T} 15 0 unless S CT, and if S C T, then
Ds. [f77] € W™,

Consequently, if f = Z|S|<d f=9 is of degree d, then Dg, [f] is of degree d — |S)].

4.2.4 Hypercontractivity
The following result is by [69].

Theorem 4.2.4. If f € L?(V, ) is of degree d, then

1113 < 1000) EoLs. [f].
S
To show the implication of the theorem for global functions they use the following in-
equality.
Lemma 4.2.5.
> Eulsa [f] < 29I £113:
S

Proof. The right hand side is equal to

DoILsUAE=)" > I <2t Y115 = 201
S T

S T2S,|T|<d

Combining Theorem 4.2.4 and Lemma 4.2.5, we obtain the following corollary.

Corollary 4.2.6. If f of degree d is (d,§)-global. Then || fS||3 < 620007 f]|3.
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Proof. We have

SC[n]

< 61000y " Byl Tsa 1113
S

< 6200071 £1[3-

4.2.5 An alternative proof of hypercontractivity on product
spaces

We give an alternative proof of the following slightly weaker version of Theorem 4.2.4. The

proof is inspired by a future work by Ellis, Kindler, and the second author [36], who show

that the same idea works in the Grassmann setting. In this paper we show that it generalises
to HDX as well.

Theorem 4.2.7. Let f € L*(V, ) be of degree d. Then

A< 2-97 > (9" E, [Is. [f17] -

IT|<d

4.2.5.1 Proof overview.

Before providing the full proof, we first describe the high-level approach for proving Theorem
4.2.7. The strategy is to first show a lemma that gives the following bound

A3 < CUfIE+ D (4d)™ | Ls [£] 113, (4.2)

SC[n]

for a constant C'. Using this lemma, we can give an inductive proof by first noting
that ||Ls [f] |l = E.l|Ds.||i, and then applying induction using the fact that Dg, is of
degree d — |S|. Finally, using the fact that Dg,Dr, = Dsur,(z,y), We can get our desired
hypercontractive statement.

Hence, the key step is to prove the aforementioned lemma. To this end, we first use the
fact that

E[f] =311/ I3

We then expand the summands of (f2)~° as sums of terms of the form (f=0 f:TQ):S.
Next, we note that the nonzero terms either satisfy 77 N1, NS # & or satisfy T1AT; = S.
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Terms of the first kind are cancelled out by L; [ f]4 for an i € Ty NT5 NS on the right hand
side of (4.2). (The terms ||Lg [f] || appear because of over counting, which we resolve by
inclusion exclusion.) Terms of the latter kind correspond to the situation in the Boolean

cube where =T = f(T) xr and x7Xs = Xras. We then upper bound || (f:Tlf:TQ):S |2 by
1 /=|2]| f=%2]]o. This allows us to translate the problem of upper bounding the terms of
the first kind to the problem of upper bounding the 4-norm of a low degree function on the
Boolean cube. Namely, the function

D 1 laxr

IT|<d

Finally, we use hypercontractivity to upper bound the 4-norm by its 2-norm, which is equal
to the 2-norm of f. This concludes the proof overview.

4.2.5.2 Proof of hypercontractivity on product spaces

We now give a formal proof of Theorem 4.2.7. We shall first need the following key lemma,
which admits the inductive approach.

Lemma 4.2.8. Let f € L?(V, ) be of degree d. Then
1
SIAIE < 9FI + 3 (aa)™ 2 (1112
T+o
We are now ready to prove the lemma.

Proof of Lemma 4.2.8. By Parseval we have

A1 =S ()7 13

We bound each term || (f2)~" ||2 individually. By expanding and using the linearity of the

=5 operator we have
()= ()™

T, T

We now divide the pairs (71, 73) into three sums.

1. We let I; be the set of pairs (77,73) such that ' NTo NS # @. Ifiisin Ty NTo NS,
then the summand ( f=h f:TQ):S appears as a summand when expanding (Li [ f]Q):S .

This explains the role of the Laplacians in the right hand side.

2. We let I be the set of pairs such that T1AT, = S. These kind of pairs have a similar
behavior to the one in the Boolean cube. There f=° = f (S) xs and

F5FT = F(S) F(T) xsar-

We show that the contribution from the pairs in I, is < C?| f||3.
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3. We let I3 = (T1,T») such that either (T7AT3) \ S # @ or S\ (T1 UTs) # &. We show

that in this case (=71 f=7) S0,
It is easy to verify that each pair (T7,T,) belongs to at least one of the sets I, Iy, I3. We
additionally have Iy N [, = &.

Upper bounding the contribution from I;

Let us start by upper bounding the contribution from pairs corresponding to I;. For a
nonempty 7" C S write I; (T') for the pairs (77, T5), such that 7y N Ty O T. Then

(LT [f]Z):S = Z (f=T1 f:TQ):S .

(Tl,TQ)Ell (T)

Now I = J,cs 11 (4) , so as a multiset inclusion-exclusion shows that we have

L=Y (-)""\n@)=>Y ()" n(1).

TCS i€T TCS

We therefore have the equality:

DRl ) BT S G ) L 1 1 el

(Tl,TQ)Ell TCST#w

By the triangle inequality and Cauchy-Schwarz, we obtain that

— — =S il |S| —i T 2\ =5
> T T < Z(i)wsw (Z<4|S|>||(LT[f]) ||§>
(T17T2)611 i=1 TQS

<3 @SN (L (1) 12
TCS

Summing over all S we have

SIS TR <D @)L [ )15
S (Tl,TQ)GI1 T
Upper bounding the contribution from I

We now upper bound the contribution from I,. Let TATy, = S. Then for each S” C S, we
assert that Ag (f:Tlf:TQ) =0. Let i € S\ S'". Then i € T1ATy. Assume without loss of
generality that ¢ € T}. Then

AS’UTQ (f:Tlf:Tz) = fZTQAS'UTQfZTl =0.
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This shows that Ag [f:Tlf:TQ] = 0. Hence,

(P77 = As (F7T) = (P @) T @) g

By Cauchy—Schwarz we have

D G e R D D A A S A

(Tl,Tg)EIQ T1AT2:T3AT4:S

o e N

T ATy =T3ATy=S

N

-
Now, for each (71,73) € I, we have

2

s B 7 0.4

< Eaps (1577 @) [ 1 ]
= Eaz~us||f§T1 I3Es [L£5 15
ol A 1 Ve P
where in the second equality we used the fact that || f=7 (z, ) ||22(W) depends only on z7ng,
S
so these are independent for T' = T} and 1" = T5. This establishes

E (775777 (PP 7] < U el el

Summing over all S, we obtain

Y TSR,y | 21 T

(11, 12)€lz SCln)

<OE (17 lxs)?]|
= o)l

Here the first inequality follows by expanding both terms and the second is a well known
consequence of hypercontractivity in the uniform cube.

Showing that there is no contribution from I3

We recall that I3 consist of the pairs with either (T7AT5)\ S # @ or S\ (11 UT3) # &. Then
we claim that (f=" f:TQ):S = 0. If T; U T5 does not contain S, then

f:T1 f:Tz _ ATlUTQ (f:Tl f:Tz) — Z (f:Tl f:TQ):S/ .

S'CS
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The uniqueness of the Efron-Stein decomposition shows that ( f=h f:TQ):S = (0. Suppose
now that there exists i € (T1ATs) \ S. Without loss of generality ¢ € T;. We then have

Ay (FTRF72) = 77 Apgpay 7 =

In particular, (=" f:TZ):S =0 as for each S C [k] \ {i} we have
P77 A (P77 =0

Combining the contributions from [; and Is.

The lemma now follows by Cauchy—Schwarz. We have

[FES ZH (f)77 )2
<2 X 1A B2 Y 1T

S (T1 TQ)EIl (T1 TQ)GIQ

22 (4d) 7! 1Lz 103 +2- 990 5.
T

Finally, using Lemma 4.2.8, we can derive Theorem 4.2.7 as follows.

Proof of Theorem 4.2.7. The proof is by induction on d. Assume the theorem holds for all
degrees < d — 1. Since Dy, [f] is of degree d — |T'| < d — 1, we have

1
SIAIE <A+ S (D)™ L 1]

T4
=913+ > (Ad) " By | Dro [£] 114

T+

<OfIE+ S 2 91T (4a)™ S By B
T#2 T'C\T

=l fla+ Y 29T (4g) ™R, L, Deor [f] 114
T™TNT'=2

<Y ()" Bayip 17,

TCS
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4.3 Epsilon product spaces and the projection
operators

In this section, we present the framework of e-product spaces, of which high dimensional
expanders are a special case. We also define key operators in this setting and show some
basic properties that they satisfy.

4.3.1 Complexes having e-pseudorandom links.

It is useful for us to consider measures on V; X - - - X Vj rather than pure (k — 1)-dimensional
complexes, which can be identified with subsets S C V*. Instead we identify a set with the
uniform measure over it.

Projected complexes

Let 1 be a probability measure on V; x --- x V. We say that p is a, weighted k-partite,
(k —1)-dimensional complex. Let S C [k] we write ug for the projection of g on S. We write
pi rather than fir;y. We write Vg for the support of g inside [[,.q Vi. We write S for the
complement of S.

Restricted complexes

Let x € Vg. We write p, for the measure on V5 given by

( _ (@)
: ps (@)

We write V,, for the support of p,. We refer to (V,,, u,) as the link of p on x.

e-pseudorandom weighted graphs

Let Vi, V5 be finite sets. A measure o on Vi x V5 can be thought of as a weighted bipartite
graph. We say that u is e-pseudorandom if for each fi: V; — R, fo: V5 — R we have

|]E($17$2)~,u [fl (1‘1) f2 (.1'2)] - EIlNMl [fl (33‘1)] EIQNM [fQ ($2)H
e\/\/aurgclw1 L1 (z1)] Varg,p, [f2 (22)].

N

We let A1 be the operator from L? (Vi, 1) to L? (Vy, ) given by

Apf(r) = Eyp, Lf ()] -

We have the following standard lemma.
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Lemma 4.3.1. The following are equivalent.
1. p s e-pseudorandom
2. || A1z — E|la2 < e

3. The second eigenvalue of AiyA1 is < €2.

e-pseudorandom links

Now let pon Vj x - - - x V.. We say that p has e-pseudorandom skeletons if for each S of size
2 the measure ug is e-pseudorandom.

We say that p is e-product if for each S C [k] of size < k — 2 and each x € Vi the link pu,
has e-pseudorandom skeletons.

In all that follows we assume that p is an e-product measure on V; x --- x Vj.

Inheritance

The definition of e-product makes it easy for inductive type argument for the following
reason.

Lemma 4.3.2. Let i on HleVi be e-product. Let S, T C [k] be disjoint. Then for each
x € Vg, the probability measure (j1;)r = (fsur), s e-product.

Proof. All the skeletons of links of (y1g_.,); are also skeletons of links of s. ]

Pseudorandomness as a measure of independence

Let S,T C [n]. Then we have an operator Agr : L* (Vs, us) = L? (Vr, pur) . The operator is
given by
Asrf (y) = By [f (23) [2zr = 9]

We write A‘SL7T to stress that the operator is taken with respect to u. We write Ag for Ay s,
the operator given by restricting .S and taking expectation.

When S, T are disjoint we expect Agrf to be close to E[f], as in the product case Agr
is equal to the expectation. In fact, we do have the following.

Lemma 4.3.3. Let p be e-product. Let S, T C [k] be disjoint, and let f € L? (Vs, ps). We
have

[Asrf —E[f11 < ST 113

Proof. We prove it by induction on k. The case where £ = 2 is Lemma 4.3.1, so we assume
k > 2. Given a probability space (€, 1) we write 1+ for the subspace of L? (2, i) consisting
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of functions that are orthogonal to the constant function 1. We write HAS,TW for the L?
operator norm of Agr as an operator from 1+ to 1*. Le.

- A
sl = may 252l

et |[fl2
Our goal is to show that N N
[Aszll < V/IS[[T]e.
Discarding the trivial cases

If T = @, then Agy = E and the result is trivial. If SUT # [k] the result follows by

working with the space (Vsur, usur) rather then (Vi ) . We also have HAS,T“ = HAETH
as Asrl = 1. As A = Ars we may assume that [T < [S]. As k > 2 we may therefore
assume that |7 > 2.

Completing the proof in the case where |T'| > 1

Assume without loss of generality that 1 € T'.
Let f € 1+. Using the fact that the equality

I1X15 = E[X]* + | X —E[X] |3
holds for every random variable X we have

|Asr I} = Eypr B2, [f (25)]
= anu HAg'?T\g}f”%
— B B2, S + A% o f — Ep fI3] .

= Boop [Asaf? (@) + 4%, )/ — By fIE]

By induction we may upper bound the right hand side we have

RHS < Equpy [A510/2(0) + 18] |T = 11 €] f132(,,,] -
= [ Asa I + 151 1T = 1] €I
< 1|+ ISHT — 11 €)1£13
= || |71 £11
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Understanding the operators Asr and their compositions

We now deduce that we have a similar upper bound of the form

[Asz — Assnrll2se < VIS |Te.
Corollary 4.3.4. Let S,T C [k], and let f € L? (us). Then
IAsf — Asserfllz < [SHT] |13

Proof. Lemma 4.3.3 covers the case S N'T" = &. This shows that the corollary is true in p,
for each x € Vgnr. Therefore

1Asrf = Assor flls = Bennsor | AG rmsf = Ao f 220
< ST EZEfoH%Z(uz)
= ST €|l f3-

We now show that compositions behave similarly to the product space setting.

Lemma 4.3.5. We have

HATzATl - AT10T2H2H2 < ‘Tl‘ ’T2’ €.

Proof. We may assume that T} N7y, = &. Indeed, if the lemma holds for 77 NT; = @ then
it holds in general. Indeed, write

ﬁ:Tl\T27ﬁ:T2\T17A:[k]\<T1ﬂT2)

Let © € Vpap,. Then we have

(Ar,Ar, ) (z,2) = (Al A% (f (2,))
and
AT1ﬂT2f (513', ) = EyN/Lz [f (:Ca y)] .
Therefore once we prove the case T} N1y, = & it would imply that for each x
EyN,urc (AT2AT1f ([L’, y) - AT1OT2f (x7y))2 < |T1| |T2| 62E9N#xf (l’,y)Q .

The lemma will then follow by taking expectations over .
Let us now settle the case T3 NT, = @. Write T = Ap Apy. Then

T — AT17T2AT1.
Write g = Ap, f. We have ||g|l2 < ||f||2 by Cauchy—Schwarz. By Lemma 4.3.3 we have
ITf —E[f]1I2 = | A r9 — Egll3
< T [T €llgll2
< |TITe| €113
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4.4  Efron—Stein decompositions for link expanders

In this section, we introduce a new approximate Efron—Stein decomposition for high dimen-
sional expanders. In fact, it is more convenient to state and prove our results in the more
general setting of e-product spaces, of which high dimensional expanders are a special case.
We proceed to discuss this setting below.

We first define the Efron—Stein decomposition via the usual formula for it.

Definition 4.4.1. Let f € L? (V,u) and S C [n]. We write
F75= 0 (=) Ay

Tcs)

The functions f=° are defined in terms of the operators Ap. L?-wise the composition of
the operators {Ar}c(, behave similarly to the compositions in the product case setting.
We satrt this section by making use of that and showing that many known facts from the
product setting generalize to the e-product setting up to a small error.

4.4.1 [*-approximations for the Efron—-Stein decomposition

Thinking of € as tending to 0 in a much quicker pace than % Our goal is now to show that
if 1 is e-product, then we have:

1.
A5 = D2 17505 = o (IL£13) -

SCIk]

2. and more generally
(f,9)=> (=075 = o (I fllallll2)
S

One main tool involves the notion of a junta. We say that g: V' — R is a T-junta if g (x)
depends only on z7. Equivalently, ¢g is a T-junta if Arg = g.

Our first step towards the proof is a near orthogonality result between f=7 and ¢=° for
T #S.

We start by a Fourier formula that holds exactly, this is unlike most of the results in this
section that only generalize the situation from the product space setting up to a small error
term.

Lemma 4.4.2. We have

As(f) =) ().

TCS

In particular f = ng[k] =5,
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Proof. We have

> F=20 > (0T Ang

TCS TCST'CT
T\T'|
= Avf > ()"
T'CS T'CTCS
= A.S'f7

where the last equality follows from the fact that whenever 77 # S and i € S\ 7" the pairs
(T, TA{i})

contribute opposing signs to the sum Y ;vcpcg (—1)|T\T/‘ . The ‘in particular’ part follows by
taking S = [k]. O

The following lemma holds even without assuming that u is e-product.

Lemma 4.4.3. We have ||Asr|2m2 < 1 and

17752 < 2911 £l

Proof. The triangle inequality implies that it suffices to prove the former claim. Now by
Cauchy—Schwarz we have

|Aszfll3 = Eonpr Asrf (z)?
:EJCNMT( y~(pa)p f( ))

S Epopr B y~(pa) T (y)

= [If1lz-

Lemma 4.4.4. Let f: V — R, T be a set not containing S, and g be a T-junta. Then

(=%, 9) < eV/ISIITI2® fll2lglla-
Proof. As Ar is the dual to the inclusion operator L? (V) — L? (V[k]) we have
<f:Sag> = <ATf:Sag> .
By Cauchy—Schwarz it is sufficient to show that
|A7 f=5l2 < €|SIIT] 2] £

Now

Apf=8 =" (=) ApAg .

S'CS
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Roughly speaking, we rely on Lemma 4.4.2, which says that ||[ArAs — Apns|la_so is small
together with the fact that

S () A f =0 (4.3)

S'CS

The equality follows by choosing an arbitrary i € S\T and noting that the sets (S’, S’A {i}) g g
correspond to the same term A, 7ns/, while appearing with opposite signs. This shows that
we have

Apf=S =" (=) (ArAs f — Arns f).

S'CS

By Lemma 4.3.5 we have

[ArAs f = Aras fll2 < VIT[[S[ell fll2 < VISTIT el f]]2-

Hence,

1Az =52 < V/ISIT]2"e.

Proof of our near orthogonality result

Corollary 4.4.5. Let T # S. Then (=%, ¢=7) < 225H2Wle|| f[|5]|g |-

Proof. The function ¢=7 is a T-junta. By Lemmas 4.4.4 and 4.4.3 we therefore have the
following chain of inequalities if 7" does not contain S.

(F=5,077) < eVISITRPN fll2lg™ Ml < 2520 £ 2l gl

A similar chain of inequalities holds when S does not contain 7. O

Parseval holds approximately for the Efron—Stein decomposition

Lemma 4.4.6. We have

(f9) = > (=5, 67%) | < 2%l fll2lgll2-
SCIK]
Moreover, if f is a T-junta, then

(fr9) =D (75,75 = 2""e| fll2llg -

SCT
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Proof. We have (f, g) = ngk} (f=5,97%) + > 54T (f=%,97") . By corollary 4.4.5 we have

D (5 < 2% fllalgll-

SAT

For the ‘moreover’ part note that if f is a T-junta, then
(f,9) = ([ AT9) 120y -

We may then apply the first part of the lemma in pr noting that (Arg = ¢~ for each
T CT. O

)

(f:S):S is L?-close to f=7.

f=5 T=5

. Here we have the following
0 T#S

In the product space setting we have (f=) =T _ {

instead:
Lemma 4.4.7. Let g = f=5. Then:

1. If S#T, then
lg™" 113 < 2% €I £113

9= = gll5 < 2"%%€*| £115-

Proof. We have
g = > ()N A Ayt

T'CT,S'CS

h= Y (DI A g,

T'CT,S'CS

Write

By Lemma 4.3.4 we therefore have

[h— g~ la < 2% max || Ar A — Aring:[la-2 fll2 < 2%l f1]2-

Now we claim that A = 0. Indeed, assume without loss of generality that 7" is not contained
in S and let i € T'\ S. Then the terms Apng appears with opposing sums for the pairs 7"
and T"A {i}.

(2)-follows by the fact that

>

T#S

<D g™ lle < 2%ell f]le.

5 T#S

167 — g2 =
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4.4.2 Approximate Efron-Stein decomposition

Again think of € as tending to 0 much more quickly than % We now define a notion of

(cv, €')-approximate Efron—Stein decomposition. We show that a version of Lemma 4.4.6 still
holds for these approximate Efron—Stein decompositions.

Motivation

One reason that demonstrates our need for an approximate Efron—Stein decomposition is as
follows. Let f<4 = >15|<d f=5. Then we do not have

<d\=% _ f:S ’S‘gd
(=) _{0 S| >d’

but we would nevertheless like to work with the decomposition { =3 }‘ §l<q 85 AN approximate
Efron—Stein decomposition for f. We capture that notion as follows.

Defining the (a, ¢')-approximate Efron—Stein decomposition
Definition 4.4.8. We say that {fs} scpk 1S an (o, €')-approximate Efron—Stein decomposi-
tion if

Lo[[f]lz < o

2.
1= fslla < €,
S

3. For each S there exists hg with ||hg|l2 < a and

Ihs™ = fsll2 < €.

It turns out that we have an approximate Parseval theorem for every approximate Efron—
Stein decomposition.

Lemma 4.4.9. Let oy, s, 61,65 > 0. Suppose that f has an (aq, €1)-bounded approximate
Efron—Stein decomposition {fs} and g has an (oo, €)-bounded Efron—Stein decomposition

{gs}. Then

< 2% (eran + 20 + earay) .

‘(f,9>—z<fs,gs>

S
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Proof. For each S C [k] let ﬁ«,ﬁg be with ||}::5'||2 < aq, |[gs]ls < s

Hf,?s - fSH2 < €1,

and
1957 — gsll2 < e
Let B
fo=15"95=75",
fl'=> 1%
SC[k]
and
=) gk
SC[k]

By Lemma 4.4.5 we have

:Z fSagS Z <fé;g&“>

S#TC[k]
S

Now by Cauchy—Schwarz

<fug> = <f/7gl> + <flvg_gl> + <f - flvg>
= (for o) £ (2%earaz + | f'll2llg = g'll2 + I1f = F'll2llgll2)
S

= Z (fs,95) £ (26k€041a2 +2%aes + 61042) ;
S

where the last equality used

172 < D7 Nf4lle < 260y < 2%ay,

which follows from Lemma 4.4.3.
To complete the proof we note that we similarly have

(fo:9s) = (fs:9s) £ | fsll2llgs — gsllz + 11 fs — fsll2llgsll
= <f57gS> + aey + Qkﬁl&g.
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The above approximate Efron—Stein decomposition works well when we care about Lso-
norms. We actually care about closeness in higher norms specifically 4-norms. Our strategy
when wishing to upper bound ||f — f’||4 is to use the inequality

1F = U5 < I = 12U Nl + 1 o)

Where we hope that the L?-closeness is sufficient to overcome the loss of using infinity norms.
We would therefore like everything to have a relatively small infinity norm.

Definition 4.4.10. We say that {fs} is a (5, «, €')-bounded approzimate Efron-Stein de-
composition if it is an («, €' )-approximate Efron—Stein decomposition and moreover for each
S:

155 loos | f5lloos [ flloc

are all < 3. Here h;s is as in Definition 4.4.8.

We now show that the different Efron—Stein decompositions of a function f are all close
in L4.

Lemma 4.4.11. Suppose that {fs},{fs} are (B, a,€)-bounded approzimate Efron-Stein
decompositions for f. Then

1.
1fs = £5115 < Ok (¢)” + O ()
2.
Ifs — felli < Ok (€28%) + Oy (ea®5?)
3.
| Z (fs = fs) ll1 < Ok (€°6%) + Ok (205?)
S
4. and

1F =D fslli < Ok (€28%) (@ + |1 £113) -

SClk]

Proof. (3) is an immediate corollary of (2). (4) also follows immediately from (3) by setting
ft = =% while applying it with 2¥3 rather than 8. Indeed, ||~ < 2% fllee < 2%8.
Therefore { = } SCIA] is a (Qkﬁ,oz,O)—approximate Efron—Stein decomposition for f. (2)
follows immediately from (1) as we have

I fs — fslli < Ilfs — fsll3ll fs — fllZ

and || fs — f§]l3, < 48%.
We now prove (1).
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Reducing to the case that fi = f=°

First we assert that we may assume that f§ = f=° for each S. Indeed, {f:S} is a (6, «,0)-
Efron—Stein decomposition. By the triangle inequality we have

1fs = fsllo < 1 fs = F =52 + 1F 75 = fell2,
which implies (by Hélder) that
I fs = fsll3 < 2l fs — F515 + 201 F75 = fslls.

This shows that it is sufficient to prove the theorem when {fs} = {f=°} and when
{f&} = {/=°} . Without loss of generality we may assume that f; = f=5.

Reducing to the case that fg = hES
Let hs be with ||hslls < « and ||fs — h5®|]2 < €. Setting fs = h5® we obtain by the
triangle inequality that { fs}sc[k} is a (5 , (2"3 + 1) ¢ )—bounded approximate Efron—Stein
decomposition for f. We have

I fs = F=515 < 201 fs = fsl3 + 21 fs = F=5 N2 < 2¢ + 20| fs = =5

Therefore it is sufficient to prove (1) when fg is replaced by fg

Proving the lemma when fs = hg® and fi = f=°

By Cauchy—-Schwarz and Corollary 4.4.5 we have:
(fs =150y => {fs =175, 17")
TC|k]

=(fs =27+ (= w55 1T

T+S
= (fs— =5, f7°) + O) (ec?) .
Again by Corollary 4.4.5 and Cauchy—Schwarz we have:

(fs—f75.f) = <fs - ) fT> = <fs 1= fT>
T T
= (fs— 75, fs) + Ok (e®) + || fs — [7|2€.
Rearranging we obtain,

Ifs = =513 < O (€) (I1F=5 = fsll2) + O (e0?) .

This shows that
Ifs — =23 < O (6/)2 + Oy (6@2) .
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4.5 Proof overview

Building on the framework we established in Section 4, we can now give a proof overview
for our hypercontactive inequality on high dimensional expanders. Recall that in the setting
of direct products, we first prove a key lemma, (Lemma 4.2.8) and then use it to derive the
theorem via an inductive argument. We now give a sketch of how to generalise this approach
to the e-product setting.

4.5.1 Generalising Lemma 4.2.8

Recall that we would like to show a lemma of the form
1A1E < COlFIIs+ (4d)*" || Ls [£] I3
S

We instead show a similar lemma that holds up to a small error term of Oy (e|| f|13]| f1I%):

1 < < <
SIS <Nz +4 30 (AT ILF 115 + Or () LA IZI 12 (4.4)

0<|T|<d

However, first note that we do not have a useful notion of a low degree function. Instead
we work with
fRt= 0
1S|<d
In turn, instead of Lg [f] we have

L'n=>,

T28,|T|<d

We show that when expanding

()7 = S (rmy ™.

11, T

there are three kinds of terms: (1) terms that vanish in the product space setting, but here
they do not; (2) terms with 73 N 75 NS # @; and (3) terms with T1AT, = S.

Our high-level approach is to show that the same proof as in the setting of product
spaces works up to an error term. We accomplish that by expressing everything in terms
of our operators {Ag}, and we then replace equalities that hold in the product space by
Lo-approximation of the form

|AsAr — Asarllzse < Ok (€) .

At first glance, it might appear that this approach would not suffice, as we eventually would
like to upper bound 4-norms of terms, or 2-norms of expressions involving the product of two
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functions such as ( f=hf :TQ)S . Nevertheless, we are able to accomplish that via inequalities
of the form

A3 < N1

We then use the fact that all our terms are bounded by O, (|| f||« ), and our Le-approximations
involve ¢, and therefore beat the Oy (1)-terms. This allows us to generalise Lemma 4.2.8 and
prove (4.4).

4.5.2 Applying induction

After having an inequality of the form

P10 < O+ D () LS LA,
S

we would like to use a similar idea to the one we used in the product space setting; that
is, restrict S to some x € Vg, and then apply induction for the function Lfd [f] (z,-). The
problem is that the restricted function L§?[f] (,-) is no longer of degree d — |S|, and hence
we can no longer use induction.

We overcome this problem by using the notion of our approximate Efron—Stein decompo-
sitions. Namely, we show that L§d has two different approximate Efron—Stein decomposition.

The first one is
=T
{f }TQS,\TKd’

and the other one replaces f=7 by the function fr

() = (L [f] ()7 ().

We then obtain that Z‘TDS ri<d I (x,-) is of the form D;}iﬁlﬂ

induction similarly as in the product space setting.

After applying induction we get the compositions of two derivatives, and we are again
able to translate them back to expressions of the form E,., g, by showing that Dg,Dr,
and Dgur,(z,y) are both approximate Efron—Stein decompositions of the same expression.

The remaining step is to upper bound the influences. We achieve that by generalising
the inequality

, which allows us to use

Euops [12.] < 01Ls [f] 12

from the product space setting, where crucially, we obtain that without upper bounding
1.2 o-
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4.6 Laplacians, influences, and globalness on epsilon
measures

In this section, we define the notions of laplacians, derivatives and influences in the set-
ting of e-measures, give bounded approximated Efron—Stein decompositions related to the
Laplacians, define globalness, and show that it implies small influences.

4.6.1 Defining the Laplacians, derivatives and influences

Definition 4.6.1. We define the Laplacians via the formula

Li[fl = — Appia -
Lemma 4.6.2. We have
Lilfl=)_f=.
53i
Proof. This follows immediately from Lemma 4.4.2, which shows that

A 1= D 75
SCEN\ {7}

Definition 4.6.3. We define Lg [f] = > "5 f=". Alternatively,

Ls[fl = Z (—1)|T| A[k]\Tf-

TCS

Let © € Vs. We let Dg, = Lg [f] (z,-), i.e. the function in L?(V}, u,) obtained by plugging
in x in the S coordinates. We let

Ise [f] = 1 Dsa 11 2va )

4.6.2 Bounded approximated Efron—Stein decompositions
related to the Laplacians

Lemma 4.6.4. . There exists C = Oy (1), such that {f:T}TDS is a (C|flloos Clfll2,0)-
bounded approximate Efron—Stein decomposition for Lg[f]. -

Proof. We have
155 <D AT f oo < 2591 £l

TCS
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and

1Zs [/l < D 147 F oo < 21 floc-

TCS

The other properties are easy to verify. O]
Let f € L? (Vig, ) and let gr € L? (Vip, pr) be given by
gr (z) = Ira [f].
Then gr can be interpreted interms of the Laplacians and the averaging operators as
gr = Ar (Lt [f]%) .

Suppose that {fs} sci 1s @ (B, «, €' )-bounded approximate Efron—Stein decompositions for

fand set Ly [f] = > ¢-r fs. The following lemma essentially shows that the function

2
Ar (LT [f] ) is a good Lo-approximation for the function gy. This can be interpreted by

saying that the generalised influences could be computed via any (8, a, €')-bounded approx-
imate Efron-Stein decomposition for f.

Lemma 4.6.5. Let {fs} and {fi} be (B, «,€)-bounded Efron-Stein decompositions for f.
Then
2 2
bar (S 55) 1 <2bar () 18404+ 0s ).
ST ST
Proof. By Cauchy—-Schwarz we have
2 2 2
(Zfs> <2 (ng> +2 (ng—fs> .
ST ST SoT
Therefore
2 2 2
| Az <Z fs) I3 < 2] Ar (Z fé) I3 + 2| Az (Z fs— fs) 13-
SOT ST SOT

Now since Ar contracts 2-norms (Lemma 4.4.3). We have

2
2[|Ar <Z fs— fs) I3 <20 fs = fslli:

SOT SOT

Lemma 4.4.11 now completes the proof. O
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We now show that Lemma 4.6.4 is a special case of a more general phenomenon. When-
ever {fs} sci IS @ (B, a, € )-bounded approximate Efron—Stein decomposition for f, we obtain

that { fT}T;S is a (E, &,E) -bounded approximate Efron—Stein decomposition for suitable
values of B, a, €. We show the following.
Lemma 4.6.6. There exists C' = Oy (1), such that the following holds. Suppose that

{fT}Tg[k] is a (B, €')-Approzimate Efron-Stein decomposition for f. Then {fr},g is
a (CB,a, C (€ + ar/e))-Approzimate Efron-Stein decomposition for Lg[f].

Proof. The only requirements that are not automatically inherited from f are the upper
bounds on | Ls [f] ||, and on ||[Lsf = > ;g frll2. The former inequality follows from the
inequality

IZs (] oo < 2 £l < 2°5.
While the latter follows from Lemma 4.4.11 and the triangle inequality:

Lsf =Y frlle =11 (f=" = fr) Il

T8 728

< Z 1/~ = frll2

728

< Ok (€) + O (an/e) .

4.6.3 Low degree functions and truncations
Definition 4.6.7. We define the low degree part of f by setting
=N
|1S|<d
we define the low degree Laplacians of f by setting

L= >,

SOT|5|<d

We now show that if { fT}Tg[k] is a (5, «, € )bounded approxiate Efron—Stein decomposi-

tion for f, then we may turn it into an Efron-Stein decomposition for f<¢ and L§d [f] in the
obvious way.

Lemma 4.6.8. There exists C' = Oy (1), such that the following holds. Suppose that
{fT}Tg[k] is a (B, «, €)-Approximate Efron—Stein decomposition for f. Then
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1. The functions {fT}\T\gd are a (CB,a,Ce + C€¢)-approzimate Efron-Stein decomposi-
tion for f<°.

2. the functions {fT}|T|QS,\T|<d are a (CB,a,Ce + C€)-approzimate Efron-Stein decom-
position for L§d [f].

Proof. 1t is sufficient to prove (2) as (1) is the special case where S = @. By Lemma 4.4.11,
we have

| fr = 17"l < Ok (€) + Oy (Vea).
Hence, by the triangle inequality we have

ILS (A1 = > frlla< D I = frlle

T28,|T|<d T2S,|T|<d

= Ok (6/) + Ok (\/EO() .
Moreover,
ILS (e = D> 7"

T28,|T|<d
k

[e.9]

max | =5l

<2
<4 flloo < 458

4.6.4 Globalness

Unlike the product space setting the two possible definitions of globalness are not equivalent.
It turns out to be more convenient to work with the notion concerning the restrictions.

Definition 4.6.9. We say that f is (d, §)-global if for each |S| < d and each = € Vs we have

”f (x’ ) HLQ(szﬂaz) < 5

Claim 4.6.10. If f is (d,d)-global and e is sufficiently small, then for each T of size < d we

have
1= < 21715,

Proof. This follows from the triangle inequality once we show that ||A7 f|l« < d for each
T' C T. Indeed, for each x we have

AT/f (-1') = E(Vz,uz)f (.1', ) < Hf (x> ) HLQ(Vz7uz) <.
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Lemma 4.6.11. Suppose that f is (d,)-global. Then {f:S}\SKd is a (k%0,] f||2,0) -bounded

Efron-Stein decomposition for f<9.

Proof. We have || f=%|| < 290 by Claim 4.6.10. We also have

1o < SISl < K96,
The rest of the conditions hold automatically. =

Definition 4.6.12. We say that f is of (3, a)-degree dif f =} 5, fs and fs = hg® where
sl < a. [h5% e < B and [|f]l2 < o, || fllo < B.

If f=3"51<afs is of (B, a)-degree d as above, then {fs} is one (3, o, 0)-bounded Efron-
Stein decomposition for f. We now show that in this case the canonical { =3 }I Sl<d is also

(8, €)-bounded Efron-Stein decomposition for the right parameters.

4.6.5 Other approximate Efron-Stein decompositions for
<d
LT [f] ) LT [f]
Definition 4.6.13. We define the low degree derivatives for T C [k] and = € Vp

Dy LP (1) = L (Vi )

via
D35 [f] = L3 [f] (@)
The low degree influences for 7' C [n] and x € Vr are defined by

Iz [f1 = ILF 1] (2, ) 2y )

We now move on to the critical lemma for our inductive approach. In the product space
setting our inductive approach relied on the fact that Dy, f is of degree < d — |T'| whenever
f is of degree d. Here we show that L [f] has an alternative (3, «, €)-bounded approximate
Efron-Stein decompositions {fs} ¢~ that gives rise to a function

Llf)= >, 1

S2T,|S|<d

with the property that for each « Ly [f] (x,-) is of degree d — |T|.
Lemma 4.6.14. Let fs (z,y) = D;’i\T[f] (y). Then for each f:

1. The set {fs}g~r is a (C||f|loe, C|| fll2, Cel| f||2)-bounded approximate Efron-Stein de-
composition for Ly [f].
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2. The set {fs}sor51<a 18 @ (C|| flloos C[[ |2, Cel| f||2)-bounded approximate Efron-Stein
e e T<d
decomposition for L3 [f].

3. If 7" O T, then the set {fs}sop is a (C flls, C|| f]l2, Cel| f||2)-bounded approximate
Efron Stein decomposition for Ly [f] .

4. The set { fs} o7 |51<a 18 @ (C[| floos C fll2; C€[| f||2)-bounded approximate Efron-Stein
o =4 \<d
decomposition for Ly [f].

5. If fis (d, 0)-global. Then {fs}s57 5/<q 18 @ (C0, C| f|l2, C€| f[|2)-bounded approximate
Efron-Stein decomposition for L5 [f] .

Proof. Due to Lemma 4.6.8 (1) implies (2)-(4). By Lemma 4.4.3 all the operators A; contract
oo-norms. We therefore have

Ifslloo < max 25| Dy fllog = 25 L1 flloo < 251 flloc-

To complete the proof it is sufficient to show that

1fs = £l < Ox (€l fll2)
as this will also imply that

I s = Lol =113 fs = 3 £51s

SDT SDT SDT
= O (el fll2) -
We have
fS — Z (—1>|S\S,| AS’LTf-
5'CS
= Z Z (_1)‘S\S/|+|TI‘AS’A[k}\T’f.
S'CST'CT
Write
h = Z Z (_1)|S\S’|+\T'|AS/\T/JC
S'CST'CT

Then by Lemma 4.3.4 we have
Ifs = hll2 < Ok (€) [| f]]2-

We then observe that whenever S’ 2 T' the inner sum corresponding to it is 0. In this case
there is some ¢ € T'\ S" and T", 7" U {i} appear with alternating signs and correspond to the
same term Agn 7. Therefore we have

h - Z Z <—1)|S\S/|+‘T/| AS’\T’f = Z (—1)'5\5”‘ AS//f = f:S.
TCS'CST'CT S"CS

This shows that || fs — f=|l2 < Oy (¢) || f||2, which completes the proof. O
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4.6.6 Globalness implies small influences

In the product space setting we had ||I7.|/o < 4%6% and we used it via the inequality
Eonpr [I10] < Bonr [I1]470% = 4°6|| Lz [f] [ (4.5)

See the proof of Corollary 4.2.6. Here we find a convoluted way of proving an analogue of
(4.5) without having any upper bound on ||/7.||« at our disposal.

Lemma 4.6.15. Suppose that f: Vi — R is (d, §)-global, and let |T| < d. Then

Eonpir (I [£])?] < 277 6°Eapp I70 + Or (€] £1I3) -

Proof. Write g (z) = Ir,[f]. Then g = A7 [(Lr [f])ﬂ . We would like to upper bound
lg]/3- We accomplish that by upper bounding ||¢||3 by E[gg”] for a function ¢” with a small
0O-norm.

By Cauchy—Schwarz we have

Le[f <27S" A [f]?
T'2T
This shows that
g <2M N " Ar [(Ar f)?] (4.6)

T'CT
on all x. Let us denote by ¢’ the right hand side of 4.6. Also let

g// — 9l Z Agpr [(AT’f>2} .

T'CT

Then in the product space setting the functions ¢’, ¢” would have been equal. Here we have
an L?—approximation between them.

Claim 4.6.16. ||¢’ — ¢"||> < Oy () || f||3.
Proof. As (Ap f)? is a T'-junta we have

(Arf)* = Ap [(Ar )]

By Lemma 4.3.4 we have
|Ar A — Ararr]|a—2 < Ok (€)

We therefore have
|A7 [(Az £)*] = Azea [(Ar £)*] 113 < Ok (€) | (Az £)* 113
< Ok: (62) ||f“j117

as Ap contracts 4-norms. Therefore,

lg" = g"ll2 < Ok (&) I fII3-
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As 0 < g < ¢ we have

E[¢°] <Elggl <E[¢"9)+E[(¢ —9¢")g].

By Cauchy—-Schwarz we have

El(g —¢") gl <Illg = d"ll2lgll2 < Ok (e) || f1I3]lg]l2-

Now either
E[g°] <2E[g"g] (4.7)

or
E [¢°] <2E[(¢'—¢") g] < Ok (&) [ fII3Nlgll2-
In the latter case we have
lgll3 < Ok () I 113 (4.8)

after rearranging. We can now sum the upper bounds of (4.7) and (4.8) corresponding to
each of the cases to obtain the upper bound

E [¢°] <2E[g"g] + Ok (¢*) I 13-

that is true in both cases. The following claim completes the proof.

Claim 4.6.17. ||¢"|| < 246
Proof. By Cauchy-Schwarz we point-wise have (Azf)* < Ap (f?). We therefore have
Arear [(Ar £)?] < Aper Are (f2) = Areae (f?) < 62

This shows that ||g”||o < 2902 O

The same proof works for the truncated influences.

Lemma 4.6.18. Suppose that f: Vi — R is (d,d)-global. Suppose additionally that e <
€o (k). Then we have

By [(FEL1)] € 2547 E sy [154] + Op (@UFILISIE)

Proof. Write
g1 (2) = || (D [f)T13.

We now proceed with the following steps.



CHAPTER 4. HYPERCONTRACTIVE INEQUALITIES OVER EPSILON PRODUCT
SPACES 126

2
Upper bounding E,,, [([Tgi [f]) in terms of ¢

By Lemma 4.6.14 the functions

{Dr. 117}

is an alternative (Ogl| f|lso, Okl fll2, Ok (€| f]|2))-bounded approximate Efron—Stein decompo-
sition for L3 [f]. Therefore by Lemma 4.6.5 we have

Eomir [175 1/1°] < 2Bampr [01 ()] + O (ell FIBNF112) - (4.9)

|S|<d—|T|’

Repeating the proof of Lemma 4.6.18

Now by Lemma 4.4.9 we have ¢; (z) < 2[7, for each z, provided that e is sufficiently small.
Write go () = Ir, [f]. Similarly to the proof of Lemma 4.6.18 we let

95 =2/ Z Ar [(AT/f>2]

T'CT

and let
gg = 2‘T‘ Z ATﬂT’ [(AT/f)2j| .

T'CT

By Cauchy—Schwarz we have

191113 < 2E [g192) < 2E [g195) < 2E [g195] + 2E 91 (¢5 — g5)] -

Now either
lg1ll5 < 4E [g591],

which would imply
lg13 < 4E[g501] < 2720 [g1]

by Claim 4.6.17, or
91113 < 4E (g1 (95 — 95)] < 4llgullzllgs — g5]l2
and rearranging, we obtain
91113 < 16]lg5 — 95115 < O (€1 £112)
by Claim 4.6.16. This shows that

lgalls < 27726E [g1] + O (¢*[I1I3) - (4.10)
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Moving back from ¢; to ITgi

By Lemmas 4.6.14 we have

| (D [FD = DELLA11E < O (€11 £113)
yielding

E[g:] < 2[D3% [f113 + Ok (€[1£13) (4.11)
= 2Borpur I35 [f]1+ Ok (€2) 1 113

by the triangle inequality and Cauchy—Schwarz. By combining (4.9), (4.10) with (4.11) we
obtain

< 2]l g1l + O (ell FIZNFII3) -
< 2M0°E [g1] + Ok (€1 £ 111 F112) + Ox (€*11£113)
< 2T%E [g] + O (€] FI3N F1I%) -

Bopr (17 []7]

The lemma now follows by putting everything together. O]

4.7 Proving hypercontractivity for epsilon product
measures

We suggest revisiting Section 2 before reading this section. Our strategy is the same as in
the product case, and we deal with the differences by appealing to the tools developed in
Sections 3-6.

4.7.1 Upper bounding ||f<%|} by 4-norms of non-trivial
Laplacians and || f<%|3

We now move on to preparing the ground for the proof of our hypercontractive inequality.

Lemma 4.7.1. Let f be (d,6)-global. Suppose that € < €y (k). Then we have

1
SIFE <=l +4 D ()™ ILE [A1F+ O () IFIBIAI

0<|T|<d

Proof. Let g = f<. By Lemma 4.4.9 we have

lglli <2311 (6®) ™ I3
S
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We now upper bound || (¢2)~ ||2. We have
CERED SR
IT1|<d,|T2|<d
Let
1. L={(T,T»): Th'NToNS # T} .
2. I, = (T, 1) : TLAT, = 8)
3. 1y =(TIAT,)\S# @ or S\ (T1UTy) # @.

Our first step is to show that the contribution from I3 is negligible. This is to be expected
as in the product space setting we were able to show that the contribution from I3 is 0.

Claim 4.7.2. Let (T1,T5) € I3. Then

L) 212 < O () 1FIRI IS

Proof. Suppose first that (T1ATy) \ S # &. Then without loss of generality we may assume
that there is some ¢ € T \ (T, U S). By Lemma 4.4.9 we have

1y s\ =S P
I8 < 20 Appgsy (F7F772) 113
Now
Appgy (FTF72) = (Apn (F77)) £
By Lemma 4.4.7 we have
_ o \=T"
[ App i S~ 2 < Z () 2 <Ok (e) ]I f]2
T'%i
This shows that
[ Awpgy (725 < M Appga S~ 31772112
< O (€) IFIZIF13.

Suppose now that S\ (T3 UTy) # @. Let i € S\ (T3 UTy) . Then the function g = f=1 f=72
is a 77 U Ty-junta. This shows that ¢ = Ar,un,g.
Hence by Lemma 4.4.7 and the triangle inequality we have

— =S
9= N2 = || (Arumg) ™ |2

<Y )7k

TCThWUT,

< Ok (€) [lgll2-

It now remains to note that ||glla < |/~ 2/l £~ ]lo0 < 2% || fll21l £l 0 m
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We now move on to our next step of upper bounding the contribution from the pairs in
1.

. —T =T\ =S T|+1 < 2\ =5
Claim 4.7.3. Y ryep, (=) = Ypes (D (L3 1F17) 7 113
Proof. The proof is exactly the same as in the product case so we omit it. O]

It now remains to consider the contribution from I, i.e. the case TYAT, = S . Here just
like the product case it is sufficient to show the following claim

Claim 4.7.4. Let T1AT; = S. Then we have

T = S _ _
) 7 e < 27 2l 7 M2 + O (&) 11201 1loos
provided that € is sufficiently small.

Proof. First let S” C S. As T1AT, = S, there exists i € (T1AT3) \ S’. Without loss of
generality ¢« € T7. By Lemmas 4.4.9, 4.4.7, and 4.4.2 we have

1As (7 1) |1 < 2l Asum (F7F7) |l
< 2[ Asum S 2
<

Ok (&) [ £ l1211flloc-

By the triangle inequality this shows that

) 7 < Y0 () Ay (171 ).
=
< NAs (F72F72) o + Ok (€) | Fllall flloo

We now upper bound || Ag (f=7 f=72) |,
By Cauchy—Schwarz for x € Vg we have

AS (f:Tlf:TQ) (iL‘) = <f:T1 (33', ) ) f:T2 (I’, .>>L2(Vz“u/z)
< (@) e 17772 () 22 ) -

This shows that
A5 (F7F7) 1B < Eas 157 ) Baru 1™ @) aiy] - (412

We have

2

Hf:Tl (z,-) ||%2(Vz7uz) = Ag [(f:T1)2] = AgAnp, (f:Tl)

By Lemma 4.3.4
|AsAp — Asar ||l2—2 < Ok (€) .
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Hence,

| As Az (F77)" = Aser, [(F77)°] 13 < O (1577 1)
<O (ENFIBIFI1Z) -
By Cauchy—-Schwarz this shows that

RHS of (4.12) = <ASAT1 (f~1)%, As (f:T2)2>

= <ASOT1 (f:Tl)Q ) AS (f:T2)2>L2(Vs7MS)

+ O (ell Fllall Fllso) 1 As (£772)7 |12

L2(VSHU‘S)

As we have )
1As (F772)7 113 < Ok (I1£117) < Ok (IF131IF11%) -

Therefore,
=T p=T> 2 =T 2 =T5 2
45 (FP ) 15 < (Asem (57" 45 (F72)) L

- <ASmTl (£ Asem, (f:T2)2>

+ O (el FIRIFII%)
+ O (el FINfIIS) -

L2(p)
Now ) )
Asery (7)) = Asem Az, (F772)
and || Agnr, A, — Ella2 < € by Lemma 4.3.4. Therefore we similarly have
72 T\ 2 “TN2 e
(Asry (F7)" Asor (F72)°) = (Asem (/) 157 13) + On (el FIBIFIZ,) -
= 72BN 715 + Ok (el FIRIFIIZ) -

L% ()

This completes the proof of the claim.
The rest of the proof is the exactly the same as in the product case setting. O]
Now the only thing to remains is to apply the inductive hypothesis.

Theorem 4.7.5. We have || f</||1 < 207 3, g ., (4d)* Boryo I3 [ + Ok () | I3 £11%-

Proof. The proof is by induction on d. By Lemma 4.7.1 we have

1F5005 < 2- 9 F =S + 2 D @) IZF (A1 + On (O NFIGNSIZ.  (4.13)
S+

Write gso (y) = (Dsa [f1)S ™ (y) . Then by Lemma 4.6.14 and Lemma 4.4.11 we have:

E.[|D55 (1113 < 2Eallgslli + Ox (€) I 111 FI12
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By induction, we have

lgs.2ll3 < 2071 > ()T Bypr 17, [95.0) + Ok (€) 9523|952 (4.14)
TNS=0,|T|<d—|S|

By Lemma 4.6.14 we have ||gss|lcoc = Ok (||f|loc). By Lemmas 4.6.14, 4.4.11, and 4.4.9 we
have

Eonusllgsol3 < 2Eanys [ DSSFI3 + Ok (¢2) IIF113 (4.15)

<
< Ok (II£115)

Taking expectations over (4.14), and plugging in (4.15) we obtain:

Eollgsalli <2 > (4d) " Eqyyousor 12y [950] + Or (6) I FIBIFI1%.

TNS=2,|T|<d—|S|

By Lemmas 4.6.14 and 4.4.11 we have

E(a)nsor Ly 1950] = Bapros Lros.. 191+ Ok (€2) 1 FI31LF112-

Hence,

- SN\S < 2
E,llgslli <2075 > (ad)* R, (IS 1)+ O (o) IFIBI 11
S'28|8'|<d

This gives

_ ' 2
E[|DS% 115 <2207 >~ (4d)* By, (I5% 1) + Ok () IR F11Z
S'28|S'|<d

The proof is now completed by plugging this inequality in (4.13). Indeed, we have

1F<05 < 2 9% £1I5 + O (ell 131 F11%)
4 Z <4d)|5| .9.904- 15l Z (4d)|5’\5\ E.ep., (I;C,lz [f])Q

0<|S|<d S'D8|8|<d
S < 2
<20 Y (D) E.yy, (IS [£])” + Ok (el FIBIFIIZ) -
|S7|<d

4.7.2 The case where || f|« is large

Here we show a hypercontractive inequality whose error term does not include the factor
| flloo- This may be useful when || f||o is significantly larger than 4.
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Theorem 4.7.6. Suppose that f is (d,§)-global, then
[0 < 2090 Y 7 (4d) T B IS5 17 + On (6°) [1£113-

1<
Proof. By applying Theorem 4.7.7 with f<¢ rather then f and using || f<¢||o, < & we obtain
<d 2
()™ <200 (4d) By 153 [£5]7 + O (6%) |1 /115
15]<d

The theorem now follows from Lemmas 4.6.11, 4.4.11 and 4.6.5. O]

Theorem 4.7.7. Let € < ¢y (k) be sufficiently small. Suppose that f is (d,d)-global. Then
we have
1F<413 < (100d)" 6°(| <13 + Ox (6*€[1 £113) -

Proof. By Theorem 4.7.6, Lemma 4.6.18, and 4.4.9 we have
2
P03 <207 ) (4d)  Banyg (155 [F])” + Ok (€1 FI311F11Z)

|S|<d
<20 ) 0 (8d)T 8B (152 [£1] + O (el FI31 £11%)
IS|<d
<200) 8D Y TS+ Ok (el FIBIFIZ)
|S|<d T28,|T|<d
< (40)" 6 Y =TS + On (ell FIIA 1)
|T|<d

< 2(40d)" 6| f<UI3 + O (el SN FI3) -

4.8 Applications

In this section, we show our applications of the hypercontractive inequality on high dimen-
sional expanders, which we have shown in the previous section. The applications follow in a
fairly straightforward way, and hence we present them with brevity.

4.8.1 Global Boolean functions are concentrated on the high
degrees.

Fourier concentration results are widely useful in complexity theory and learning theory. Our
first application is a Fourier concentration theorem for HDX. Namely, the following theorem
shows that global Boolean functions on e-HDX are concentrated on the high degrees, in
the sense that the 2-norm of the restriction of a function to its low-degree coefficients only
constitutes a tiny fraction of its total 2-norm.
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Corollary 4.8.1. If f: Vg — {0,1} is (d, §)-global and € is sufficiently small. Then

LF<13 < (O (V) + (200) 5% |1 3
Proof. By Lemma 4.4.9 we have

175 = (F5 f) = Ox (e) [ £113-
We also have by Theorem 4.7.7

LY <Nl
< (100d)* 8% /7=l 1y + O (VELAIZIAINS ) -
2(100d)" 52 /[ FI12[| £l + O (VEIL£I13)
< (200d) 53| 112 + Ok (Vel £12)

The Corollary completes the proof of Theorem 4.1.3.

4.8.2 Small-set expansion theorem

Small set expansion is a fundamental property that is prevalent in combinatorics and com-
plexity theory. In the setting of the p-noisy Boolean hypercube, the small set expansion
theorem gives an upper bound on Stab,(14) = (14,7,14) = E[la(x)14(y)] for indicators
14 of small sets A, which captures the probability that a random walk starting at a point
r € A remains in A, hence showing that small sets are expanding. Our second application
is a small set expansion theorem for global functions on e-HDX, captured via bounding the
natural noise operator in this setting.

Definition 4.8.2. Let p € (0,1). Given € Vj; we let N, (z) be the distribution where
y ~ N, (x) is chosen by choosing a random set S where each ¢ is in S independently with
probability p, then choosing z ~ (1, and setting y = (xg, z) . We then set

Pf ( ) yNNp(:r)f

Alternatively we can use the averaging operators to give the following equivalent definition:
k: S
Z p\SI 5] Ag[f].
SC[k]

We have the following formula for the noise operator, which is similar to the one in the
product space setting.
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Claim 4.8.3. We have T, f = > ¢ pl*l f=5.
Proof. We have

T,f =Y (1 —p)""* As[f]

SCK]
VAl She
SCIK] TCS
- Z ZpISI (1— p)k—\S\
TC[k] S2T
DI
TC[k]
O
Via a standard argument we have the following bound on the noise operator.
Lemma 4.8.4. We have
IT I3 < 1F5N5 + (o7 + On () 1L £15-
Proof. This is immediate from Lemmas 4.8.3 and 4.4.9. ]

Our small set expansion applications are as follows.

Corollary 4.8.5 (Small set expansion theorem). If f: Vi — {0,1} is (d,d)-global. Then

IT, 713 < (o + (1000)" 5% + Ok (VE) ) I

Proof. This follows immediately from Lemma 4.8.4 and Corollary 4.8.1. O]

4.8.3 Kruskal-Katona theorem

Our last application is an analogue of the Kruskal-Katona theorem in the setting of high
dimensional expanders. The Kruskal-Katona theorem is a fundamental and widely-applied
result in algebraic combinatorics, which gives a lower bound on the size of the lower shadow
of a set A, denoted 0(A) = {z: y < z, for some y € A}.

We first consider the natural up-down walk in our setting.

Definition 4.8.6. The operator corresponding to up-down random walk is

k
| k-S| ,_
T=2> A=) —— 7
=1 S

By applying the approximate Parseval inequality (Lemma 4.4.9), we obtain the following
claim.
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Claim 4.8.7. We have

(F=T1 5 > NP 0@ 171

By our Fourier concentration theorem, (Corollary 4.8.1), we have the following lower
bound on the 2-norm of the high degree part of f.

Claim 4.8.8. Let § < (200d) %, and € < ¢ (k) be sufficiently small. If f: Vig — {0,1} is
(d, d)-global. Then

1
LF=115 = 17115
Combining the above claims we get the following.

Claim 4.8.9. Let § < (200d) **. We have

d
(=T 2 S

We are now ready to prove the Kruskal-Katona theorem in the setting of high dimensional
expanders.

Corollary 4.8.10. Let X be an e-HDX, for a sufficiently small ¢ > 0. Let § < (200d)7d,
and let A C X (k—1) be (d,d)-global. Then

(00 = () (14 31).

Proof. Let f =14. We have

(f=Tify=_ Pr  PrincAngd

<Priocd(A), f(n) ¢ A
= 1 (9(A4)) — n(A4).
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Chapter 5

Conclusion and future directions

So far in the thesis we explore the geometry of HDXes by constructing HDXes from random
complexes with latent geometry and showing isoperimetric inequalities for HDXes. In this
chapter we look at a few open directions related to geometry and applications of HDXes.

5.1 Geometry and high-dimensional expansion

5.1.1 Other manifolds/complexes

In Chapter 3, the random geometric model over S?~! fits in the broader framework of random
restrictions of simplicial complexes: starting with a dense high-dimensional expander X, we
sample a subset of vertices S of X to produce the sparser induced complex X[S].

We have shown that X[S] inherits the spectral properties of X itself, and we’ve lever-
aged this to show that for any polynomial average degree, one can produce a 2-dimensional
expander by taking a random restriction of X the sphere in a particular dimension and
with a particular connectivity distance. We hope that this framework might help us identify
additional natural distributions over sparser and/or higher-dimensional complexes. More
specifically,

Is there a simplicial complex X whose random restrictions yield high-dimensional
expanders whose links have eigenvalue < %, of sub-polynomial or polylogarithmic
degree?

5.1.2 Other approaches to discretization

One interpretation of the construction in Chapter 3 is that the random geometric model
Geoy(n,p) gives a random discretization of high-dimensional spheres that preserves local
and global expansions of the continuous spaces.

However this random discretization approach fails to give bounded-degree local-spectral
expanders. Even to ensure that the resulting random discrete graphs are connected, we need
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to set the average degree of this model to polylogarithmic in the number of vertices. The
average degree needs to be even higher to further guarantee global and local expansions.

Another drawback of this approach is the hardness in generalizing the spectral analysis to
dimensions greater than 2. In order to bound the local expansion of 2-dimensional complexes,
we have to carefully use concentration of random points in a geodesic ball. Extending the
analysis to higher-dimensional links would require showing similar concentrations for more
complicated shapes. So we ask,

Are there randomized or deterministic constructions of local-spectral expanders
that avoid the two problems above?

5.2 Coboundary and cosystolic expanders

Just as local-spectral expanders are the generalization of spectral expansion to simplicial
complexes, coboundary expanders are the generalization of combinatorial expansion to sim-
plicial complexes. Although there are many known examples of coboundary expanders such
as the complete complexes, spherical buildings, and random clique complexes, all these d-
dimensional coboundary expanders are polynomially dense when d > 2.

Can we construct bounded-degree d-dimensional coboundary expanders for any
constant d?

Many known coboundary expanders are face-transitive. Current technique for showing
coboundary expansion hinges on both this symmetry and the fact that these complexes have
poly(n) average degree. So to prove the property over asymmetric constructions and/or
sparser complexes, one should consider new approaches for such problems. One natural
question is

Do any of the known constructions of local-spectral expanders have non-trivial
coboundary expansion? For instance, does the random geometric model yield
2-dimensional coboundary expanders?

Cosystolic expansion is a relaxation of coboundary expansion that turns out to be useful
for constructing codes and explicit hard instances for Sum-of-Square algorithms [28, 99, 75,
27, 25, 59]. Many of the known algebraic constructions of sparse local-spectral expanders
are also known to be cosystolic expanders [90, 66].

One known connection between different types of HDXes is that a d-dimensional simplicial
complex is a cosystolic expander if it is a local-spectral expander and every vertex’s link is
a (d — 1)-dimensional coboundary expander [37]. Some applications in testing require a
complex to have both local-spectral expansion and cosystolic expansion. One open question
is

Is there a simpler characterization for complexes with both expansion properties?
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5.3 Beyond constant-dimensional simplicial
complexes

5.3.1 Superconstant dimension

We have mentioned many constructions of HDXes. So far when computing sparsity and
expansion, we have treated the dimension parameter d as a constant. Thus by “bounded-
degree complex”, we mean that the number of d-dimensional faces in the complex is Og(n).
However, when considering using HDXes to construct tests for relations over superconstant
size alphabet, one needs to take into consideration the dependency on d. The question here
is

For d = polylog(n), are there d-dimensional local-spectral or coboundary ez-
panders with n®*) k-dimensional faces for every k € {0,...,d}?

5.3.2 Chain complexes

Simplicial complexes have been the focus of this thesis. However, high-dimensional expansion
can be easily defined for more general chain complexes. One such instance is the Grassmann
complexes. Recall that in a complete simplicial complex x, the face set x(i) is all size-
(¢ + 1) subsets of {1,...,n}. In a Grassmann complex X, the face set X (i) is all (i + 1)-
dimensional subspaces of a vector space IFZ. We call any subcomplex of a Grassmann complex
a Grassmann-type complex. Notions defined on simplicial complexes such as link and local-
spectral expansion generalize to Grassmann-type complexes.

Grassmann-type complexes have a natural correspondence with polynomial codes. Indeed
sparse Grassmann-type complexes with local-spectral expansions are candidates of locally
testable polynomial codes with good rate and distance. In this direction the major open
question is

Can we find locally testable polynomial codes with constant rate, relative distance,
and arity via constructing locally expanding Grassmann-type complexes?
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