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Preface

The goal of this book is to give an introduction to expander graphs and their ap-

plications. It is therefore related to the books of Lubotzky [78] (and his Colloquium
Lectures [79]), of Sarnak [101], and of Tao [109], and to the detailed survey of Hoory,
Linial and Wigderson [54]. Each of these is a wonderful source of information, but we

hope that some readers will also find interest in special features of this new text. I hope in
particular that the discussion of the basic formalism of graphs and of expansion in graphs,
which is more detailed than is usual, will be helpful for many mathematicians. Of course,
others might find it just pedantic; for these readers, maybe the variety of constructions of
expander graphs, and of applications (some of which have not been discussed in previous
books) will be a redeeming feature.

The first version of these notes were prepared in parallel with a course that I taught
at ETH Ziirich during the Fall Semester 2011. I thank all the people who attended the
course for their remarks and interest, and corrections, in particular E. Baur, P-O. Dehaye,
O. Dinai, T. Holenstein, B. Loffel, L. Soldo and P. Ziegler. Also, many thanks to R. Pink
for discussing various points concerning non-concentration inequalities and especially for
helping in the proof of the special case needed to finish the proof of Helfgott’s Theorem
in Chapter 6.

The text was continued (including both corrections and changes and the addition of
some material) for a short course at TU Graz during the Spring Semester 2013. Many
thanks to R. Tichy and C. Elsholtz for the invitation to give this course.

The final version arose also from teaching various minicourses in Neuchatel (“Ex-
panders everywhere!”), Lyon (“Colloque Jeunes Chercheurs en Théorie des Nombres”),
and during the Ventotene 2015 conference “Manifolds and groups”. I thank the respective
organizers (A. Valette and A. Khukro for the first; L. Berger, M. Carrizosa, W. Niziot,
E. Royer and S. Rozensztajn for the second; S. Francaviglia, R. Frigerio, A. lozzi, K.
Juschenko, G. Mondello and M. Sageev for the last) for inviting me, and especially A.
lozzi for the last one, which was especially enjoyable in view of its setting. The last step
was teaching a course again in the Spring 2016 at ETH Ziirich; thanks to B. Loffel and
to J. Volec for their help and corrections at that time.

I also thank M. Burger, J. Ellenberg, C. Hall and A. Valette for many discussions re-
lated to expanders (and their applications) over the years, and finally I thank N. Bourbaki
for his kind invitation to talk in his seminar about expanders and sieve.

Finally, this work was partially supported supported by the DFG-SNF lead agency
program grant 200021L_153647.

Ziirich, October 2017.

For the reimpression in 2021, some minor corrections have been made. Thanks to C.
Ballantine, A. Isakovic, E. Fuchs, A. Tran and M. Litman for sending some of them.

Ziirich, March 2021.



CHAPTER 1

Introduction and motivation

This short chapter is highly informal, and the reader should not worry if parts are
not immediately understood, or are somewhat ambiguous: we will come back with fully
rigorous definitions of all terms later.

Our goal is to introduce ezpander graphs. The outline is roughly the following: (1)
we will explain the definition, or precisely give three definitions and show that they are
equivalent; (2) we will then give different proofs of the existence of expanders (which is
by no means obvious from the definition!), first the original one (based on probabilistic
methods) and then three others (with more or less details); (3) we will then present
some of the remarkably varied and surprising applications of expanders, with a focus in
“pure” mathematics (this part is to some extent a survey, since explaining from scratch
the context in all cases would require too much space).

We begin with a brief informal outline of the definition of expanders, and some of their
applications. Hopefully, the reader will be convinced that it is a story worth knowing
something about, and turn to the rest of the book...

To start with, graphs seem very intuitive mathematical objects. For the moment, we
consider them in this manner, while in the next chapter we will give a formal definition.
So we view a graph as a set V of vertices, and a set E of edges joining certain pairs (x,y)
of vertices, and we allow the possibility of having multiple edges between x and y, as
well as loops joining a vertex x to itself. We visualize graphs geometrically, and think
of the edges as ways to go from one vertex to another. For our purpose, these edges are
considered to be unoriented. One can then speak of “which vertices can be linked to a
given vertex z”, or of the distance between two vertices x and y as the length of the
shortest sequence of edges starting from x and ending at y.

Graphs enter naturally in many concrete problems as models for real-life objects,
possibly using different conventions (e.g., oriented edges). Here are a few examples:

e [Transport network]| In a given geographical area (a town, a country, or even
the earth) one often visualizes the transport possibilities within this area (pos-
sibly restricted to certain means of transportation, such as trains, tramways,
subways, planes, roads) as a graph. For instance, Figure 1.1 represents the well-
known tramway network of Ziirich in 2012. This graph has no loop but it has
many multiple edges since a number of lines travel in parallel in certain areas.

e [The brain] Viewing neurons as vertices and synapses as edges, the brain of
an animal is — in a rather rough first approximation — also a graph. To the
author’s knowledge (gathered from the internet...), the only species for which
this graph has been determined in its entirety is the nematode Caenorhabditis
Elegans (a worm of size approximately 1 millimeter, see [120]); this contains 302
neurons and about 8000 synapses. Determining this graph was done by White,
Southgate, Thomson, Brenner [118] in 1986 (and corrected in 2011 by Varshney,
Chen, Paniagua, Hall, Chklovskii [117], from which paper the figure is taken).
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FIGURE 1.1. Ziirich tramway network (Wikipedia, Author: mateusch, license
Creative Commons Attribution-Share Alike 3.0 Unported.)

FI1GURE 1.2. The nervous system of Caenorhabditis FElegans

e [Relationship graphs| Given a set of individuals and a relation between them
(such as “X is a relative of Y or “X knows Y or “X has written a joint paper
with Y”), one can draw the corresponding graph. Its connectedness properties
are often of interest: this leads, for instance, to the well-known Erdos number
of a mathematician, which is the distance to the vertex “Paul Erdés” on the
collaboration graph joining mathematicians that have a joint paper. Genealogical
trees form another example of this type, although the relation “X is a child of
Y” is most naturally considered as an oriented edge.

Expander graphs, the subject of these notes, are certain families of graphs, becoming
larger and larger, which have the following two competing properties: (1) they are fairly
sparse (in terms of number of edges, relative to the number of vertices); (2) yet they are
highly connected, and in fact highly “robust”, in some sense.

There are different ways of formalizing these ideas. We assume given a family of finite
graphs T',, with vertex sets V,, such that the size |V},| goes to infinity, and we first formalize
the condition of sparsity by asking that the degree of I',, be bounded by some constant
v > 1 for all n, i.e., for any n, any vertex x € V,, has at most v distinct neighbors in V,.
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If we think of graphs as objects that might be realized physically (as a communication
network with physical links between vertices), with a certain cost associated with each
physical edge, this assumption means that increasing the number of vertices (by taking a
larger graph I',, from our family) will increase the cost linearly with respect to the increase
in the number of vertices, since the number of edges of T, is at most v|V,,|. Clearly, this
sparsity is important if one constructs a tramway network...

The second condition satisfied by expander graphs generalizes the property of con-
nectedness, which would simply mean that one can go from any vertex to any other in
the graph, by at least some path. One natural strengthening is to ask that such a path
is always rather short, which means that the maximal distance in the graph between two
points is much smaller than the number of vertices. However, this is not sufficient to
define an expander, because a small diameter does not prevent the existence of a “bot-
tleneck” in a graph: even though the graph is connected, there might well exist a rather
small subset B of edges such that the graph obtained by removing B (and all edges with
at least one extremity in B) is disconnected. To avoid this, one wishes that any subset
V' C V, of vertices should have many connections with its complement W =V, — V,
i.e., there should be many edges linking vertices v and w with v € V and w € W. Even
more precisely, expanders are determined by the condition that, for some constant ¢ > 0,
independent of n, the number of such edges should be at least cmin(|V],|W]) for all
(non-empty) subsets V' C V,,, and for all n.

This definition of sparse, highly connected, robust, families of graphs is obviously
quite strong. It is by no means obvious that they exist at alll In fact, as we will see,
most elementary explicit families of graphs that one might write down do not satisfy the
required condition. Nevertheless, expander families do exist, and in fact exist in great
abundance (this was first shown using probabilistic methods.) Moreover, it is maybe even
more surprising that they turn out to appear in many different areas of mathematics, and
lead to extremely remarkable results in unexpected directions. For these applications, the
existence question for expanders often re-appears in a different way, because one typically
has little or no possibility to choose the graphs involved, and one must prove that the
ones which do appear are, indeed, expanders. This explains why we present different
approaches in Chapter 4:

e The original probabilistic approach;

e The recent construction of Ramanujan graphs by Marcus, Spielman and Srivas-
tava (these are, in a certain precise sense, “best possible” expanders);

e The proof using Kazhdan’s Property (T) that Cayley graphs of finite quotients
of SL3(Z) form a family of expanders;

e And finally the proof that (certain families of) Cayley graphs of SLy(Z/pZ) are
expanders, when p runs over primes, a beautiful result that is the combination
of the work of Helfgott and Bourgain-Gamburd.

Most of these constructions have already appeared in textbooks: for Property (T), see
for instance the book of Bekka, de la Harpe and Valette [7, §6.1], or the accounts of

Lubotzky [78, §3.3, §4.4] and Sarnak [101, §3.3]; an elementary proof of expansion of
certain (very special) Cayley graphs of SLo(Z/pZ) is given by Davidoff, Sarnak and
Valette [31]; and finally Tao [109] provides a general proof of a vast generalization of the

last approach. In fact, the last result is clearly the most delicate, and our account is mostly
contained in a separate chapter. We hope that this will provide a good introduction to
the ideas surrounding this area, which has been spectacularly successful (and important)
in recent years.



Here are some easily-described applications of expanders that should already give of
hint of their surprising ubiquity:

e [Barzdin—Kolmogorov; Embedding graphs in space] One of the first men-
tion of expanders, together with a proof of existence, is found in a paper of

Pinsker [95] from 1973, and indeed until a few years ago, most references quoted
this as the first appearance of expander graphs (see, for instance, the sur-
vey [54]). However, as pointed out by L. Guth, an earlier work of Barzdin

and Kolmogorov [5] contains a definition of a class of (directed) graphs which is
extremely close to that of expanders, and a similar probabilistic proof of their
existence. The motivation of this work is a very nice result which is well worth
describing in some detail: roughly speaking, the starting point is the fact that
any finite graph can be realized in R? (with points as vertices and smooth curves
as edges), and the question raised by Barzdin and Kolmogorov is: “How small a
volume does one need to realize a graph I" in R? as above, if we view the vertices
and edges as having a fixed thickness?” By this, they mean that the vertices
must be placed at points located at least at distance 1 from each other, and any
non-adjacent edges must also be separated at least by such a distance. Barzdin
and Kolmogorov first show, constructively,' that one can always do this for a
3-regular graph in a volume about n%?2 (in fact, in a sphere of radius approxi-
mately y/n), and they next show that this result is best possible; for this last
goal, they define expander graphs (or a variant thereof) and show that a 4-regular
expander cannot be realized in a volume less than n%/?; finally, by proving that
“random” graphs are expanders, they conclude that their upper bound is indeed
best possible. We will prove a variant of this fact in Section 5.1; see [5] for the
original paper, and the recent work of Gromov and Guth [48, §1.1] for a modern
re-interpretation and many generalizations.

e [The brain as expander| There is some speculation that the brain, as graph,
has good expansion qualities. Indeed, Barzdin and Kolmogorov mention in their
paper that part of their motivation was related to thoughts about the graph
structure of the neurons in the human brain, and recently L. Valiant [115] has
proposed algorithmic models of computation for the brain based on graphs, and
requiring good connectedness properties. He states:

In [5,14] it is shown that algorithms for the four random access tasks
described above can be performed on the neuroidal model with realistic
values of the numerical parameters. (...) In order that they be able to
do this certain graph theoretic connectivity properties are required of
the network. The property of expansion [15], that any set of a certain
number of neurons have between them substantially more neighbors
than their own number, is an archetypal such property. (This property,
widely studied in computer science, was apparently first discussed in
a neuroscience setting [16].) The vicinal algorithms for the four tasks
considered here need some such connectivity properties. In each case
random graphs with appropriate realistic parameters have it, but pure
randomness is not necessarily essential.

! Indeed, this explicit construction seems to have been the best-known part of the paper, in some
parts of the computer-science community, where constructing physical networks in as little space as
possible is rather important...
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FIGURE 1.3. Some knots

The reference [15] is the survey [54] and [16] refers to the paper of Barzdin—
Kolmogorov.

[Gromov—Guth; Knot distorsion] A remarkable application of expander
graphs to the construction of “complicated” knots was uncovered by Gromov
and Guth [48, §4]. Again, the statement is easily understood, even if the con-
nection with expanders is rather hard to see at first! We see a knot as the image
of a smooth map k : [0,1] — R3, which is injective on [0, 1] and satisfies
k(0) = k(1). Gromov introduced an invariant, called the distorsion, to measure
the complexity of a knot: it compares the distance between points of k£ when
computed by following the knot itself, and by seeing the points as being in R3?,
and is given formally by

dist(k) = sup di(k(s), k(?))

o<s<1 [|[k(s) — k()|

where the norm on the denominator is the euclidean distance, while the distance
in numerator is the intrinsic distance on the image of k, i.e., the infimum of the
length of a curve v : [0,1] — R? such that the image of 7 is contained in the
image of k, and such that v(0) = z, y(1) = v.

A question of Gromov was to construct knots k such that dist(k) is large,
and in fact such that it is large even if k is deformed arbitrarily. Formally, this
means that one considers the “intrinsic” distorsion of k as defined by

idist(k) = inf dist(k’),

where k&’ runs over all knots that can be obtained from k& by “smooth” defor-
mation. As Gromov and Guth explain, it is very hard to construct knots with
idist(k) arbitrarily large. The first examples were found by Pardon [93], and
they are explicit but very special. Gromov and Guth show that sequences of
knots k,, constructed using special manifolds which are related to certain types
of expander graphs always have a large distorsion, and in fact that if k, comes
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from a family (T',) of expander graphs, we have
idist(k,,) = ¢|Ty|,

for some constant ¢ > 0, so that the distorsion grows linearly with the number of
vertices of the graphs; it is, as Gromov and Guth show, as fast as the distorsion
of these knots can grow.

It is important to notice in this example, in contrast with the first one, that
in order to obtain the desired conclusion, it is not enough to know that expander
graphs merely ezist: the construction of knots is based on quite special sequences
of graphs, and these must be expanders. This feature is shared by the next two
examples, and motivates much of the recent work on expander graphs, and in
particular the results discussed in Chapter 6.

We will say more about this example, with a sketch of the strategy of the

proof, in Example 5.4.7.
[Sieve in discrete groups] Classical sieve methods are concerned with estab-
lishing multiplicative properties of integers arising from additive constructions,
typically to attempt to find prime numbers in sequences such as polynomial val-
ues P(n) (e.g., are there infinitely many primes of the form n?+1 for some integer
n?) or shifted primes p+k& (e.g., k = 2 corresponds to the twin primes problem).
Starting from works of Bourgain, Gamburd and Sarnak [13], these problems
have been extended to very different settings, where for instance one considers
the multiplicative properties of integers obtained as values P(ay1,...,an,) for
some fixed polynomial P of n? variables evaluated at the coordinates (a; ;) of a
matrix in SL,(Z), or in some subgroup of SL,(Z). Implementing the classical
sieve ideas for such problems turns out to be unavoidably related to proving
that certain families of finite graphs, which are so-called Cayley graphs of con-
gruence quotients of the underlying group, are expanders. Here the results of
Bourgain-Gamburd, and their generalizations, are therefore necessarily of the
highest importance. Moreover, an impressive recent series of works of Bour-
gain and Kontorovich (see, e.g., the survey [66] of Kontorovich and their recent
papers) goes even beyond the “elementary” consequences of expansion.

There are other sieve methods, of a rather different nature, which can lead
to applications that do not involve arithmetic at all. One example is the large
sieve in discrete groups, which we will discuss in Section 5.3, proving a special
case of a beautiful result of Lubotzky and Meiri [81] concerning the “sparsity”
of proper powers (elements of the form ¢™ for some m > 2) in finitely generated
linear groups with sufficiently expanding quotients.

[Arithmetic properties in families] Readers with some interest and knowl-
edge of arithmetic geometry are probably fond of many results (or problems) of
the following kind: for each algebraic number ¢, we have an associated “arith-
metic object” A;, defined over some finite extension k; of the coefficient field
Q(t). We believe that constructing A; should involve solving some polynomial
equations of large degree (that depend on t), and so k; should, in general, be a
proper extension of Q(t), and even a large degree extension. But miracles can
happen, polynomials can have surprising factorizations, and sometimes it may
turn out that k; = Q(¢). But how often can such miracles really happen? For
instance, take the arithmetic object A; to be simply one of the 1009-th roots of
the algebraic number 1 — ¢!1%%. To say that k; = Q(¢) in that case means that
1 — t199 is a 1009-th power of an element of Q(t), i.e., that there is an element

7



B € Q(t) such that #1099 4 31099 = 1 If we only consider t € Q, the miraculous
values of ¢t are those for which Fermat’s equation for the prime 1009 has a so-
lution! We know there is none other than ¢ = 0 and ¢ = 1 — but it cannot be
claimed that this knowledge was easily gained.

For certain specific types of families of arithmetic objects, related to certain
Galois representations, Ellenberg, Hall and myself [34] proved the rather strong
finiteness property that, for any given d, there are only finitely many ¢ with Q(?)
of degree < d such that k, = Q(t). For instance, if ¢ is a large enough prime
number, the set of algebraic numbers ¢ of degree < 2 such that the Galois actions
on the /-torsion points of the elliptic curves

v =x(x—1)(z —t), v = x(r —1)(z — 2t)

are isomorphic is finite. And this all comes from expansion properties of certain
graphs... Remarkably, one absolutely needs here the latest developments con-
cerning expansion in Cayley graphs of finite linear groups — see Examples 5.5.6
and 5.5.9.

We will discuss these applications (with varying degree of detail) in Chapter 5; some
of them, and other examples, are also discussed in the survey of Lubotzky [79].

And to conclude this introduction, it is worth pointing out that some very lively activ-
ity is ongoing concerning higher-dimensional analogues of expander graphs. We simply
refer to Lubotzky’s survey [80], which explains some of the motivations and problems
in finding the most suitable definition for these objects. Strikingly, for certain natural-
looking definitions, even the analogue of the simple fact that a complete graph is a good
expander is a very deep result! In a few years, one may hope that there will exist an-
other book, with similarly wide-ranging examples and applications, concerning these new
objects!



Prerequisites and notation

For the most part of this book, we only require basic linear algebra (including finite-
dimensional Hilbert spaces), basic algebra (elementary group theory and some properties
of finite fields), calculus and some elementary probability. Although a number of concepts
are presented with terminology influenced by functional analysis (L?-spaces in particular),
the setting is most often that of finite-dimensional spaces. However, we will use more
advanced concepts and results in some of the surveys of applications in Chapter 5. We
always give references, and in the places where we give complete arguments (and not
sketches of proofs), we try to keep these prerequisites at a minimum level.

We will use the following notation:

(1) For a set X, | X| € [0,+00] denotes its cardinal, with |X| = oo if X is infinite.
There is no distinction in this text between the various infinite cardinals.

(2) For a subset Y of a set X, we denote by 1y the characteristic function of Y. If Z
is also a subset of X, we also denote by Y = Z the set of y € Y such that y ¢ Z.

(3) Given a group G, we denote by [G, G| the commutator group of G, which is
generated by all commutators [g,h] = ghg 'h™! (note that not all elements of
|G, G] are themselves commutators, see for instance [72, Example 4.4.5 (1)]).
The subgroup |G, G] is normal in G, and the quotient group G/[G, G| is abelian;
it is called the abelianization of G. If [G,G]| = G, then G is called perfect.

(4) For a group G and an element x € G, we denote by Cg(x) the centralizer of
in G, i.e., the subgroup of elements y € G such that xy = yx. For a subgroup H
of G, we denote by Ng(H) its normalizer, the subgroup of all z € G such that
rHx ' = H.

(5) The symmetric group on k letters is denoted &.

(6) We denote by F, the finite field Z/pZ, for p prime, and more generally by F, a
finite field with ¢ elements, where ¢ = p™, n > 1, is a power of p. We will recall
the basic facts that we need when we require them.

(7) When considering a normed vector space E, we usually denote the norm by ||v||,
and sometimes write ||v|| g, when more than one space (or norm) are considered
simultaneously. When considering a Hilbert space H, we denote by (-,-) the
inner product. We use the convention that the inner product is linear in the first
variable, and conjugate-linear in the other, i.e., we have

(av,w) = a(v,w), (v, aw) = a(v, w),

for two vectors v, w and a scalar o € C.

(8) If H is a Hilbert space, then an endomorphism u of H is said to be positive if
(u(z),z) = 0 for all x € H. (This corresponds to what are often called positive
semi-definite matrices).

(9) A wunitary representation of a group G is a homomorphism g: G — U(FE), where
U(FE) is the group of unitary transformations of a Hilbert space E. If the group

9



(10)

(11)

G has a topology compatible with the group structure, we also ask that the map

GxFE—=FE
(9,7) = o(g)z

be continuous.
A unitary representation o: G — U(F) is said to be irreducible if F # 0 and if
there is no closed subspace F' C F with F' # 0 and F' # E that is stable under
all linear maps o0(g). A closed subspace F' C E that is stable under these linear
maps is called a subrepresentation of p.
If Xisasetand f: X — C and g: X — [0, +o00] are functions on X, we write
f < g,or f=0(g), if there exists a real number C' > 0 such that |f(x)| < Cg(x)
for all x € X. We also say that C'is the “implied constant”, and we will usually
specify how it may depend on other parameters. If f and g are both non-negative,
we write f < g if f < gand g < f.
If X is a topological space, zo € X and f, g are complex-valued functions on X,
we write f ~ g as x — x if f/g is defined for z in a neighborood of xy and if
lim,_q, f(2)/g(z) = 1.
In Section 5.3, we will use the Prime Number Theorem, that states that the
number 7(z) of prime numbers p < x satisfies

x

m(@) ~ log =

as r — +o0.

10



CHAPTER 2

Graphs

2.1. Graphs

We consider graphs of a certain specific type, for reasons that will be clear (and
that we will point out explicitly): unoriented graphs, where loops based at a vertex and
multiple edges are permitted. The definition needs to be chosen carefully to give a fully
rigorous expression to this idea, but there is more than one way to do it, so one should
see this definition as specifying a specific “encoding” of the intuitive notion that we want
to use, and not as the only way to define graphs. We will mention a few other options at
some points.

DEFINITION 2.1.1 (Graph). A graph I is given by a triple (V, E,ep) where V and F
are arbitrary sets, called respectively the set of vertices of I' and the set of edges of T,
and

ep: E— V®
is an arbitrary map, called the endpoint map, where V) denotes the set of subsets e C V
of cardinality either 1 or 2.

If « € F is an edge of I, the elements of ep(a) are called eztremities of a. If o # 8
are distinct edges of I', they are called adjacent at a vertex x € V if z € ep(a) Nep(f) is
a common extremity.

Given a vertex x € V, the number of edges o such that x is an extremity, i.e., such
that = € ep(«), is called the degree or valency of x, denoted val(z). If the valency is the
same, say equal to d > 0, at all vertices, the graph is called regular, or d-regular.

A graph is finite when both V' and F are finite; it is countable if both V' and E are
countable.

This definition is the same as, for instance, in the textbook of Bondy and Murty [9]
(who call ep the incidence map), and in the graph theory sections of the book of
Ceccherini-Silberstein, Scarabotti and Tolli [26, Ch. §].

REMARK 2.1.2. (1) The intuition should be clear, as the terminology indicates: to
express a graph (say, one drawn on paper) in this form, one takes as set of edges the
“physical” ones, and one defines ep(«) to be the set of extremities of such an edge. This
allows loops, which are edges where ep(a) = {z} is a singleton (the loop is then based
at x, of course), as well as multiple edges with the same endpoints, say a; # as with

ep(&l) = ep(%) = {%y}-
Vo=

Conversely, to “draw” a graph I' coded as a triple (V, E,ep), we can draw the points
of V, then for each a € E, we look at ep(«) and draw either (1) a loop from x to x
if ep(a) = {z} is a single element, or (2) an arc (without orientation) from z to y if
ep(a) = {z,y} with x # y.
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For instance, consider the graph with V' = {a,b,¢,d}, E ={1,2,3,4,5,6,7}, and
ep(l) ={a,b}, ep(2) ={b.c}, ep(3)={c,d}, ep(4)={a,d},
ep(5) ={a,c}, ep(6) ={b,d}, ep(7)={c.d},

and check that it can be represented as

d c

a b

As in this figure, it is not always possible to draw the edges without some overlap
(graphs for which it is possible are called planar; see for instance [9, Ch. 10] for a
discussion of properties and characterizations of planar graphs). However, for any finite
graph, it is possible to “draw” it in R® without overlap. This should be fairly clear
intuitively, and the reader should attempt to see what is involved in a rigorous proof.
(Basically, R? minus a finite number of smooth compact curves, seen as images of maps
v : [0,1] — R3, is path-connected.)

(2) If T has no loops (which means that every set of endpoints ep(«) contains two
elements) and no multiple edges (so that ep is an injection of E into the set of subsets
of order 2 in V'), the graph is called simple. In that case, the set of edges can also
be identified with a subset R C V x V such that (z,y) € R if and only if (y,z) € R
(expressing the fact that edges are not oriented) and such that (x,z) ¢ R for all x € V
(expressing the absence of loops). This is a more common way of “coding” simple graphs.

This point of view is sufficient for many purposes, and it is used in many common
textbooks, such as that of Diestel [33]. However, for our purposes, it is sometimes very
important to allow multiple edges and loops (see, for instance, Example 2.3.2 (5), where
we use a graph with a single vertex and many loops to identify the Cayley graph of a
free group). We also prefer not to impose a specific relation between V and E, except
for the existence of the endpoint map, because it allows us (for instance) to keep track of
possible structures in the set of edges between two vertices.

We will sometimes omit mention of ep when considering a simple graph, viewing the
edges as a set of subsets of V' with two elements.

(3) We sometimes write ep(a) = {z,y}, without specifying that x # y: this is a
convenient manner of designating the endpoints of an edge without distinguishing between
loops and proper edges. If we want simply to state that two vertices  and y are joined
by (at least) an edge, we will also write = ~ y.

(4) By convention, for a graph I', we write |I'| = |V|: the “size” of I is identified with
the number of vertices. We also sometimes write z € I to mean x € V. Along the same
lines, we will sometimes write Vr for the set of vertices (resp. Er for the set of edges) of
a graph ' (or even just V and E when there is no possible ambiguity).

(5) Serre [103, 1.2] defines a graph as a tuple (V, E,o0,e,i) where V is the set of
vertices, F is a set of (oriented) edges, o: £ — V and e: F — V are two maps (giving
the origin and end of an edge), and i: £ — F is an involution without fixed points (i.e.,
i(i(z)) = x and i(z) # z for all z € F) such that o(i(x)) = e(z) and e(i(x)) = o(z).

12



Intuitively, the oriented edges always come in pairs with opposite orientation, and ¢ is
the map that sends an edge from z to y to the opposite edge from y to x. This definition
might seem unintuitive at first, but it has advantages when it comes to “functorial”
constructions in particular (this is crucial in Serre’s book [103]). The graph in the sense
of Definition 2.1.1 associated to such a tuple (V, E, 0, e,1) is (V, E/i,ep), where E/i is the
set of pairs {z,i(z)} for x € E, and ep({z,i(z)}) = {o(z), e(z)}. We will make occasional
remarks later on about this definition (see also [10, Ch. I, §2]).

EXERCISE 2.1.3 (Number of edges vs. number of vertices). Show that if ' = (V| E, ep)
is a finite graph, we have
> val(z) = 2| Ey| + | B
zeV
where F; = {a € F' | « has i extremities}, i.e., |Ey| is the number of loops and |Es| the
number of edges joining distinct vertices.

In order to encode a finite graph, one can also use its adjacency matriz:

DEFINITION 2.1.4 (Adjacency matrix). Let I be a finite graph. The adjacency matriz
Ar = (a(x,y)) is the matrix with rows and columns indexed by Vi and with a(x,y) equal
to the number of edges with extremities (z,y), formally

a(z,y) = o € Er | ep(a) = {z,y}}|.

Note that the adjacency matrix is always symmetric (in the sense that a(x,y) =
a(y,x)), which reflects our use of unoriented edges. It is easy to go in the opposite
direction: given any symmetric “matrix” A = (a,,) with rows and columns indexed by
a finite set V' and non-negative integral coefficients a,,, one defines a finite graph with
adjacency matrix A by taking V' as set of vertices and

E={(z,y,i) € VXV XZ | a,,#0and 1 <i<a,y,}
with
ep(z,y,1) = {z,y}
for all (x,y,7) € E (for instance: there are other choices).

EXERCISE 2.1.5. Devise at least one other way of formalizing the “same” class of
graphs as in our definition.

EXAMPLE 2.1.6. Here are some elementary examples of “coding” for various families
of graphs using Definition 2.1.1. The examples will be used many times in this chapter
and the next in order to illustrate some basic concepts.

(1) [Cycle] Let m > 1 be an integer. The m-cycle C,, is the graph with vertices
Vin = Z/mZ, edges E,, = Z/mZ, and endpoint map given by

ep(z) = {i,i+1}
for i € Z/mZ. In other words, except when m = 1 (in which case the cycle is a single
loop based at 0), there are two edges adjacent to any given i € V,,: the edges coded by

1 — 1, and the one coded by 7 itself.
Here are the graphs for m =1, m = 2 and m = 5:

@OQ



(2) [Path] Let m > 0 be an integer. The path of length m, denoted P,,, is the graph
with vertex set V,,, = {0,...,m} and edge set E,, = {1,...,m}, where ep(i) = {i — 1,4}
for 1 < i < m. A path of length 0 is a graph with a single vertex and no edges. Here is
the path of length 4:

We often say, somewhat abusively, that the vertices 0 and m are the extremities of the
path.

(3) [Complete graph| Let again m > 1 be an integer. The complete graph K,, with
m vertices has also V,, = {1,...,m} but now E,, = {(z,y) € V,, | = < y}, with
ep((z,y)) = {z,y}. In other words, each pair of distinct vertices is joined by (exactly)
one edge. Here is the complete graph Kj:

All graphs in these first examples are simple graphs, except for the cycles Cy and Cs.
Most of them are regular: C] is 1-regular, C,, is 2-regular for m > 2; F, is O-regular, P;
is 1-regular (but Py is not regular for k > 2); K, is (m — 1)-regular for all m > 1.

(4) [A Cayley graph] Our last sequence of examples is less obvious, but it illustrates
the type of graphs that will be one of the main focus of these notes, starting from the end
of Chapter 3: Cayley graphs associated to finite groups (see Section 2.3 for the general

definition).
However, we do not need to mention groups immediately in this example. Following
Diaconis and Saloff-Coste [32], we fix n > 3 and take as vertex set V,, all the possible

arrangements of a deck D,, of n cards (so there are n! elements in V,,). Then we define
G, as the simple graph where the vertex set is V,, and the edges correspond to either
exchanging the top two cards (connecting, say, (a,b, ¢, d) € V4, to (b, a,c,d)), or bringing
the bottom card to the top, or conversely (connecting, say (a, b, c,d) € Vy to (d,a,b,c) —
bottom to top — and (a, b, ¢,d) to (b, ¢,d,a) — top to bottom.)

Thus, by definition, G,, is a 3-regular graph for each n > 3, with n! vertices. Here is
an illustration of G3, with the deck D3 = {a, b, ¢}, and in Figure 2.1 one of Gy, with deck

Dy ={a,b,c,d} (it is by far the most complicated graph we will draw...).
bca cab

abc
bac

ach cba

EXERCISE 2.1.7. Transcribe these examples using Serre’s definition (Remark 2.1.2

(5)); write down their adjacency matrices, and express them in your own coding (Exer-
cise 2.1.5).

Here are, furthermore, some elementary constructions with graphs (others, such as
the universal cover, or path graphs, will occur later).
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F1GURE 2.1. The graph G4
aCbdca dacb .4

degb adbc
cabd badc
bead cdab
% dcba
abed
/ cdba
bacd
chad dcab
achd abdc
dabc
de%)dac cadb
dbca adch

EXAMPLE 2.1.8. (1) [Disjoint union| Let (I';) be an arbitrary family of graphs, with
I, = (Vi, E;,ep;). The disjoint union T' of the graphs I'; has vertex set the disjoint union
of the V;’s, edge set the disjoint union of the E;’s, and for an edge «, that belongs to
some FE;, we put ep(a) = ep,(a). The intuitive meaning is clear: we are just viewing the
collection of drawings representing the various graphs I'; as a single bigger graph.

(2) [Removing vertices| Let I' = (V, £/, ep) be a graph and let X be a subset of V. We
define a graph I'=X = (V' E',ep’) with vertex set V' — X edges given by the edges of T
with no extremity in X (i.e., E' = {a € E | ep(a) N X = 0}), and ep’ is the restriction
to E' of ep. If X = {vy} has a single element, we often write I' = vy instead of T' = {wvg}.
We say that ['= X is obtained by removing from I' the vertices in X.

(3) The easiest way to define certain graphs is by specifying the vertex set and the
sets of edges between any two vertices. In other words, we begin with a set V and
with sets F(z,y) for each (z,y) € V x V, which are disjoint as (x,y) varies and satisfy
E(z,y) = E(y,z) for all (z,y) (since the edges are not oriented). Then we define E to
be the disjoint union of these sets, and the endpoint map so that ep(a) = {x,y} if the
edge a belongs to the subset F(z,y) of E.

Having selected with Definition 2.1.1 a specific type of coding for graphs has, at least,
the advantage that it prompts us to give quickly a definition of what it means for two
graphs to be “the same”: in the examples above, we selected a specific set of vertices, but
these could obviously be replaced by any set with the same number of elements, provided
the edges are also “transported” to refer to this new set. Similarly, the specific sets of
edges are just convenient labelings, and other sets could be equally suitable. This leads
to the definition of isomorphism of graphs or, more generally, to maps (or morphisms)
of graphs:

DEFINITION 2.1.9 (Maps of graphs). Let I'y and 'y be graphs. A morphism, or graph
map, from T’y to ['y is a pair (f, f,) where

f : Vpl — VF2
is a map between the vertex sets and
f* : EF1 — EF2
15



is a map between the edges, such that

(2.1) ep(fi(@)) = flep(@))
for all @ € Er,. In other words: an edge a between x and y is sent to an edge f,(«) with

extremities f(z) and f(y). We most often simply write f for such a map, using f, for
the edge map.

If the graphs are simple, then the companion edge-map f, is uniquely specified by f
itself: in that case, whenever there is an edge e between = and y, it is unique, and there
must also be an edge between f(z) and f(y), which determines f.(e). However, in the
presence of multiple edges, we must specify where each individual edge between x and y
goes.

The following definitions and facts are again easy and fairly formal, but are extremely
important:

DEFINITION 2.1.10. (1) Let I" be a graph. The identity map I' — T" of ' is the pair
(Idy,Idg), and is denoted Idr.
(2) For any graphs I'1, T'y, I's and maps

r, Y09, @)

the composite map is defined by the pair (g o f, g« o f.). We simply write g o f for this
map.
(3) The following properties hold:

ho(gof)=(hog)of
for any three maps that can be composed, and if f : 'y — 'y, we have
foIdF1:f7 IdFQOf:f'

REMARK 2.1.11. In the language of categories, this states that there is a category
of graphs where objects are graphs, and morphisms are graph maps. We will not use
this language very extensively, but we will use remarks (like this one) to indicate the
interpretation of certain facts in these terms.

EXERCISE 2.1.12. Using the coding of graphs you obtained in Exercise 2.1.5, define
what is a graph map, and check that these maps correspond to those defined above. Do
the same with Serre’s definition of Remark 2.1.2 (5). (In the language of categories, you
should be able to find an equivalence of categories between “your” category of graphs
and the one we defined.)

ExXAMPLE 2.1.13. Let I' = (V| E,ep) be an arbitrary graph. We can associate to it a
simple graph I'* = (V*, E*) as follows: we use the same set of vertices V', but remove all
loops and all multiple edges from F. This means V* =V and

(2.2) E* ={{z,y} CV | x # y and there exists a € E with ep(a) = {z,y}.},

If T has no loops, there is a canonical' map I' — I'*, which is the identity on the vertices
and which maps an edge to the unique edge in I'* with the same extremities. There is
also always a graph map I'* — I" which is the identity on vertices, but it is not canonical,
since it must map an edge in I'* to some, arbitrarily chosen, edge in I' between the same
extremities, so that it is not unique if multiple edges exist. If I' has a loop, there is no
map [' — I['¥ at all.

L“Canonical” here roughly means that it is defined without making any choices.
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More definitions:

DEFINITION 2.1.14 (Isomorphism, automorphism, embedding). (1) A graph map f :
'y = I'y is an somorphism with inverse g if and only if fo g =Idp, and go f = Idp,. If
' =T, =Ty, then f is called an automorphism of T".

(2) The inverse of an isomorphism is unique and is denoted f~!. In fact, a morphism
(f, f+) is an isomorphism if and only if f and f, are both bijections, and then (f, f,)™! =
(f71, f7Y). In particular, the inverse of (f, f.) is also an isomorphism. Moreover, the
composite of two isomorphisms is also an isomorphism; hence the set of automorphisms
of I', with the composition law, is a group, which is denoted Aut(T").

(3) An embedding I'y < T's is a graph map (f, f.) such that f and f, are both injective.
If I'; and I'y; and both simple, it suffices that the vertex map f: V4, — V5 is injective.

REMARK 2.1.15. These are fairly dry and formal definitions. Their meaning is quite
clear: to say that two graphs are isomorphic through f means exactly that their vertices
are in bijection, and that for any two vertices on the first graph, the edge map gives
a bijection between the edges that join them on both graphs. This corresponds to the
intuitive idea of changing the labeling of the vertices and edges while respecting the graph
structure.

Similarly, to say that (f, f.) is an embedding means that the vertices of I'; can be
identified with a subset of those of I's, and that the edges between any two vertices in I'y
are then a subset of those in T'y (where there could be more edges, of course.)

ExXAMPLE 2.1.16. (1) If T'* is the simple graph associated to a graph I', as in Ex-
ample 2.1.13, the maps I'* — T" described in this example are all embeddings of I'* in
I

Moreover, if I' is itself a simple graph, there is a canonical isomorphism I' — I'®
(although the sets of edges E and E* defined in (2.2) might not be identical) given by
the identity on vertices and f.(a) = ep(a) € E* for a € E.

(2) The path Py, for k > 1, has a non-trivial automorphism f (in fact an involution,
i.e., we have f o f = Id) which is intuitively given by “reversing the path”, and can be
defined formally by

f@)=m—i,  fi(j)=m+1-j

for any vertex ¢ € V,, = {0,...,m} and edge j € E,, = {1,...,m}. To check the
definition of a graph map, note that

ep(fu(f)) =ep(m+1—j) ={m —jm—j—1} = f({j.j +1}) = f(ep(h)),

and since f and f, are both involutions, (f, f.) is an isomorphism equal to its own inverse.
(For m = 0, the definition “works” but it is the identity of the graph with a single vertex
and no edges...)

(3) [Subgraphs] Let I' = (V| E,ep) be a graph. For any subset V' C V of vertices,
and any subset £/ C F of edges with extremities lying in V' (i.e., such that ep(a) C V'
for any a € E’), the pair of inclusions (V' < V, E' < FE) is an embedding of the graph
(V' E' ep) inside (V, E,ep). We then say that (V’, E' ep) is a subgraph of T'.

If E' is the set of all edges with extremities in V’, i.e., if E’ is defined to be

E' ={a€FE | ep(a) CV'},

we say that (V') E’ ep) is a full subgraph of I'. Such subgraphs are therefore in one-to-one
correspondence with subsets of V.
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(4) Let k and m be non-negative integers with m < k. For any integer n > 0 such
that n +m < k, we have a graph map

fni Pm—>Pk

defined by f(i) =i+ mn for 0 <i < mand f.(i) =i+ n for 1 <i < m. Intuitively, f,
runs over the part of the path of length £ from m to m + n.

Embeddings or other graph maps can frequently be used to define invariants and
distinguish special families of graphs. Here is an important example:

DEFINITION 2.1.17 (Girth). Let I' = (V, E, ep) be a graph.
(1) For m > 1, a cycle of length m in ' is an embedding C,,, — T.
(2) The girth of ' is the smallest integer m > 1 such that there exists at least one

cycle of length m in ', or +o00 if no cycle exists at all in I'.  We denote this integer
girth(I").

ExAaMPLE 2.1.18. The girth of the cycle C,, itself is equal to m. Moreover, I" has
girth 1 if and only if I has at least one loop, and it has girth 2 if and only if it has no
loop, but there are two distinct vertices which are joined by at least two edges. Similarly,
having girth 3 means there are no loops, no multiple edges, but there exists a triangle in
I, i.e., three distinct vertices x1, xo, 3 and three edges oy, as and ag with a; joining x;
and o, ay joining xs and x3 and finally a3 joining 1 and z3. (This is also equivalent to
being a simple graph with an embedding of K3 = C3). For instance, the girth of K, is
infinite for m = 1 or 2, and is equal to 3 for m > 3. The reader is invited to check all
these assertions...

Here is an example of graph with girth 5.

EXERCISE 2.1.19. (1) Let I" be a finite d-regular graph with girth g > 3. Prove that
IT| > d(d — 1)L(973)/2J_
(2) Show that the girth of a finite graph d-regular graph I' with d > 3 is < log(|T|),
where the implied constant depends only on d.

EXAMPLE 2.1.20 (Trees and forests). Graphs with infinite girth have a name:

DEFINITION 2.1.21 (Forests (and trees)). A graph I' with infinite girth (i.e., there is
no embedding C,,, — I, for any m > 1) is called a forest. Anticipating the definition of
connected graphs, a connected forest is called a tree.

In particular, forests (and trees) are simple graphs. An example is the path Py of
length £ > 1. Here are some more interesting examples. Fix some integers d > 2 and
k > 1. The finite rooted tree of degree d and depth k, denoted Ty, is a simple graph
defined by taking V' to be the set of all words of length < & (including the empty word,
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of length 0, which is called the “root” vertex of the tree) in the alphabet A = {1,..., d}
with no letter repeated twice in a row, i.e.

V= S1,...,8;) €A | 5 # si4q for 1 <i < j—1},
J —+ J

0<j<k

with edges between “neighboring” words, where w; is a neighbor of ws, if wy can be
obtained from w; either by adding a letter on the right (chosen among the d — 1 letters
distinct from the rightmost letter of w;), or by removing the last letter.

Here are pictures of T3 and T}, with the vertices labeled with the corresponding
words, which should clarify the matter. (Note that Ty is not d-regular.)

121 212
12 21
1 2

One can extend this construction to infinite depth: the d-reqular tree Ty, for d > 2, is
the infinite graph with vertices given by all words of length > 0, without repeated letter,
in the alphabet {1,...,d}, and with edges described in the same way using neighboring
words.

EXERCISE 2.1.22. Show that the number of vertices and edges of the finite tree T}
are given by

(d—1)*—1

— +1
i—2 "

if d = 3, and ‘T27k| =2k + 1, |E27k| = 2k.

(d—1)*—1

Tox| = d
Tl d—2

’Ed,k’ — ‘Td,k| - 1 - d

One can also try to distinguish special graphs using (surjective) maps to another fixed
one. Here is a classical notion that can be interpreted in this manner:

DEFINITION 2.1.23 (Bipartite graph). A graph T is bipartite if there exists a partition
Vi = Vo UV; of the vertex set in two disjoint subsets, so that any edge has one extremity
in V4, and one in V7, i.e., such that

ep(a) NVo # 0,  epla)NVL#0D
for each o € Ep. One sometimes says that Vj is the set of “inputs” and V) the set of

“outputs”.

EXAMPLE 2.1.24. (1) A graph with a single vertex z and no edges is bipartite ac-
cording to this definition, with V5 = {z} and V4 = (). On the other hand, as soon as a
bipartite graph I' contains an edge, the subsets Vy and V; are non-empty.

(2) The complete bipartite graph K, , with m > 1 inputs and n > 1 outputs is the
simple bipartite graph defined by the vertices

Vo =2Z/mZ, Vi =27Z/nZ, V=WuW
(a disjoint union) and edges
E={{zox:1} CV | 29 €V, a1 €W}
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Here are pictures of K33 and Ky 4:

el N

The reader can check, for instance, that the girth of K, ,, is equal to 4 for m, n > 2,
while it is infinite for m =1 or n = 1.

We now have an easy proposition:

PROPOSITION 2.1.25 (Bipartiteness criterion). A graph T' = (V, E,ep) is bipartite if
and only if there exists a graph map I' — Py, where Py is the path of length 1:

*—0

PROOF. We denote by {0,1} the two vertices of P; and by ag its unique edge. If T’
is bipartite, with a partition V' = V5 U V; in inputs and outputs, we can define rather
obviously a graph map f : I' — P; by

fx) =

0 ifzel
1 ifxel,

and f.(a) = ap for all @ € Er. This is indeed a graph map because for any a € Er, we
have
ep(fi(a)) ={0,1} = f(ep(a))

since, by definition, any edge o has one extremity in V4 and one in V;.

Conversely, let (f, f.) be a graph map from an arbitrary graph I" to P;. Defining
Vo = f740), Vi = f71(1), we have of course a disjoint union V = V5 U V;. Then we
consider an arbitrary edge o € Er. Its image f.(«) has no choice but to be equal to the
unique edge «q, hence

{0,1} = ep(fi(a)) = flep(@)),
which is only possible if the extremities of a are two distinct elements, one in V4 and the

other in V;. This means exactly that the partition V' = VU V] makes I' into a bipartite
graph. U

2.2. Metric, diameter, and so on

Our edges have, for the moment, not been really used, except as abstract elements.
Of course, an edge is intuitively supposed to represent a way of going from one extremity
to another. And if one goes from z to an adjacent vertex (or neighbor) y, there is no
reason to stop there. Going further on longer adventures along the edges of a graph will
lead us to the topic of expansion. But first, we explain how to measure how far we can
go:

DEFINITION 2.2.1 (Paths and distance on a graph). Let I' = (V, E, ep) be a graph.

(1) A path of length k > 0 in T is a graph map P, — T, i.e., an ordered sequence
(2o, ..., xx) of vertices of T, and an ordered sequence (ay, . .., ay) of edges of I' such that

ep(ai) = {wi1, z:}

for 1 <i < k. If k > 1, the extremities of the path « are the vertices x = 7(0), y = v(k),
where 0 and k£ denote the distinguished vertices of P, which have a single adjacent vertex.
One says that «y is a path from z to y, and one writes ¢(y) = k for its length.
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(2) For any two vertices x, y € V, the distance on I" between x and y, denoted dr(x,y)
is defined as the minimum length of a path between x and y, if such a path exists, or
+o00 otherwise, i.e.,

dr(xz,y) = min{l(~y) | 7 is a path from between x and y} € {0,1,...} U {+o0o}.

(3) The graph is connected if and only if dr(x,y) is finite for all z and y € V| i.e., any
two points can be joined by at least one path.

(4) A geodesic in T' is a path 7 such that the length of v is equal to the distance in T
between the extremities of ~.

Note that a path is allowed to “backtrack”, since edges are unoriented, and that the
vertices x; might not be distinct. On the other hand, to compute the length, we need
only look at paths that do not involve twice the same edge in succession.

DEFINITION 2.2.2. Let I be a graph. A path v: P, — T of length & > 0 in I is
non-backtracking if v.(i) # (i + 1) for 1 < i < k — 1, i.e., if the ordered sequence of
edges corresponding to v does not contain consecutively the same edge.

REMARK 2.2.3. Note that this does not exclude that the same edge occurs multiple
times, only that it should only do so after some intermediate edges.

There are two useful operations that can be performed on paths between various
vertices, and which we define formally (their intuitive meaning is clear!):

e Given a path v: P, — T of length k£ > 0 from z to y, a non-negative integer
m < k and an integer n > 0 with n + m < k, the composition ~ o f,,, where f,
is the graph map f,,: P,, — P, of Example 2.1.16 (4), is a path of length m; it
will be called the restriction of v to the interval {m, ..., m + n}.

e Suppose we are given paths v; and 7, of lengths &y and ks respectively, such that
~v1 goes from z to z and 7, from 2z to y. We can then “concatenate” them to
have a path from x to y. Formally, we define v3: Py, 4x, — ' by

: 71(%) if 0 <4 < ky,
Y3(i) = . . )
Yot — k1) it kg +1<i < ky + ko,

for 0 <i <k + Ky and

) if1<i<h,
73,*(Z) = . . .
’)/27*<Z—k31) if kl—f—l <Z<l{72.
The assumption v;(k;) = 72(0) implies that 3 is indeed a graph map; since

v3(0) = x and ~3(k; + ko) = v, it is a path of length k; + ko from x to y, called
the concatenation of v; and ~s.

The intuitive meaning of these definitions should be pretty clear. Their importance
comes from connecting graphs with metric geometry:

PROPOSITION 2.2.4. (1) IfT" is a connected graph, the distance function dr is a metric
on'V, i.e., it is non-negative and satisfies

dr(z,y) = dr(y, z),
dr(xz,y) =0 if and only if x =y,
dr(z,y) < dr(z,z) +dr(z,y)
for all vertices x, y, z € V.
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(2) If we define an equivalence relation on V' by
T ~y <= dp(z,y) < +o0,

then the full subgraph of T' corresponding to an equivalence class V' C V is a connected
graph such that the distance dr is the restriction of dr to V' x V', and there are no edges
with an extremity in V' and another outside V'. These subgraphs are called the connected
components of I'.

PROOF. Part (1) is intuitively clear, but we give details. The symmetry is because a
path Py can be reversed using the automorphism f of P, (Example 2.1.16, (2); note in
passing that this depends on the fact that the edges are unoriented). The map v+ yo f
is then an involution (since f is an involution) between paths of length k from z to y and
paths of length k from y to z, which implies dr(z,y) = dr(y, ).

Further, dr(z,y) = 0 if and only if there exists a path of length 0 from z to y; but
a path v: Py — I of length 0 has only one extremity, so that this holds if and only
if = y. Finally, the triangle inequality comes from the possibility of concatenating a
path of length k; = dr(x, z) between = and z with one of length ky = dr(z,y) between z
and y to obtain one of length k; + ko between x and y, as seen above, which shows that
dp(l’,y) < kl + kQ = dp(ill’, Z) + dp(Z,y).

For (2), the fact that ~ is an equivalence relation is elementary, and if V' is an
equivalence class, we note that any edge o € E has either all or no extremities in V': if
ep(a) = {z,y} with z € V', then the edge o shows (by definition) that dr(z,y) < 1, so
that y ~ x is also in V’. Thus, if E’ is the set of edges with an extremity in V', the graph
(V', E',ep) is a full subgraph of I". Using a base vertex x € V', so that any y € V' is at
finite distance to z, and the triangle inequality, we see that any two points of V"’ are at
finite distance, i.e., (V', E', ep) is connected.

Moreover, since one can not connect elements of V'’ in I" using edges others than those
in E’, we also see that the distance in I is the restriction to V' x V' of dr. O

Because of this construction, a number of classical invariants from metric geometry
can be immediately “imported” into graph theory. We will consider in particular the
diameter, and we recall the definition:

DEFINITION 2.2.5 (Diameter of a graph). Let I' be a graph. The diameter of I',
denoted diam(I"), is the largest distance between two vertices in I, i.e., we have
diam(I") = sup dr(z,y) € {0,1,2,...} U{+o0}.
z,ycV
ExAMPLE 2.2.6. If I' is a finite connected, graph, its diameter will be finite. One
of the key questions that the concept of expander graphs (hence, this book!) addresses
is: given certain connected finite graphs, what can one say about their diameters? In
particular, is this diameter relatively small, compared with the number of vertices?
We can immediately treat the obvious examples, among the graphs which were already
described in Example 2.1.6:
e The path P, has diameter k;
e The complete graph K,, has diameter 1 for m > 2 (K; = P, has diameter 0);
e The diameter of the complete bipartite graph K, ,, is 2 if either m or n is > 2,
while diam(K; ;) = 1;
e The diameter of the cycle C,, is given by

m if m is even

m
2

2
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Checking rigorously these values is left to the reader as an exercise. For the graphs
G, of Example 2.1.6, (4), computing the diameter is not so easy. In Exercise 2.3.5, the
reader will be invited to prove that diam(G,,) < n®. Since |G,| = n!, this means that

diam(G,,) =< (log |G, |)?,
hence the diameter is here rather small compared with the number of vertices.

EXERCISE 2.2.7. We consider here some specific features of trees, which we recall are
connected forests.

(1) Show that the diameter of a finite tree Ty with d > 2 and k& > 0 is equal to
2k, and is achieved by the distance between any two distinct vertices labeled with words
(s1,...,8k) and (s},...,s)) of (maximal) length k with s; # s}.

(2) Show that if 7" is a tree, then for any two vertices x and y, there exists a unique
geodesic on T with extremities x and y (the image of all paths of length dr(x,y) between
two vertices z and y of T is the same).

(3) If ' = T, with “root” vertex xo = () and 0 < j < k, show that

V' ={z eV | dp(zo,z) < 5}

induces a full subgraph isomorphic to 7y ;.
(4) If T =Ty, with root zg and = € T is any vertex, show that

V"={y e Vr | dr(y,z0) = dr(y,z)}

induces a full subgraph 7" of T" which is also a tree.
(5) Let I" be any graph with girth ¢ > 1, and let g € V. Show that the subgraph of
I' induced by

V' = {x eV | dr(zg,x) < g}

is a tree.

The following very simple fact gives a hint of special features of graphs, when consid-
ered as geometric objects:

PROPOSITION 2.2.8. Let I'y and I'y be graphs, and let f : I'y —> 'y be a graph map.
Then f is always distance-decreasing, i.e., we have

(2.3) dr,(f(x), f(y)) < dr,(z,y)

for any z, y € I'y. In particular, if f is surjective on vertices, the diameter of I's s at
most that of 'y, and if f is an isomorphism, it is isometric.

Proor. This inequality follows from the observation that any path
v P— 14

in 'y, between z, y € I'y, gives a corresponding one fo~ in I'y, of the same length, between
f(z) and f(y). The distance in 'y between f(z) and f(y) is computed using a minimum
over a set which contains these particular paths, and that implies that dr,(f(x), f(y)) <

dF1 (ZE, y)‘
The remainder is easy: if f is surjective, for any two vertices z, w € Vr,, we can write

z = f(x), w= f(y) for some x, y € Vf, and
dr2<2,w) = dr2(f($)7 f(y>> < drl (I,y) < diam(rl)v
which gives diam(I'y) < diam(I'y). O
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EXERCISE 2.2.9. Here is an application of graphs and connected components to group

theory, due to Bauer and Knutson (see [42, Lemma, p. 98]). Let k& > 2 be an integer,
G = G the symmetric group on k letters. We suppose given a subgroup H of G such
that: (i) H acts transitively on {1,...,k}; (ii) H contains at least one transposition; (iii)

H contains a cycle of length p > k/2 such that p is prime. The goal is to prove that, in
fact, we have H = G = G,

Let I' = (V, E) be the simple graph with V' = {1,... k} and with an edge between
any pair (i,7) € V x V such that i # j and the transposition (i j) is in H. Assumption
(ii) means that the edge set is not empty.

(1) Show that any connected component in I" is a complete graph.

(2) Show that it is enough to show that I" is connected in order to prove that H = G.

(3) Show that the action of G on {1, ..., k} induces an action of G on I' by automor-
phisms. Show then that GG acts transitively on the set of all connected components of I'.
Deduce that all such components are isomorphic.

(4) Show that a p-cycle o € H as in (iii) must fix (globally, not necessarily pointwise)
each component of I', and conclude from this.

EXERCISE 2.2.10. Let I be a graph, and let I'* be the associated simple graph (Ex-
ample 2.1.13). Show that drs(x,y) = dr(x,y) for all x, y € V.

EXERCISE 2.2.11 (Uniqueness of bipartite decompositions). (1) Let I" be a connected
bipartite graph with a bipartite decomposition V =V, U V. If 2y € V, show that

(2.4) Vo = {y € V| there is a path of even length joining x to y}.

(2) Deduce that the partition of edges V' = V; U V; which exhibits the bipartiteness
of a connected bipartite graph is unique (i.e., if Wy U W) is another such partition, we
have (W(), W1> = (VE), Vi) or (W(), Wl) = (‘/1, %))

(3) Let T" be an arbitrary connected graph, and define W by the right-hand side
in (2.4). Compute W when I is not bipartite.

(4) Show that a forest is always bipartite.

(5) Show that if a graph I is finite and not bipartite, then its girth is finite. In fact,
show that girth(I') < 2diam(I") + 1, and that this is best possible.

Another important construction related to paths in graphs is the “universal cover” of
a graph. We only describe this for a non-empty connected graph I'. Fix a vertex vy € V.
Then we define a simple graph I';,, = (V, E) as follows:

e The vertex set V is the set of all non-backtracking paths of length £ > 0 in I"
starting at v, i.e., all graph maps v: P, — I' where £ > 0 is an integer such
that v(0) = v, and such that ~ is non-backtracking (see Definition 2.2.2).

e The edge set E C V® is the set of pairs {71, 72} where v; has length £ > 0 and
72 has length k£ + 1, and the restriction of v5 to {0,...,k} is equal to 7;. (Note
in particular that v; # 72).

There is a natural graph map 7: fvo — I, such that for v € V of length £, we have
7(7) = v(k) (the end-point of the path) and for an edge a = {v1,72} in E, with 7, of
length k£ and -, of length £ + 1, then m.(a) = y2..(k + 1) (recall that the edge k + 1 of
Pyyq joins k to k + 1).

To check that this is indeed a graph map, note that by definition of graph maps,
the extremities of the edge 72.(k + 1) are {y2(k),v2(k + 1)}; by definition of E, we
have 75(k) = (k) since they are adjacent, so ep(ye.(k + 1)) = {m(k), %k + 1)} =
{m(m),7(y2)}, which confirms (2.1).
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FIGURE 2.2. The universal cover of a regular graph

DEFINITION 2.2.12. The graph fvo is called the universal cover of the graph I' based
at vg.

EXERCISE 2.2.13. Let I' be a non-empty connected graph.

(1) Let vy and vy be vertices of I'. Show that the universal covers based at vy and v,
are isomorphic. R R

(2) Show that I',, is connected. Let 7y be the vertex of I',, corresponding to the path

of length 0 with image vy. Show then that 7: f@o — fvo is an isomorphism.
Here is an important example of computing the universal cover.

PROPOSITION 2.2.14. Let d > 1 be an integer. Let I' be a finite non-empty connected

d-reqular graph. For any vy € I', the universal cover Iy, of I' based at vy is isomorphic
to the infinite d-reqular tree T, (Example 2.1.20).

REMARK 2.2.15. The isomorphism in this proposition is very far from unique, because
trees have large automorphism groups, and this explains why the construction involves
many choices (in particular, why it may look more complicated than it maybe should).

PROOF. We denote I' = fvo. Since both T, and [ are simple graphs, it is enough
to define a graph map f: Ty —>Af that is bijective on vertices. We will define for any
k > 0, a graph map fi: Ty — I that is injective on vertices and has image the set of
non-backtracking paths of length k, with the property that fr,; extends fr. The desired
isomorphism f is then defined by f(x) = fi(x) for any k > 0 such that x € Ty.

For k = 0, the map f, maps the one-vertex graph 73 to the unique path of length
0 at vg. Now assume that k£ > 0 and that f; has been defined; we will construct fr,q
inductively by extending fj (hence, the extension property will certainly be true). Let
x be a vertex in Tyy. By definition, = a; - - - a5 is a word of length k in the alphabet
{1,...,d}, without repeated consecutive letters.

Let v = fr(ay - - - ag). By the induction assumption, this is a non-backtracking path of
length k in T'. Let v = v(k) be the “end” of . Since I is d-regular, we can fix (arbitrarily)
a bijection j between the alphabet {1,...,d} and the set of edges of I" of which v is an
extremity. We may do so in such a way that the “last” edge 7.(k) of v corresponds by
this bijection j to the last letter a; of the word x. Then we define f;,; simultaneously
for all vertices a; - - - agajy1 of Ty 41 with “prefix” equal to x by mapping

ap - Qg+, Apy1 7 Qg

to the (non-backtracking) path obtained by “concatenating” the path v and the edge
Jlaks1) # 7«(k) (see Figure 2.2, illustrating a case with d = 4 and a; = 3).

For any vertex y € Tjj41, there exists a unique x € T, such that x and y are
joined by an edge, hence the argument above defines a map from the vertices of T} 541

to those of T' that extends fx- By construction, the image of fr.; is contained in the
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FIGURE 2.3. A path tree

set of non-backtracking paths of length £ + 1. In fact, the image is equal to this set of
non-backtracking paths of length k£ + 1, since any such path is the concatenation of a
non-backtracking path of length & (which belongs by induction to the image of f;) and
of an edge which is different from the “last” edge of the latter. By induction, we have
therefore defined a bijection f from the vertices of Ty to those of T. This bijection is
a graph map, by definition of the edges in I', since we mapped a word a; --- a1 to a
non-backtracking path of length k + 1 extending fi(a;---ax). Hence we have obtained
an isomorphism f. O

EXERCISE 2.2.16. Let I" be a non-empty finite graph and vy € V' a vertex of I'. The
path graph (also called path tree, when it is connected) of I' starting at vg, denoted w,, ("),
is the simple graph with

e Vertex set given by the set of all injective paths in I' starting at vg, i.e., all graph
maps v: P, — I where k > 0 is an integer such that «(0) = vg, and such that v
is injective. R

e Edge set E ¢ V@ given by pairs {71,792} where 7; has length k£ > 0 and 7,
has length k + 1, and the restriction of v2 to {0,...,k} is equal to 7;. (Note in
particular that v, # 72).

Note that injective paths are necessarily non-backtracking, which means that w,,(I') is
a full subgraph of the universal cover fvo. Moreover, by the pigeon-hole principle, any
injective path has length < |I'|, hence w,, (") is a finite tree. See Figure 2.3 for an
illustration.

Assume that I' is a simple graph.

(1) Let vy be the vertex of w,,(I') corresponding to the path of length 0 at vy. Show
that w,,(I') — vy is the disjoint union, over vertices v in I' adjacent to vy, of the path
trees w,(I' — vp). (Intuitively, once the starting vertex of an injective path from vy has
been removed, we obtain an injective path starting from a well-defined vertex adjacent
to vy, and conversely).

(2) Let v be a vertex adjacent to vy, and let vpv denote the vertex in w,,(I") corre-
sponding to the edge from vy to v. Show that the graph w,,(I") — vg — vov is the disjoint
union of graphs isomorphic to w,(I' — vy — v), where y runs over vertices y # v, adjacent
to v, and of graphs isomorphic to w,(I' — v) for all y # v adjacent to vy. (Drawing a
picture for a simple example will clarify this).

For the most part, this book will be concerned with graphs that are “sparse” in
the sense of having “small” degree. Nevertheless, one particular result that plays an
important auxiliary role in Chapter 6 turns out to depend on a property that is really
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about dense bipartite graph. We discuss this here, the application to the so-called Balog-
Gowers-Szemerédi Theorem is found in Appendix A (see Theorem A.3.6).

PROPOSITION 2.2.17. Let I' be a finite simple bipartite graph, with edege set V =
Vi U Vy, all edges joining Vi and Vo. We assume that

5 il
«
for some o > 1. Then there exist subsets Uy C Vi and Uy C V5, such that
V| V2|
U 2 ) U 2 —
o> A >

and such that for any (vy,vy) € Uy X Us, there exist at least 27 2a~4|V,||Va| paths of length
three in I' from vy to vy.

To understand this statement, note that the case o = 1 is obvious, since the graph I' is
then a complete bipartite graph, and the result holds with U; = V;, Uy = V5 and |V4|| V4]
paths of length three between two points (vy,vs) (namely the paths passing through
arbitrary intermediate points, one in V5 and one if V;). Hence, intuitively, the statement
means that in a fairly dense bipartite graph, one can find “large” subsets of both sides of
the bipartite decomposition which are “almost” complete, as far as paths of length 3 are
concerned. This can be interpreted as a form of stability of certain properties of complete
graphs under perturbation; such ideas will come back often in Chapter 6.

PRrROOF. Forv € V = VjUV,, we denote by N, the set of neighbors of v; for (v, w) € V|
we denote by m,,, the number of paths of length 2 from v to w, and by ¢, ,, the number
of paths of length 3 from v to w. Note that m,,, = |N, N N,|. The proof follows three
steps.

Step 1. Fix ¢ such that 0 < e < 1. We claim that we can find W7 C V; with |W;| >
(v2a) V4] such that the number of pairs (v,w) € Wy x Wy with my,, > jea2|Vy| is
> (1= o)Wl

In other words, we want to construct a “big” subset W; x Wy of V; x V; on which the
function (v, w) +— m,,, is mostly “not too small”. It is natural to begin by estimating
from below the average of m,,, on Vi x Vi, but the fact that we insist on a “square”
subset where the function is large means that the approach is not as simple as averaging
and using a generic argument.

Nevertheless, we begin by showing that the function is large on average. By the
assumption on the number of edges and the Cauchy-Schwarz inequality, we get

w<mr Z ) (S T

(v1,02)EVI X Vo v2EVa v1EV]
v~w v1~v2

w2 (L) e X X

va€eVa v1eV] €V2 v2€Va
V]~V VAU, WAV

or in other words

1 My w 1
_— WS
V2 Tl ” o
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Next, let B C V4 x V4 be the set of pairs (v, w) such that m,,, < 3ea~?|Vs[>. We then

have obviously
1 Myw €
JE— —_— < —,
‘Vl ‘2 Z ’V2’ 202
(v,w)EB
Comparing with the average, we deduce that

1 w1
Z (1—5_113(v,w)>m’ > —.

2 = 2
P o2 Vol 7 2a

Writing m, ,, as the sum of 1 over the elements u € V5 such that v is a neighbor of v and

w, we deduce
Sy X (- e) > 5
— 1 — v, W —.
Val & P2 ? Z 202

(vw)eVE
UE NN Ny

As a consequence, there exists some u € V5 such that the inner average over (v,w) is
> %OFQ. We define W, = N,,. We have W; C Vj since the graph I' is bipartite, and we
claim that W has the desired properties. Indeed, from the defining property

1 . 1
WP > (1) > 50

vw)EV2
UENyN Ny,
we get first
1 1 IN,|?
< 1= 7
202 |V1|2 Z |V1|2
(vw)eVE
UE Ny NNy

so |Wi| = (v2a)7'|Vi], and next

1 _
SWENBI< Y Mpw) < Y 1=IN =P
(v,w)EVl2 (v,w)er
UE NyMN Ny, UENLNNyw
which by definition of B is the last required condition for W;.

Step 2. We first assume that the minimal degree of a vertex in V] is at least (2a) ! |V5].
By Step 1 with e = (16a)7!, there exists W, C V4, of size > (v/2a)7!|Vi], such that at
least (1 — (16a)~)|W1|? pairs (v, w) € W are connected by > €(2a) 2 = (32a3) 7| V4|
edges.

In particular, if B denotes the set of pairs (v, w) € W connected by at most (8a)~2|V5]|
edges, then B is contained in the “exceptional” set, and has order at most (16«)~ W |2

We define U; € Wi to be the set of v € W, such that
1
{w e Wi | (v,w) € B} < o—|Wil.
We have then

W4 1 2
< B < — W 3
2 s S IBI< 15l
weWi=Uy
which means that [W; = Uy| < 2[W4], and consequently |U3] > (2v/2a) V4],
Next, let Uy C V5 be the set of all u € V5 such that |N, N Wy| > (4a)~HWy]. We
claim that the sets U; and U, have the properties required to prove the lemma. The
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lower bound for |U;| has already been shown. To estimate |Us|, we observe that since the
minimal degree of a vertex in V] is at least (2a))~!|Va, by assumption, we have

Z Z 1> |W1||V2

weWr ueVs
v

and therefore

Wills] = > > 1

ueUs veWs
SDIDREDIDIN

veEW uels ug Vo veWy
o WA[Va| _ [Va[[WA] _ [Val[Wh
~ 2a 4o 4o

which gives |Uy| > (4a) V4.

It remains to estimate the number ¢, ,, of paths of length 3 between v and u, for v € U,
and u € Uy. By definition of U, and Uy, the vertex u has at least (4a)~!|W;| neighbors
w in Wi, and at most (8a)~'|W;| of these are such that (v,w) € B. Hence u has at
least (8c)~!|W;| neighbors w such that (v, w) ¢ B. For each such w, there are at least
(32a) 7114 paths of length 2 from v to w, say passing through u; € V5. Then the paths
of length 3

VU~ WU
are all distinct, and they show that

1 1 1

v = 8—(1@| 1| [Va| > M’Vl“vﬂ-

This is, in this case, stronger than the claim of the proposition.

Step 3. Now consider the general case. Let Vi be the set of vertices v € Vi with
degree > (2a)~ 114|. We then apply Step 2 to the full (bipartite) subgraph T with vertex
set V3 U V. We write 8 = [Vi|/[Vi| > 1. Then

Villvel  WAIIVal _ g[PillVal _ [VAlIVal

E| > |E| -
IE] = |E] 2a 2a 2a vy

where v = 2371, Step 2 gives subsets U; C V; C V4 and Uy C Vi with

Vil v

22y 420
|U|>M>@
2| = 47 /8(1/

\Ur] >

and the property that v € U; and u € U, are joined by at least (28v/27*)~1|V;||V3| paths
of length 3. Since

TVl _ o WAlIVal . VAV

28+1/2,y4 7 91241/204 T 9134

the sets U; and U, satisfy the conditions required. U
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2.3. Cayley graphs, action graphs, Schreier graphs

We will now define the Cayley graphs, which are used to get a geometric vision of
groups and their properties. These will be among the most important examples of graphs
in later chapters when considering expansion.

DEeFINITION 2.3.1 (Cayley graph). Let G be a group and let S C G be any subset
which is symmetric, in the sense that s € S if and only if s=* € S. The Cayley graph of
G with respect to S is the graph (V, E, ep) where the set of vertices is V = G, the edges
are given by

E={{g,9s}) | g€G, s€S}cVv®?
and ep is the inclusion map E — V. This graph is denoted C(G, S).

In other words, to draw C(G,.S), we use the elements of the group as vertices, and
draw an edge between x and y if and only if 271y € S; since S is symmetric, this is
equivalent with y~'x € S. This graph is not always a simple graph: although it has no
multiple edges, it may have loops. In fact, this happens if and only if 1 € S, in which
case there is a loop at every vertex.

If S is finite, then C(G, S) is |S|-regular (there are |S = {1}| edges from g € G with
distinct extremities, because S is symmetric so {g, gs} = {gs, (gs)s~'}, and one possible
loop if 1 € 5).

For a lively and insightful discussion of some of the many aspects of Cayley graphs
that we will not discuss in this book, we refer to the book [50] of de la Harpe.

EXAMPLE 2.3.2. (1) For m > 3, the cycle C,, can be seen as (i.e., it is isomorphic to)
the Cayley graph C(Z/mZ,{£1}), as the reader is invited to check. For m = 2, this is
not the case (because 1 = —1 in Z/2Z); indeed, C(Z/2Z,{1}) is isomorphic to P;.

Similarly, for all m > 2, the complete graph K, is also isomorphic to a Cayley graph
of Z/mZ, but with respect to S = Z/mZ ={0}. This already shows that Cayley graphs
can look quite different for the same group G when we change the set S.

(2) Here is a picture of the Cayley graph C(Z/10Z, {£2}):

Note that this graph is not connected.

(3) If G =Z and S = {£1}, we obtain an infinite path (extending indefinitely in both
directions).

(4) The graph G,, defined in Example 2.1.6, (4), is isomorphic to the Cayley graph of
the symmetric group &,, with respect to the (symmetric) subset

(2.5) Sp={r, (12 --- n)*}.

Indeed, if we use the deck of cards D,, = {1,...,n}, the isomorphism (say f) maps
o € G, to the arrangement (o(1),...,0(n)) of the deck (read left-to-right as being top-
to-bottom), which respects the edges: from

flor) = (0(2),0(1),0(3),...,0(n))
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we see that the edge {0, 07} corresponds to switching the first two cards, while

floon) = (0(2),0(3),...,0(n),0(1))
and
floo) = (a(n),o(1),...,0(n = 1))
do correspond to putting the top card at the bottom, and conversely. We will simply
refer to the graphs G, as Cayley graphs from now on.
The reader should check visually that the graph G, is connected and bipartite. As we
will soon see, these facts reflect some basic group-theoretic properties of &,, and of .S,,.
(5) Let n > 2 be an integer and let G be a free group on n generators (ay,...,a,)
(see for instance [50, Ch. II] for an introduction to free groups, and Appendix B.1
for some basic facts). The Cayley graph of G with respect to the symmetric set S =
{ai,a;",..., an,a;'} is isomorphic to the infinite (2n)-regular tree Th, (Example 2.1.20).
To see this, we will use Proposition 2.2.14, but we invite the reader to devise a different
argument. This proposition shows that it suffices to prove that C(G, S) is isomorphic to
the universal cover of some finite (2n)-regular graph I'. We define I' = ({1}, S, ep), where
1 is the neutral element in G and ep is the unique (!) map from S to {1}. So I' is a
single vertex with 2n loops attached, and is (2n)-regular (as illustrated below with n = 2;
we remark in passing that this is one example where the usefulness of allowing multiple
edges and loops is particularly striking).

ai

a2 gy !

The idea is to represent each power s™ of a generator s € S, with m > 1, by the
non-backtracking path of length m obtained by going “around” the loop s, then around
s~!, then around s, etc. For a products s's% of two powers (or a longer product), we
simply perform this “dance” for s; first, and then for s;. Since there is only one vertex,
there is no problem with starting again at the right place... The reader should convince
herself that this leads to a bijection between reduced words in the generators {ay, ..., a,}
and non-backtracking paths in I'. We now present the details.

Any path v of length & in I is a concatenation of edges of I' (viewed as paths of length
1), i.e., it can be viewed as a k-tuple of elements of S. Such a path is non-backtracking if,
and only if, consecutive edges are different. If we gather together pairs of successive edges
of the form (s, s™!) for some s € S, we obtain a representation of v as a concatenation of
subpaths represented by

(5,57 s,..., s(_l)jil)
for some integer j > 1 (the unique path of length 0 is represented by an “empty” con-
catenation). Moreover, we may ensure that two consecutive subpaths of this shape, say

—1)J1—-1
(-1 ),

-1 (_1)3'2*1
(81,87 581,55 )

-1
(82,87 582,85

satisfy s; # sy and s # s, (these are excluded, either by the non-backtracking condition,
e.g., if j; is odd and s; = sg, or because they allow us to merge the two subpaths into a
longer one, e.g. if j; is odd and s; = s,'); once this is done, the representation is in fact
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unique (as the reader should check). We then map « to the product

F) = stk

in the free group G, viewed as a vertex of C(G, S).
For example, for n = 3, the non-backtracking path corresponding to the sequence

—1 —1 —1 -1 —1
(a‘l , A2, a3, Gy 7alaa’3 , A2, Qg 7a27a3 )

is mapped to the element a;asasa; as'ada;’ of G.

The construction shows that f: T —e (G, S) is a graph map (both graphs are simple
graphs). It is bijective, for instance because it is elementary to define an inverse map
from G to fl: express g € G as a reduced word in the generators {ay,...,a,}, say

N R
g=5 S

where s;.1 & {s;,s; '} for all i, and consider the non-backtracking path obtained by
concatenating the edges
_1)i1-1 i —
(s1,s7%, ..., s (S, st s

(for instance, for n = 3, the element g = a3a]’a, 'asas is represented by the path

(ag, a3, as, a7t a1, a5", as,as)). Hence f is the desired isomorphism.

REMARK 2.3.3. Using Serre’s definition of graphs, the following is the most natural
definition of Cayley graphs. Let GG be a group and let S be any subset of G' (not necessarily
symmetric). Recall (Remark 2.1.2 (5)) that a graph in Serre’s sense is a tuple (V, E, 0, €, 7).
Define the vertex set V = G, the edge set E = G x S x {=1,1}. The origin and end
maps are given by

0(9787 1) =49, 0(9737 _1) = gs, 6(9757 1) = 4gs, e(ga S, _1> =g

and the involution is i(g, s, ) = (g, s, —¢) (so the edge (g, s, 1) goes from g to gs, and the
opposite oriented edge (g,s,—1) =i(g, s, 1) goes from gs go g).
Recall also that the graph I" (in our sense) associated to such a tuple (V, E, 0, €, i) is
= (V, E/i,ep) where ep(a) = {o(a), e(«)} for any edge . If S and S~ do not intersect,
then I is naturally isomorphic to the Cayley graph C(G, S) where S is the symmetric set
S U S~ Indeed, the condition SN S~' = @ shows that E/i can be identified with the
edge set of C(G, S) by the map (g,s,£1) — {g, gs}.

If SNS~1! is not empty, we can think of removing from S those elements that come with
their inverse, since these only amount apparently to duplicating some edges. However,
this cannot be done if some element of S is its own inverse. Indeed, suppose that some
element s of S is a non-trivial involution, so s = s7". Let S = SUS~. Then in (G, S),
we have a single edge {g, gs} joining g and gs, Whereas in the graph (V,E/i,ep), on
the other hand, we have two edges joining them, namely (the classes of) (g,s, +1) and
(gs,s,41), since (gs) - s = gs> = g.

The simplest example of this behavior is G = Z/2Z and S = {1}. Then S = {1},
and C(G, S) is P (as already observed), while the “Serre version” I" of the Cayley graph
is (isomorphic to) the cycle Cy (a 2-regular graph). Similarly, for G = &,, and the
generating set S, of Example (4) above, Serre’s definition does not give the 3-regular
graph of Example 2.1.6 (4), but 4-regular graphs where the single edges corresponding
to the generator 7 are doubled.
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For our purposes in studying expander graphs, there is no practical effect of this small
difference. Since Definition 2.3.1 has also some slight advantages, we will continue using
it, and we will only make passing references to Serre’s definition.

The geometric notions of the previous section are particularly interesting when applied
to Cayley graphs. In particular, we have a group-theoretic interpretation of connectedness
and of the distance in Cayley graphs:

PROPOSITION 2.3.4 (Metric properties of Cayley graphs). Let G be a group and S a
symmetric subset of G. Let I' = C(G, S) be the corresponding Cayley graph.

(1) The Cayley graph I' is connected if and only if S is a generating set of G.

(2) Denote ||z||s = dr(1,z). Then the distance dr satisfies

(2.6) dr(z,y) = [l yls,

forall x, y € G = Vr, and in particular it 1s left-invariant, i.e.
dr(zy,zz) = dr(y, z)

for all x, y, z in G. Moreover

(2.7) |z|ls = min{k >0 | x = s1--- s, for some s; € S},

which is called the word length of x with respect to S.

PROOF. Statement (1) should be intuitively clear, since paths in C(G,S) join two
elements which differ by multiplication by an element in S, but let us give a proof. First,
we assume that I' = C(G, 5) is connected. For any z € G, let v : P, — I" be a path
between 1 and = (of some arbitrary length). If z; is the element v(i) € G for 0 < i < k—1,
we have xo = 1 and xp = x, and by definition of the edges in I', there exists s; € S such
that

ep(f*(z')) = {%’—17%‘—151'} = {%’—b%’}
for 1 <1i <k, ie., z; = x;_1s;. By induction this gives
so that x is in the subgroup of G generated by S, and since it was arbitrary, this subgroup
must indeed be equal to G.

The converse is basically already proved now: if S generates G, and z, y € G are
arbitrary vertices of the Cayley graph, we can find £ > 0 and elements s; € S, 1 <1 < k,
such that

Ty =51 s
and then there is a path v : P, — I" defined by
fO) =z, f(i)=axs1---s, 1<i<k,
fe(@) ={xsg - si_1, 280+~ S}, 1 <1<k,
which links f(0) = z to f(k) = y.
(2) The formulas (2.6) and (2.7) are implicit in what was done before: given z, y € G,

there is for any k£ > 0 a bijection, which we just constructed, between paths v : P, — T
between x and y, and k-tuples (sy,...,s;) € S¥ such that

N

Y =xS8182 " Sk-

The minimal possible & for given = and y is the distance between x and y, so that (2.7)
follows, and since the equation above is equivalent with 271y = s; - - - s, this means also
that

dr(z,y) = |lz""y| s,
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proving (2.6). O

EXERCISE 2.3.5. Prove that the set S, given by (2.5) generates &,,, and hence that
the graphs G,, of Example 2.3.2, (3), are all connected. In fact, show that there exist
constants ¢ > 0 and C' > 0 such that the diameter of (G,, satisfies

(2.8) en? < diam(G,) < Cn?
for all n > 3. [Hint: This is a fairly classic exercise. As described by Diaconis and Saloff-
Coste [32, §3, Ex. 1], it can be convenient to think of this in terms of card shuffling.]

Cayley graphs do not only give a geometric “representation” of groups, the construc-
tion is compatible with homomorphisms, i.e., with possible “relations” between groups:
whenever we have a homomorphism

G- H
of groups, and a subset S C GG, we get an induced graph map
(f. fe) = €(G,S) — C(H, f(S5))
which is defined by the map f itself on the vertices, and by the definition
fi{g,95}) = f({g.9s}) = {f(9), f(9)f(s)}

(“qui s’impose”) for any edge {g,gs} € FEe,s). Obviously, this association maps the
identity to the identity of the Cayley graph, and is compatible with composition (in the
language of categories, it is a functor) on the category of groups with a subset. We also
see that (f, f«) is an embedding whenever f is injective.

As another example of relation between groups and their Cayley graphs, here is a
bipartiteness criterion:

PROPOSITION 2.3.6 (Bipartiteness criterion for Cayley graphs). Let G be a group,
and let S be a symmetric generating set of G. Then C(G,S) is bipartite if and only if
there exists a surjective group homomorphism

e: G— {£1}
such that e(s) = —1 for all s € S. In particular, if 1 € S, the Cayley graph C(G,S) is
not bipartite.

Although this can be related to Proposition 2.1.25, the proof is simple enough to spell
out in full.

PROOF. First of all, suppose ¢ exists with the properties indicated. Then we can
partition the vertex set V = G as

V=cl1)uel(-1)

and both subsets are non-empty since ¢ is supposed to be surjective. Consider an edge
in the Cayley graph: it is of the form {g, gs} for some g € G and s € S, and since

e(gs) = e(g)e(s) = —&(g),
it follows that the extremities are distinct, one being in ¢7'(1) while the other is in
e71(—1). Hence we can make C(G, S) into a bipartite graph using this partition.
Conversely, suppose C(G, S) is bipartite, with V = G = VU V] a partition in inputs
and outputs. We then claim that

c(g) = 1 if ge VW
=V itgen
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is a surjective group homomorphism G — {%1} such that e(s) = —1 for s € S.

Certainly, ¢ is well-defined and is surjective. Moreover, since any s € S is an extremity
of the edge {1,s}, where 1 € Vj, the bipartiteness implies that s € Vj, and hence
e(s) = —1.

There only remains to check that ¢ is a homomorphism in order to conclude. For this,
we claim that e(g) can be computed as e(g) = (—1)* for any k such that there exists
elements sq, ..., sp € S with

g=51"""5k
(in other words, £(g) = (—1)“® for any path 7 between 1 and g). It is easy enough to see
this: we start with s; € V; (by the above), then the edge {s1, s152}, with one extremity
in V;, implies that sys; € V4, and then similarly s1s,83 € Vi, and so on (by induction,
the element s --- s is in Vg if k is even, and in V; when k is odd, which amounts to this
formula e(g) = (—=1)%).

We now write g = $1---Sg, h = t1---t,, with s;, t; € S (note that since the Cayley
graph is connected, the set S is a set of generators!), and obtain

e(gh) = e(si- st~ tn) = (=1)" = e(g)e(h),
as desired. 0

ExAMPLE 2.3.7. (1) Consider G = &,,, the symmetric group on n letters, and the
generating set S = { transpositions in G }. Then C(G, S) is bipartite, the corresponding
homomorphism being the signature ¢ : &,, — {£1}.

(2) For the Cayley graphs G,, = C(&,,, S,) discussed in Example 2.3.2, (3), note that
we have e(7) = —1, &((1 2--- n)) = (=1)""!, so that G,, is bipartite if and only if n is
even. (For instance, this occurs for G4, which we drew earlier.)

(3) The first two examples show that bipartiteness is not purely a condition on the
group involved, but also depends on the choice of generators. In particular, in situations
where having a bipartite graph is a problem (as happens with the behavior of random
walks, as we will see in Section 3.2), one can often efficiently bypass the issue for a Cayley
graph C(G, S) by considering instead C(G, S U {1}), which is not bipartite. Graphically,
adding 1 to S amounts to replacing the graph C(G,S) with the graph with the same
vertices, but with an extra loop added at each vertex.

As we will see, for instance when discussing the relation between expansion and diam-
eter in Section 3.5, Cayley graphs are in some ways better behaved than general graphs
(even general regular graphs). Very often, this comes from the fact that Cayley graphs
are highly symmetric, as the following simple proposition observes:

PROPOSITION 2.3.8 (Automorphisms of Cayley graphs). Let G be a group and S C
G an arbitrary symmetric set. The group G acts faithfully and transitively by graph
automorphisms on C(G, S), the automorphism f, associated to g € G being given by

fow) =gz, fou{z,xs}) = {gz, gus}
for all vertices v € G and edges {x,xs} of the Cayley graph.
The very simple proof is left to the reader. The following corollary expresses the girth

of a Cayley graph in group-theoretic terms. It is one of the very few places in this book
where our definition of Cayley graphs imposes a restriction.

COROLLARY 2.3.9. Let G be a group and S C G a symmetric subset that contains
no non-trivial involution. Let I' = C(G,S) be the corresponding Cayley graph. The girth
of I' is then equal to the length of the shortest non-trivial relation among the elements

35



of S, namely girth(I") is the smallest m > 1 for which there exist (s1,...,8n) in S, with
siSiy1 # 1 for all i, such that sysg- -+ s, = 1.
In particular, if G is finite, the girth of the Cayley graph I is finite.

ProoF. First of all, by composing with a suitable automorphism of I', we can replace
an arbitrary embedding of a cycle (), — I" with one starting from the identity element.
Denote by m the integer defined in the statement of the corollary, and let k = girth(I).

(1) If k£ is finite, and v : Cj < I is cycle of length k starting at 1, the edges
v«({i — 1,7}) are of the form {g;, g;s;} for some ¢g; € G and s; € S. Following the cycle,
we see that the relation s; - -- s = 1 holds in G. Since the map Cj — T' is an embedding,
we also obtain s;s;,1 # 1 for all ¢, hence m < k.

(2) Conversely, let sq - --s,, = 1 be a relation of minimal length in G, with s; € G and
s; # si11. ldentifying the vertex set Z/mZ of C,, with {0,...,m — 1}, we define

(0) =1, (i) =s1---s; for 1 <i<m,

and

’Y*({Z — 1, ’L}) = {81 crr8i—1,81° Si} € EF,
for 1 < 4 < m. This defines a graph map C,, — I', because the relation s;---s,, =1
ensures that the last edge “comes back”, as it should, to the origin. We claim that,
because we selected a relation of minimal length, v is an embedding. Indeed, assume
that ¢ and j # ¢ are such that 0 < i < j <m and (i) = 7(j). Then we find that

31"'Si:51"'3i3i+1"'3j

and hence

Siv10 S5 = 1,
which is a relation of length 7 — i. By definition of m, this means that j — ¢ > m, which
is a contradiction. O

REMARK 2.3.10. The restriction on S is needed because, for instance, the Cayley
graph C(Z/2Z,{1}) is a path of length 1, hence a tree, and therefore has infinite girth,
whereas the minimal length of a relation in that case is 2. The reader should check that
the restriction on S disappears if one uses the Cayley graphs following Serre’s definition,
as sketched in Remark 2.3.3.

After defining Cayley graphs as a way to “geometrize” the algebraic structure of a
group, it is natural to try to do something similar to a set on which the group acts. To
keep a uniform presentation in comparison with Cayley graphs, we consider right actions
(left actions can of course be handled similarly). Thus we consider a group G and a set
X with a right action

() = x-g
of G on X. Given a subset S of G, we can visualize the action geometrically by using X
as a set of vertices, and putting edges between any two points x, x - s for s € S. If we
take X = G with G acting by right multiplication, we will recover the Cayley graphs.

A suitable definition turns out to be a bit tricky, due partly to our “coding” of graphs.
We wish that the action graph should be regular, and that the edges with one extremity at
a given vertex x € X correspond naturally to the elements of S. The presence of possible
fixed points turns out to create complications to achieve exactly this (see Example 2.3.17
below for an enlightening illustration).

We will use the method of Example 2.1.8 (3) to define the graph, i.e., we specify the
edges between any pair of vertices. The resulting graph will be called the action graph.
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For (z,y) € X x X, let E(z,y) ={se€ S | x-s=y}. We define E(z,z) = E*(z,2)
for x € X and for x # y, we put

E(z,y) = (E(z,y) UE*(y,2))/(s ~ s7),
(the equivalence classes for the equivalence relation that identifies s and s71). We then
have E(x,y) = E(y,x) for all  and y.

LEMMA 2.3.11. The projection map E*(x,y) — E(x,y) is a bijection for all x and y
n X.

PROOF. This is true by definition if 2z = y. Otherwise, note that s € E™(x,y) if and
only if s7' € ET(y, z). O

Note that if s € S is an involution, we have s € E*(z,y) and s € E*(y, z) whenever
r-s=y.

DEFINITION 2.3.12 (Action graph). Let G be a group, S C G a symmetric subset
and X a set on which G acts on the right. The action graph of X with respect to S,
denoted A(X,5), is the graph A(X,S) = (X, E,ep) where F is the disjoint union of the
sets FE(z,y) for (z,y) € X x X, and ep(a) = {z,y} if @ € E belongs to E(x,y).

We do not use ET(z,y) in this definition, because ET(x,y) # ET(y,x) in general.
However, by definition, the adjacency matrix of A(X,S) is given by a(z,y) = |E(z,y)| =
|E*(z,y)|. The neighbors of xz € X are the elements y = z - s for some s € S, and if an
edge « is represented by s € Et(z,y), then we have ep(a) = {z,z - s}.

LEMMA 2.3.13. Let x € X. The map sending s € S to the edge corresponding to the
element of E(x,x-s) corresponding to s € ET(x,x - s) is a bijection from S to the set E,
of edges in A(X,S) with one extremity equal to x.

Proor. We have a disjoint union
E, = U E(x,y) = E(z,z) U U E(x,y) = E*(z,z) U U E(z,y),

yeX y#w y#w
and Lemma 2.3.11 shows that for any y # x, the map sending s € E*(x,y) to the
corresponding edge in E(z, - s) is a bijection, hence the result follows. U

REMARK 2.3.14. We define an action graph for a left action of G on X by an im-
mediate adaptation of the definition: we use Et(z,y) = {s € S | s-x = y} to define
edges.

DEeFINITION 2.3.15 (Relative Cayley graphs, Schreier graphs). Let G be a group,
S C G a symmetric subset and H C G a subgroup.

(1) The Schreier graph of H\G with respect to S is the action graph A(H\G,Y5),
where G acts on H\G by Hx - g = H(zg) for g € G and Hx € H\G.

(2) If H <G is normal in G with quotient K = G/H = H\G and canonical projection
m: G — K, and if G acts on K by multiplication on the right

k- g = kﬂ-(g)a
then we call the associated Schreier graph the relative Cayley graph of K with respect to
S. It is also denoted C(K, S).

EXERCISE 2.3.16. Let H << G be a normal subgroup and S C G a symmetric subset.
Denote by m: G — G/H the canonical surjection. Show that the relative Cayley graph
A(G/H,S) is naturally isomorphic to the Cayley graph C(G/H,n(S)) (which justifies
our notation C(G/H,S)).

37



ExAMPLE 2.3.17. The following example will clarify the complicated-looking defini-
tion of action graphs. We take G = G5, the symmetric group on 5 letters, with symmetric
generating set S = {7, u, u~ !, 0,07} where

T=(12), p=(12345), o=(123)

(in cycle notation; the first element 7 = (1 2) is of order 2, so equal to its inverse).

The group G acts on X = {1,...,5} on the left by evaluation, namely by o -i = o (),
and this action is transitive, hence isomorphic to the multiplication action of G' on right
cosets of the stabilizer subgroup H = {¢ € G | o(1) = 1}, so that the action graph
A(X, S) is isomorphic to the Schreier graph A(G/H,S).

First, here is a geometric picture of the graph (X, X x S, ep), where ep(z, s) = {z, s-z},
which shows all connections between elements of X arising by the action of S (in other
words, the set of edges between z and y is the disjoint union of E*(z,y) and E*(y,z)):

2

ot

The reader should check that this is correct. For instance, there are indeed 25 = |S| x | X|
edges, and the six edges with extremities {1,2} are given by

(T7]‘>7 (T7 2)7 (/"L7]‘>7 (ILL—172)7 (0-7]')7 (0-_171)7

while the three loops around 4 are (7,5), (¢,5) and (0!,5). Note in particular that this
graph is not regular.

The corresponding action graph I' = A(X,S) ~ A(G/H,S), on the other hand, is
the following graph:
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There are now only three edges between 1 and 2, corresponding to the quotient in the
equivalence relation defining E(1,2), but the loops are preserved. The graph is, indeed,
5-regular.

Note also that the associated simple graph is different from both graphs (it is simply
the cycle Cs).

EXERCISE 2.3.18. Continuing Exercise 2.1.5, give a definition of action graphs using
the coding you defined, which corresponds to the definition above.

PRrROPOSITION 2.3.19. Let G be a group and S C G a symmetric generating set.
(1) Let X be a set on which G acts on the right, and xo € X. The orbit map

f G — X
g = ZTo-g
induces a natural graph map C(G,S) — A(X,S), i.e., there exists a map f. between the
edge sets of both graphs so that (f, f«) is a graph map.

(2) More generally, let f : X — Y be a morphism of sets with right G-action, i.e.,
we have f(x-g) = f(x)-g for allx € X. Then f induces in a similar way a graph map

A(X,S) — A(Y, S).

PROOF. (1) We need to define the map f, between edges so that (f, fi) is a graph
map. Let {g,gs} be an edge in the Cayley graph. We map it to the edge represented by
s € ET(xg-g,x0-gs) in the action graph; this is well-defined, because if we interpret the
original edge as {gs, (gs)s~'}, then s™* € ET(gs, g) corresponds to the same edge in the
action graph.

(2) The construction is entirely similar and left to the reader. U

EXERCISE 2.3.20. Let G act on the left on a set X.

(1) If S C G is a symmetric generating set, show that A(X,.S) has no loop if and only
if the elements of S act without fixed points on X.

(2) If X = G/H with the action of G by left-multiplication, show that A(G/H,S)
has no loops if and only if SNzHz~! = for all z € G.

(3) Let k > 2 be an integer and let G = S, acting on X = {1,...,k} by evaluation.
Find (or show that there exists) a symmetric generating set S of G' such that A(X,S)
has no loops.

(4) Find a criterion for the action graph to be connected.

39



CHAPTER 3
Expansion in graphs

3.1. Expansion in graphs

In this section, we begin the study of expansion properties of graphs. This will lead
to the definition of an expander family of graphs, and the main results of this chapter
will be the equivalence of different notions of expanders.

The goal is to find a quantitative invariant that can be used to measure a very high
level of connectedness of a graph. Of course, assuming a graph is known to be connected,
the diameter is the first natural invariant that comes to mind: for a fixed number of
vertices, a graph with smaller diameter is “better connected”.

However, as discussed in Chapter 1, we also wish to be able to detect (using our
invariant) that the graph is “robust”, by which we mean that it can not be disconnected
too easily.

For instance, consider a graph I',, given by taking the disjoint union of two copies
I' and I” of a complete graph K,,, for some m > 2, and adding a single edge between
chosen vertices 1 € I' and x5 € IT":

(3.1)

We clearly have diam(I',,) = 3, for any m, which shows that I',, has very small
diameter. But if we remove the single additional edge between x; and x5, we obtain a
disconnected graph. This behavior is not desirable in many applications, and leads to
the definition of the “expansion constant”, or Cheeger constant, of a graph (the name is
motivated by the geometric analogue defined by Cheeger in [28], which will also make an
appearance in Example 5.4.7 in Section 5.4).

DEFINITION 3.1.1 (Expansion constant). Let I' = (V| E, ep) be a finite graph.
(1) For any disjoint subsets of vertices Vi, Vo C V', we denote by &(V1, V3) or Ep(Vi, Vs)
the set of edges of I' with one extremity in V; and one extremity in V5,
EV1,Va) ={a € E [ ep(a)nVi #0, ep(a) NV #0}.

and we denote by €(V7) or Ep(V;) the set E(V1,V —=V)) of edges with one extremity in
Vi, and one outside V.
(2) The expansion constant h(T'") is defined by

h(I") = min{ |8|§;/|)|

with the convention that h(I') = 400 if I' has at most one vertex.

€ [0, 400 |0 £ W C V and |W| < ;m},

In other words, h(I") is the smallest possible ratio between the number of edges exiting
from W and the size of W, when W is a set of vertices that is non-empty, but not too
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big. This will provide a measure of robustness, in the following sense: the larger h(T")
is, the more difficult it is to disconnect a largish subset of V' from the rest of the graph.
This is expressed in the following result:

PROPOSITION 3.1.2. Let I' = (V| E,ep) be a finite graph with at least two vertices, so
that h(I') < +o0.

(1) We have h(I') > 0 if and only if I" is connected.

(2) If W C V is a subset of vertices with |W| = 6|V| where 0 < 6 < %, one must
remove at least Oh(I')|V| edges from I' to disconnect W from the rest of the graph.

PRrROOF. (1) The condition A(I') = 0 means that there exists some W C V', non-
empty, of size < |I'|/2, such that (W) is empty. In particular V —W is also of size > 1.
Let z € W and y ¢ W be two vertices. Then there is no path in I' between x and v,
since such a path would have to cross from W to V — W at some point (we leave as an
exercise to make this rigorous). Therefore I' is not connected.

Conversely, if I' is not connected, there are at least two connected components in T’
and at least one of them, say W, must have size |W| < |['|/2. Since W is not empty and
EW) =0, we get h(T') < |E(W)|/|W|=0.

(2) Once we explain the meaning of the sentence, it will become clear: we say that
removing a set C' of edges disconnects W from V =W if E(W) C C, i.e., all edges that
go from W to “somewhere else” are contained in C. Then since

[EW)] = A(I)|W] = 5n(D) V],
by definition of A(T"), our statement is just a reformulation of the definition. 4

ExamMpLE 3.1.3. (1) Consider the complete graph K, with m > 2 vertices. Any
two subsets of the vertices with the same cardinality are equivalent (i.e., there is an
automorphism of the graph mapping one to the other), and hence

1 : : . m
W(Kyp) = min SJE({L gD = min (m—j)=m ||

(since there are j(m — j) edges in K, from {1,...,j} to its complement {j +1,...,m}).
(2) Consider now I' = C,,, the cycle with m > 2 vertices. The subsets of size < m/2
that expand least are given by the images W of paths in C,, of length diam(C,,) = [ % | <
m/2 (this is intuitively clear, and the proof is left as an exercise). In this case (W) has

two elements (one edge from each end of the path), and therefore
2 4
2] “m—1

Note that the inequality h(C,,) < 4/(m — 1) follows, even if one does not know that
paths are the least expanding subsets, since

(3.2) h(Cy) =

by definition for any subset W.
(3) Let I" be a graph like the one in (3.1): two copies of K,, joined by a single edge
a. Then if we take W to be the first copy of K,,, we see that E(W) = {a}, hence
1
hl) < —.
)<

(4) Let T'= T}y, be a finite tree with degree d > 3 and depth k& > 1. The expansion
constant can be bounded from above by taking as subset W one of the subtrees “below a
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neighbor of the root”, i.e., if z( is the root and z; is a vertex indexed with a single letter
of the alphabet (e.g., 1 = 1), we let

W = U {(1,52,...,5]‘) € VT}
2<<k
which (see Exercise 2.2.7, (4)), can be written equivalently as
W ={yeVr | dr(y,xo) = dr(y,1)}.
We then have |W| = m% < @, and therefore
EW)]
W]

MT) <

It is clear from the picture

that (W) contains a single edge, the one joining 0 to 1 (in other words, to “escape”
from the subtree induced by W, one must pass through the root), and therefore

1 d
Wi T =1

MT) <

These examples are already instructive. In particular, they show that A(I") behaves
in a way consistent with our goal: the “super”-connected complete graphs have h(I") very
large, while large, easily-disconnected graphs, like C,,, or those of Example (3) have quite
small expansion constants.

Although the arguments were highly elementary, they also show that it is much easier
to give an upper-bound for A(I') than a lower-bound: since the expansion constant is
defined as a minimum, a single well-chosen subset W may lead to a good upper-bound,
while we need to know which sets are the worst behaved in order to give a non-trivial
lower-bound. This is confirmed by the wide gap in the following trivial bounds:

LEMMA 3.1.4 (Trivial bounds). For any finite connected graph U with at least two

vertices,

2 .

T < h(l) < rxrél‘l;lval(x),
where we recall that val(x) is the valency of a vertex x.

PRrOOF. For the lower-bound, we just note that since I' is connected, we must have
|E(W)| > 1 for any non-empty proper subset W in V| hence
el _ 1 2
> Z =
Wi = wi |
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if 1 < |W] < |I'|/2. On the other hand, for the upper-bound, take W = {z} where x € V'
(which satisfies |IW| < |I'|/2), and note that |E(W)| = val(x), hence h(I") < val(z) for all
zeV. i

We now come to a proper result: we show that a large A(I") implies that the diameter
of a graph is relatively small. This means that the expansion constant does control this
more natural-looking invariant.

PROPOSITION 3.1.5 (Expansion and diameter). Let I" be a finite non-empty connected
graph. We have

log @

log <1 + @)

where v = max val(z) is the maximal valency.
zeV

(3.3) diam(T") < 2

The intuitive idea is the following: to “join” z to y with a short path, we look at
how many elements there are at increasing distance from x and y; the definition of the
expansion constant gives a geometrically increasing lower-bound on the number of new
elements when we increase the distance by one, and at some point the sets which can be
reached in n steps from both sides are so big that they have to intersect, giving a distance
at most 2n by the triangle inequality.

The following lemma is the crucial step:

LEMMA 3.1.6. Let I' be a finite non-empty connected graph and x € V. For any
n >0, let B,(n) be the ball of radius n around x, i.e.

Ba(n) ={y €V | dr(z,y) < n}.

Then, with v denoting the mazimal valency of I, we have

1B,(n)| > min(%, (1 + h(r))”).

(%

PROOF. It is enough to show that if n > 0 is such that |B,(n)| < |['|/2, then we have
h(T)

Baln+ 1) > (14 2) B ()],
since B, (0) = {x}. To prove this inequality, we observe simply that if « € E(B,(n)) is
an edge exiting from B, (n), its extremity which is not in B,(n) is in B,(n + 1) =B, (n),
i.e., is at distance n + 1 from x: this is a “new” point.

It is possible that multiple edges a starting from B,(n) lead to the same y, but
since all these edges share the extremity y, the maximal number of edges leading to y is

val(y) < v, so that

Bo(n + 1) = By ()] 2 LB A 5 0y,

v v
by definition of A(I"), using the assumption that |B,(n)| < |['|/2. Then we get

Bl + )] = [Balo)| + (B + 1) =B, ()] > (14703, )

as desired. O
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PROOF OF PROPOSITION 3.1.5. Let x, y € V be two arbitrary vertices; we are going
to estimate dr(z,y) from above. For this, we denote

v

and we denote by n > 1 the smallest integer such that

T
" 2 a
B 2
(which is possible since 8 > 1, in view of the connectedness of I'). Then by Lemma 3.1.6,
applied to x and y, we find that

I Tl
B> B s, > L
In fact, we must have |B,(n+ 1)| > |I'|/2 (because either this is true for B,(n), or
else |B,(n)| = |I'|/2 and then there are some vertices at distance n + 1), and therefore

Bo(n+ 1) NBy(n) # 0,

which means that dr(z,y) < 2n + 1 by passing through an intermediate point z lying in
this intersection...
Since = and y were arbitrary, we have diam(I") < 2n + 1, and since

_ Fog%-‘ o log%|

log3 1~ log 3
we obtain the diameter bound that we stated. O

+1,

EXAMPLE 3.1.7. One checks easily that, for the complete graphs and the cycles, this
translates to the following asymptotic upper bounds on the diameter:

diam(K,,) < logm, diam(C,,) < mlogm

for m > 2. Both are off by a factor of size logm = log |K,,| = log|C,,| from the actual
values.

We can now define expander graphs, which encapsulate the idea of graphs which are
both relatively sparse and highly, and robustly, connected.

DEeFINITION 3.1.8 (Expander graphs). A family (T';);cr of finite non-empty connected
graphs I'; = (V;, E;,ep) is an expander family, or a family of expanders, if there exist
constants v > 1 and h > 0, independent of ¢, such that:

(1) The number of vertices |V;| “tends to infinity”, in the sense that for any N > 1,
there are only finitely many ¢ € I such that I'; has at most N vertices.

(2) For each ¢ € I, we have

max val(z) < v,
z€eV;

i.e., the maximal valency of the graphs is bounded independently of i.
(3) For each ¢ € I, the expansion constant satisfies

i.e., it is bounded away from 0 by a constant independent of 1.
We will say that a pair (h,v) for which the two properties above hold are ezpansion
parameters of the family.
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REMARK 3.1.9. Most often, the index set [ is just the set of positive integers, so that
we have a sequence of expander graphs. But it is sometimes convenient to allow more
general index sets.

Let us review these conditions. The first is, to some extent, a matter of convention:
if I' is a fixed non-empty connected graph, it has bounded valency, of course, as well as
positive expansion constant, and hence a “constant” family with I'; = I" for all ¢ would
qualify as expanders if the number of vertices was allowed to remain bounded. But since
our intuition is that a family of expanders should allow us to construct arbitrarily large
graphs (measured with the number of vertices) which are “sparse” and “super-connected”,
it is not of interest to just repeat a single graph infinitely many times.

The second condition is our interpretation of sparsity. The point is that if the valency
of vertices of a graph I' is < k, the number of edges is controlled by the number of vertices,
namely

|Er| < E|Vr|.

The number of edges is seen here (as discussed in Chapter 1) as a “cost” involved in
constructing the graph. Bounding the valency means that we ensure that the cost scales
linearly with the number of vertices.

Finally, the last condition is a connectedness and robustness assertion. It is natural
in view of our examples and of Proposition 3.1.5. It is the best to hope for here, since
the trivial bound of Lemma 3.1.4 shows that one can not do better than having h(T')
bounded from below for a family of graphs with bounded valency.

In fact, combining the conditions of sparseness and expansion, we can now derive the
following result, which shows that expanders have quite a small diameter, relative to the
number of vertices:

COROLLARY 3.1.10 (Diameter of expanders). Let (I';) be an expander family of graphs.
Then we have

for all i, where the implied constant depends only on the expansion parameters (h,v) of
the family. *

Note that the examples of finite trees Ty, with d > 3 fixed, show that the converse
to this statement is not true: the sequence (Tyx)r>1 is a sequence of graphs which have
valency bounded by d, and diameter 2k < log|T} |, but they are not expanders.

PROOF. Let J be the set of the (finitely many) indices 7 € I such that |T;| < 2¢.

We apply Proposition 3.1.5: denoting

1
3

v = max max val(z) < +oo, h =inf h(L;) > 0,
i€l zely; el
and
&= L >0
~ log(1+ h/v) ’
we get first

diam(I';) < 2€ log(2[Ti]) +3 < 26 log(3|T4]) + log (31T )
< (26 + 1) log(3[T]),

1 We use 3|I';| to avoid any problem with the possible exceptional i’s where |I';| = 1, and because
log 3 > 1; this is old analytic number theory lore...
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for i ¢ J. We can then get an estimate valid for all ¢, e.g., by writing diam(T’;) <
C'log(3|I;]) with

(3.4) C = max(2§ + 1, max diam(T';))
j

for all ¢ € I. O

Although there are infinite sequences of graphs with diameter growing asymptotically
slower than the logarithm of the number of vertices, as we have seen with complete
graphs, this result is in fact best possible under the sparseness condition, as far as the
order of magnitude is concerned:

LEMMA 3.1.11. Let T be a non-empty finite graph with mazimal valency < k, where
k > 1 s an integer. Then
log(|T'])

diam(T") >
iam(I") log

PROOF. Let z € T be a fixed vertex. By induction, we get immediately |B,(n)| < k"

for n > 0, since for each y € B,(n — 1), there are at most k vertices joined to y at distance
n from z. If d = diam(T"), we have B,(d) = T’ by definition and hence |I'| < k%, which is
the desired estimate. O

Thus we see that, if they exist, expander families are essentially optimal graphs when
it comes to combining sparsity and strong connectedness (or expansion) properties.
Another useful property of expanders arises immediately from Lemma 3.1.6:

PROPOSITION 3.1.12 (Growth of metric balls). Let (I';) be an ezpander family. Then
the metric balls in T'; are uniformly exponentially expanding, in the sense that there exists
v > 1, independent of i, such that for any graph T; in the family, we have

r
|B.(n)| > min(’—2|, 7"),

for all x € T'; and n > 0. In fact, one can take v = 1+ h/v, where (h,v) are expansion
parameters of the family.

Proor. This is a direct consequence of Lemma 3.1.6. O

EXERCISE 3.1.13. Let (I';) be an expander family such that all I'; are d-regular for
some fized integer d > 1. Show that d > 3. (We will see later that d-regular expander
families do exist for all d > 3.)

EXERCISE 3.1.14 (Some Cayley graphs of &,,). We consider again the Cayley graphs
G, = C(6,, S,) of Example 2.3.2. Could (G,) be an expander family? For the moment,
we only know an upper bound (2.8) for the diameter that is a bit too weak, but is not
very far off from the estimate

diam(G,,) < log|G,| < nlogn

that would be necessary for an expander. However, we will see here concretely that (G,,)
is not an expander. (We will also present later, in Proposition 3.5.8, another proof of this
using the results of Section 3.4, which in fact produces a better upper bound for h(G,,).)

It is convenient here to see &,, as acting by permutations of Z/nZ. With this inter-
pretation, the generators o, and o, ! act on Z/nZ by

on(i) =i+1, o (i)=i—1
for i € Z/nZ.
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Define then
W, ={0c€6, | thereisnoi e Z/nZ such that o(i+ 1) = o(i) + 1} C &,,.
(1) Show that

eawl 1
[ n
(2) Show that
1 < liminf% < lilrnsupn/v—"| < 1
3 T notoo ‘Gn’ = n——+o0 |6n| DX

and conclude that h(G,,)) < n~!. [Hint: You can use inclusion-exclusion.]

The reader may have wondered why the expansion constant h(I') was defined using
the quantities |E(W)|, measuring a set of edges, instead of their extremities outside W,
which are the vertices that one can reach in one step from W. In other words, why not
study what might be called the vertez-expansion constant defined by

(3.5) R(T)= mi 1w

= min
w<wiiry2 W7
where
W ={zeWVr | x¢W, dr(z,y) =1 for some y € W}
is the boundary of W?

The answer is that the definition is to some extent a convention, but that the one we
used fits better with the idea of measuring “robustness”: two vertices z, y, with x € W,
y ¢ W, which are linked with more than one edge (the case where the counting of edges
diverges from that of vertices) are “better connected” than if there is only one edge with
ep(a) = {x,y}, since cutting one of them would not disrupt the connection.

However, in the setting of expander families, it turns out that there is no difference in
the class of graphs distinguished by the expansion constant and the variant (3.5). This
follows from an easy lemma:

LEMMA 3.1.15. Let I' = (V, E,ep) be a non-empty finite graph with mazimal valency
v and let W C V' be any subset. We have

el < 1w < |l
In particular, a family (I';) of graphs of increasing size is an expander family if and
only if it has bounded valency, and there exists h > 0 such that
h(I';) > h
forall ¢ € 1.

Proor. Consider the map

EW) — OW
a = epla)n(V=W)
which sends an edge in (W) to the one among its extremities which is not in W.

By definition, this map is surjective, which gives the second inequality of the lemma,

and there are at most v edges which map to any given z € OW, which means that
|IE(W)| < v|oW]. O
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In the case of a bipartite graph, yet another variant of the expansion constant is
obtained by looking just at subsets of the input vertices. Precisely, for a finite bipartite
graph T' = (V| E, ep) with a decomposition V =V, UV}, we let

(3.6) 1(T) = min(ho, hy), h; = I/rvnclr‘}; %
1W< Vil /2

(note that all the vertices in the boundary of a subset of V; are in the other part). We
then have:

LEMMA 3.1.16. Let I' = (V, E,ep) be a finite bipartite graph with a bipartiteness
decomposition V. = Vo U Vi and with mazimal valency v > 1. Assume further that

Vol = [Vi|. We have
n(r) -1
2
PRrROOF. The upper-bound is easy and left as an exercise. For the lower-bound, we
may assume that A(T) > 1, say A(I') = 14 & with & > 0:; we must then check that
h(T') > 2. Let then W C V be any subset with 1 < [W| < 3|V|. We write W = Wy UW;

with W; = W NV,. Up to exchanging V; and V;, which does not affect ﬁ(F), we can
assume that [W;| < |[Wp|, and in particular that [Wy| > 5|W/|. We now distinguish two
cases:

(1) If [Wo| < £|Vo], we deduce by definition that

|8Wo| = (1 + 5)’Wo‘.

Among the neighbors of Wy, at most |[W;| < |[Wy| belong to W. So Wy has at least
6|Wo| > 2|W| neighbors (in V;) which are not in W. Hence we get

< h(I) < vh(I),

vy 8
w2
(2) If [Wo| > $|Vo|, we deduce
v
ool > (1 +0) 2
by applying the definition to a subset of Wy of size [|Vg|/2]. But |W;| < |Vp]/2 since
%
W)= w5l + il < (v = 2L

(recall that we assume that V4 and V; have the same number of elements). Thus W)
contains at least 2|Vp| = $|V| = £|W| neighbors not in W, and hence we obtain again

e _ o

Wi~ 2

g

The expander property can be thought of as relatively qualitative, and in particular it
is fairly robust to certain changes of the structure (especially of the edges) of the graphs.
Here is a fairly convenient lemma in this direction:

LEMMA 3.1.17 (Comparison of expansion constants). Let I'y = (Vi, Ey,ep) and T'y =
(Va, Es,ep) be non-empty finite graphs with distances dy and dy respectively, and maximal
valencies bounded by v, and vy respectively, and let f : Vi —> V5 be a surjective map
such that:
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(1) For all y € Vs, the set f~'(y) has the same cardinality d > 1, in particular
Vi] = d|Val;
(2) There ezists C' > 0 for which do( f(x), f(y)) < Cdi(x,y) for all x, y € V;.

Then we have (T
h(ry) > M)
w

where w > 0 depends only on (C,vy,vs), namely
[C]

— J—1
w="v ) Uy .
Jj=1

We emphasize that f is mot assumed to be a graph map, so that the condition
do(f(x), f(y)) < di(z,y) is not automatic (as it is for graph maps, as stated in Proposi-
tion 2.2.8).

PROOF. Let W C V, be a non-empty set of vertices with |W| < [V3|/2. Assumption
(1) implies that W’ = f~*(W) C V; is (non-empty and) of size < |V4|/2. Thus we get

[EW] = h(T)|W'| = dh(I'y)[W].

Since we are not assuming that f is a graph map, we do not know what it will do to
edges, and hence we “convert” this inequality to the boundary vertices of W', getting

dh(T) W[ < [EW)] < vi|[OW]

(using Lemma 3.1.15).
Using (1) once more, we have |[0W'| = d|f(OW’)|, hence

I [W | < vl f(OW)].
Since any x € OW' satisfies dy(z,z¢) = 1 for some xy € W', assumption (2) gives
JfOW) cW"={yeVo=W | do(y, W) < C}.
By induction on 5 > 1, we have
HyeVa [y g W, dao(y, W) =} < o3 '|oW] < oj ' [E(W)],
(using again Lemma 3.1.15) and hence

LC]
W < W < (D ok ) lem)),

J=1

which leads to the inequality

[C]
h(I'y) -
; W, v:vlz;vé '
‘]:

and hence to the conclusion. O

EW)] =

Here are applications to expanders, showing that certain “perturbations” of a family
of expander graphs do not affect its expansion features.

COROLLARY 3.1.18. Let (I';) be a family of expander graphs, T'; = (V;, E;,ep) with
mazximal valency bounded by v.

(1) For i € I, let T, be any graph with the same vertex set as I'; and with “more
edges”, i.e., Err D E;. Then (T) is also an expander graph provided the maximal valency
of I, remains bounded.
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(2) The family of simple graphs (I'Y) is a family of expanders.
(3) More generally assume that, for any i € I, we are given graphs I'; = (V| E!, ep)

with maximal valency bounded by w, and bijections V; N V!, such that

(3.7) dry(fi(x), fi(y)) < Cdr,(z,y)

for some fized constant C' > 0.
Then the family (T;);cr is also an expanding family. Precisely, it satisfies

i 1) > i :

where § > 0 satisfies
LC]

Sl=vw g wi Tt
Jj=1

i.e., if (h,v) are expansion parameters for (I';), then (dh,w) are expansion parameters
for (I").
The example to keep in mind for (3) is when V) = V; and f; is simply the identity.

This means that I" is a graph with the same vertices, but with edges “rearranged” in
some way, and the condition (3.7) says that the distance between vertices in the new
graphs (using the modified edges) is distorted at most by a constant factor from the

distance in the original ones. This will be particularly useful for Cayley graphs.

PROOF. In each case, we only need apply Lemma 3.1.17 to compare each I'; with a
graph I';, which has the same set of vertices (i.e., the graphs (I'1,I'y) in the Lemma are
(I';,T'%)), and with f being the identity (so that Condition (1) of the Lemma is automatic).

In (1), because we added edges, we have d/(z,y) < dr,(v,y) for each z and y, so
we can take C' = 1 in Condition (2) of the Lemma. In (2), with I, = I'{, although we
may have removed some edges, we have not changed the distance (Exercise 2.2.10), so
Condition (2) holds again with C' = 1. Finally, in (3), Condition (2) is precisely given
by (3.7). 0

REMARK 3.1.19. Some of the previous results (Corollary 3.1.10, Proposition 3.1.12
and (3) in this Corollary) can be interpreted in two ways: first, as a rough qualitative
expression of properties of expanders (logarithmic growth of the diameter, exponential
growth of balls, stability under “localized” changes of edge sets), but also as quantitative
expressions of these properties, since in each case one can write down precise inequalities
in terms of the expansion parameters of the family. As is often the case, the actual value
of the constants appearing in such inequalities should not be considered as particularly
significant for a first understanding of the intuitive meaning. Nevertheless, it is very
important for certain applications that it is indeed possible to control these constants
explicitly.

At this point, the most pressing question is: do expanders really exist? In all the
easy examples of graphs (with bounded valency) for which we computed the expansion
constant, it tends to 0 as the number of vertices goes to infinity, even in the case of
finite trees where the diameter, at least, has the right order of magnitude. A pessimist’s
attitude might be that this is a bad sign.

An optimist might observe that, in the case of the “best” candidates so far (the finite
trees Ty with d > 3 fixed and k — +00), there are many subsets of vertices which
do have large expansion ratio |E(W)|/|W]. Roughly speaking, as long as W is a set of
vertices that only contains a few elements at the maximal distance k from the root of the
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tree, there will be many edges “escaping” further away from the root, in fact typically as
many as the size of W. In other words, one might imagine that adding an edges to each
of the far vertices, reconnecting them to the middle of the tree, might have a chance of
producing graphs with good expansion constant.

We will not actually proceed this way; but, indeed, the optimists are in the right
here: expanders do exist, and in fact exist in cheerful abundance. We will prove this
in Chapter 4 using four different methods, in particular in Section 4.1 using probabilis-
tic methods, as originally done by Barzdin and Kolmogorov [5], and independently by
Pinsker [95]. The reader may skip to that section right now, since it is independent of
what follows.

However, what we will do in the next two sections is provide definitions of other
families of graphs, which turn out to be equivalent with the class of expanders, and
which are often more flexible — and indeed, more important, in some applications.

3.2. Random walks

The definition of expansion constant (and consequently of expander graphs) does not
provide an easy or direct way of computing h(T'). In terms of the number of vertices,
which is a natural parameter coding the size of a graph of bounded valency, the exact
determination of h(I") requires looking at all subsets containing at most half of the ver-
tices, a number of sets which is exponentially large in terms of |I'|. In this section and the
next, we will describe another invariant that can be estimated, in practice, much more
easily, and which controls to some extent the expansion constant. In particular, we will
be able to give an alternative definition of expander graphs.

The idea can be motivated by looking at the proof of Proposition 3.1.5: to show that
the distance between x and y is “small”, we looked at bigger and bigger balls around
the two vertices, until they intersect. We are going to study what happens when we
move in this way among the vertices of the graph. And because we do not know how
to actually choose the best path at each step, we will consider random walks, and study
their asymptotic behavior.

DEFINITION 3.2.1 (Random walk on a graph). Let I' = (V| E,ep) be a countable
graph with bounded valency at each vertex. A random walk on T is a sequence (X,,)n>0
of V-valued random variables, defined on a common probability space (£, %, P), with
joint distribution satisfying the following rule: for any n > 0, and any vertices z, ...,
x, and y € V', with

dr(z;, zit1) < 1, 0<i<n—1,
we have
(38) P{X,i1=y|(Xn, ..., X0) = (2n,...,20)} =P{Xp1 =y | Xs, = 2,,}
0 if dr(zp,y) > 1,
pr— E pr—
o e B epla) = (ont) oo g
val(z,,)

In other words, if X, is at the vertex x, then X, is determined by moving at step n+ 1
to an adjacent vertex y, using a randomly, uniformly, chosen edge connecting x to y, the
choice being independent of the past history of the walk. This includes the possibility
that X, .1 = =, which may only happen if there is a loop at z.

The distribution of the step Xy of the walk is called the initial distribution. It is
characterized by the probabilities P(X, = z) for € V. If we have X, = z( almost
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surely for a certain vertex xg € V, i.e., at time 0, the walk always starts at zy, then the
random walk is called the random walk starting from xg.

REMARK 3.2.2. (1) We recall that if A, B € X are events in a probability space
(Q, 3, P), the conditional probability of A knowing B, denoted P(A | B), is defined by
P(ANB)
P(A| B) = P(B)
0, otherwise.

(2) In probabilistic terms, the definition says that (X,,) is a Markov chain with state
space V and with transition matric P = (P(z,y))syev given by

0 if dr(z,y) > 1,
P(r,y) = q alz,y) .
—== ifd =0orl
Val(a?) 1 F(x7y> or 1,
where a(z,y) is the (x,y)-coefficient of the adjacency matrix (Definition 2.1.4). In fact,
this can be shortened to

(3.9) Pla,y) = ig’fé fj;

for all = and y, since a(x,y) = 0 when x and y are not joined by at least one edge.

For an introduction to Markov chains, in greater generality but with an emphasis
which is similar to the topics of this book, we refer to the book [76] of Levin, Peres
and Widmer. A book dedicated to random walks on graphs in particular (especially
in the infinite case) is [119] by Woess. We note that the subject of random walks is
quite fascinating, both as an intrinsic subject (with its own problems) and because of its
interactions with other fields; our presentation will be far from doing it justice!

For any given initial probability distribution py on V', determined by the probabilities
to(x) for x € V| there is a random walk on I' (on some probability space) for which X
has distribution g, i.e.

P(Xo =) = po(z).

This existence statement is a standard fact in probability theory, which we will not
prove (except for reducing it to another standard probabilistic statement in the important
case when I' is a Cayley graph, see Example 3.2.7 below); details can be found in [ ,
1.B]. We observe, however, that this random walk is unique (given pg) in the sense that
the joint distribution of the process (X)), i.e., all values of probabilities of the type

P(X,, =x,...,Xp, =)

for k > 1,n <mng < -+ < ng, and (21,...,2;) € V¥, depend only on pg, and not on
specific features of the construction. To give an example, let

q(w, z,y,z) = P((Xo, X1, X2, X3) = (w, 2,9, 2))
be the joint law of the first four steps. We have
q(w,z,y,2) = P(X3 =z | (Xo, X1, X2) = (w,z,y)) P((Xo, X1, X2) = (w, z,9))
=Py, 2) P(Xz =y | (X0, X1) = (w,2)) P((Xo, X1) = (w, 7))
= P(y,2)P(z,y) P(X; =2 | Xo = w) P(Xo = w)
= P(y,2)P(z,y)P(w, z)uo({w}),
which is determined by P and pg, as claimed.

52



Another elementary consequence of the Markov property is the following useful fact:
“starting” a walk after some steps of a random walk (X,,) on I' also leads to a similar
random walk on the graph.

PROPOSITION 3.2.3. Let I' = (V, E,ep) be a countable graph with finite valency at
each vertex and let (X,) be a random walk on I'. Fiz an integer m > 0, and define
Y, = Xpman forn = 0. Then (Y,) is a random walk on T with initial distribution p, given
by the law of X,,, i.e., by

pi(A) = P(X,, € A)
forany ACV.

The proof is also left as an exercise. Indeed, the reader may want to try to prove the
following stronger version:

EXERCISE 3.2.4 (Markov property and stopping time). Let I' = (V| E, ep) be a count-
able graph with finite valency at each vertex, and (X,,) a random walk on T'.

(1) Let 7 be a random variable taking non-negative integer values such that, for any
n > 0, the event {r = n} can be described only using Xy, ..., X,,. For n > 0, define
Y, = X,1,, or in other words

Yn(UJ) = Xr(w)+n(w)

in terms of elementary events w € €. Show that (Y},) is a random walk on I' with initial
distribution given by the law of X, (note that we can take 7 to be constant, equal to
some integer m > 0, and the result is then Proposition 3.2.3).

(2) Show that if A C V is a fixed subset, the “hitting time”

Ta=min{n >0 | X, € A} € {0,1,...,} U{+oo},

has the desired property (here we allow 7 to take the value infinity, in case A is never
reached from certain starting points).

Random variables 7 with the property above that {r < n} can be described using
the process “up to time n” are called “stopping times” and are very important in the
development of random walks in general; see [76, §6.2] for an introduction and examples.

EXERCISE 3.2.5. We present here another somewhat similar result that shows how
random walks are “preserved”. Let I' = (V| E,ep) be a countable graph with finite
valency at each vertex, and (X,) a random walk on I'. Fix some integer m > 0 and
x € V. Let S be the event {X,, = x}. We assume that P(S) # 0. We then consider S
as probability space with the conditional measure Pg(B) = P(S N B)/P(S) for B C S.

(1) Show that the sequence Y,, = X, 1, restricted to S, defines a random walk on I'
with initial distribution Yy = . (One says that (Y,) is the random walk (X,,) conditioned
to start from x at time m).

(2) More generally, let 7 be a stopping time, and S the event {7 = m}. If P(S) > 0,
consider S as probability space with the conditional measure as described in (1). Show
that the sequence Y,, = X,,.,, restricted to S defines a random walk on I' with initial
distribution Yy = X,,.

REMARK 3.2.6. A somewhat subtle point in defining random walks (or Markov chains
in general) is that the distributions of the individual variables (X,) are determined
uniquely by the weaker conditions

(3.10) P(X,1=y| X, =12)=P(z,y)
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(without requiring information on conditioning further back in the history). Indeed, for
instance, we have

P(Xi=y)=) PXi=y|Xo=2)P(Xo=2)=>_ m({z})P(z,y),

zeV eV
by (3.10) and then inductively
P(Xpp1=y) =Y PXpp=y|X,=2)P => P(X, z,y),
zeV zeV

for n > 0, which leads to this result. In the remainder of this section, we will concentrate
our attention on the distribution of a single (X,,), so the reader should not be surprised
to see us use only (3.10) in our treatment. However, in Section 5.2, we will consider some
applications of random walks where the full property (3.8) is used (see Proposition 5.2.7).

ExAaMPLE 3.2.7 (Random walk on a Cayley graph). Let I' = C(G, S) be the Cayley
graph of a countable group G with respect to a finite symmetric set S C G. Then I is
countable with finite degree |S| at each vertex. Let (X,,) be a random walk on I starting
at xo = 1 € S; then the distribution of the n-th step is given by

P(X, =g) = \;|” > oL

Conversely, using this formula, we can construct the random walk on I'. To do this,
let (£,)n>1 be a sequence of independent S-valued random variables, each identically
uniformly distributed, so that

1
P(gn = S) = Tap
5]
for each s € S and n > 1, and (expressing independence)
1
P(énlzsh'”ag _Sk) |S|k
for any k > 0, any choices of distinct indices n1,. .., nj and any (s, ..., s;) € S*. Define

the sequence (X,,) by
X(]:l; anglgn

This sequence of G-valued random variables is a random walk on I' with Xy = 1. To
obtain a random walk with another initial distribution pg, pick any G-valued random
variable X with distribution given by ug, and let

Xn - X()gl gn

EXERCISE 3.2.8. Check that (X,,) is indeed a random walk on C(G, 5), i.e., that (3.8)
holds.

We get an analogue of Proposition 3.2.3:

PROPOSITION 3.2.9. Let G be a countable group and S a finite symmetric subset of G.
LetT' = C(G, S) and let (X,,) be a random walk on I' starting at Xo = 1 with independent
increments (&,), as above. For anym andn >0, Y, = X, 'X,,., is independent of X,,
and distributed like X,,. Similarly, X' is distributed like X,, i.e., X, is symmetric.

n
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PRrROOF. Indeed, we have
Y, = 5m+1 T 'gm-‘rm
which is visibly independent of &, ..., &, since all the increments are independent, and
is distributed like
§i- & =X,

since all increments are also identically distributed (and, again, independent).

Similarly, we have X' = &1--- &1, and since S is symmetric, we know that & is
symmetrically-distributed, so that X! has the same distribution as X,. U

Take for instance the case of the group Z" for some r > 1, and denote by S the vectors
in the canonical basis of Z" together with their opposites. The resulting random walk on
C(Zr, S) is called the simple random walk on Z". This is historically the first example of
a random walk to have been studied, and Polya proved the first important theorem in
the subject: if r = 1 or r = 2, then the simple random walk on Z" is recurrent, in the
sense that

P(X, =0 forsomen>1)=1
(i.e., almost surely, a random walk on Z or Z? will return to the origin; it is then fairly
simple to see that, almost surely, the walker will come back infinitely often), while the
simple random walk is not recurrent when r > 3 (see, e.g., [76, Ch. 21]).

EXERCISE 3.2.10. Let I' = (V, E,ep) be a finite connected graph. For any vertex x
of I', we denote by 7, the random variable on I' such that

o =min{k | V= {X", .. x"1

where (Xy({r)) is the random walk on I' starting at x (in other words, 7, = k means that
the random walk has visited all vertices from time 0 to k, but not before). We define
T, = E(7;). The maximum of T}, over x € V is called the cover time T(I") of T.

(1) Show that T'(T") is finite.

(2) Show that T'(K,) ~ nlog(n) for the complete graph K,,. [Hint: Compare with the
coupon collector problem, see [76, 2.2].]

(3) Show that T'(C,,) = n(n—1)/2 for the n-cycle with n > 2. [Hint: Show that 7'(C,,)
is the expected value of the (random) time ¢,, taken by the random walk on C(Z,+1) to
have n distinct values; show that E(t,) = E(t,—1) +n — 1 for n > 1]

In the case of a random walk on a finite connected graph, it is relatively simple to
understand qualitatively the asymptotic distribution of X,,. Indeed, with an exception in
the case of bipartite graph, this distribution converges to the uniform distribution on the
set of vertices. This means that if n is very large, then the walker is, roughly speaking,
as likely to be located at time n at any of the vertices of the graph, independently of the
starting point or of the steps taken to get there.

The basic philosophy of this section (and the next) is to investigate the rate of con-
vergence to this limiting distribution. As we will see, it is always exponentially fast (in a
precise sense), but the rate of exponential convergence is a crucial invariant of the graph.
It is not too hard to understand, intuitively, that the more the graph is highly connected
— in the sense of having a large expansion constant — the faster the random walk should
mix and become uniform. Indeed, there exists a precise relation of this type.

We start by establishing the asymptotic distribution of the random walks on a finite
connected graph. This is a special case of the basic results of the theory of finite Markov
chains, but it very easy to prove from scratch. We start with definitions that do not
require the graph to be finite.
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DEFINITION 3.2.11 (Measure and functions on a graph). Let I' = (V| E,ep) be a
countable graph with V' and E non-empty, without isolated vertex and with finite valen-
cies, i.e., such that 1 < val(z) < +oo for all z € V.

(1) The graph measure vr on I' is the measure on V' defined by

vr({z}) = val(z)

for x € V. If ' is finite, then the normalized graph measure on I' is the probability
measure on V defined by
val(z
pr(fa)) = P20

for all z € V| where
N = Zval(x) > 0.
zeV
(2) The space of functions on I is the space L*(T', vr), i.e., it is the vector space of all

functions

p:I'—=C
such that the series
(3.11) S val(2)lp(e)

zeV

converges. It is equipped with the corresponding Hilbert space structure, i.e., with inner
product

(p1,p2)r = ) val(z) 1 (2)a(2).

zeV
If T is finite, we have L?(T,ur) = L*(T,ur) as vector spaces; the inner product on
LQ(F, ,LLF) is

(orr2) = 3 O val(@)g (2]

zeV

There is also a useful formula for the norm |||l of ¢ € L*(T',vr) in terms of the
adjacency matrix (see Definition 2.1.4), namely

lell? =Y val(@) (@) = Y le(@)* Y alz,y)

zeV zeV yev

(3.12) = Y alz,y)le())

z,yeV

where (a(z,y)) is the adjacency matrix, i.e.

a(z,y) = {a € E | ep(a) = {z,y}}|
(There is no issue in interchanging the sums over x and y in this argument, even if V' is
infinite, since the functions involved are non-negative.)
We remark immediately an important fact: the constant function 1 belongs to the
space L?(T, vp) if and only if I is finite; its norm is then N'/2, and its norm in L?(T, pur)
is 1.

EXERCISE 3.2.12 (An alternative formula). Let I' = (V| E,ep) be a finite graph, and
¢ € L*(T, ur) of mean zero, i.e., {p,1) = 0. Show that
1
(3.13) loll? = g 3 val(e) valt) () — o(o) P

z,yeV
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REMARK 3.2.13. (1) As usual, we will often drop the subscript I" when the context
is clear. We will most often simply write ||¢|| for the norm of a function in L?(T',vr) or
in L?(T, ur). There will be no danger of confusion between the two inner products in the
case of a finite graph, because we will use exclusively the normalized measure pr in that
case, unless specified otherwise.

(2) If ' is d-regular for some d > 1, then the measure vr is d times the counting
measure and (if I' is finite) the measure pr is simply the normalized probability counting
measure on V', namely
_ i

V]
for all W C V. This case will in fact occur very often, so the reader may read the
remainder of this section first with this case in mind. For finite graphs, we have the
comparison relation

pr (W)

v |[W] vy [W]
3.14 < <
( ) U+ |v| ILLF( ) v_ ‘Vl

for all W C V| where

v- = min val(x), v+ = max val(z).

(3) Finally, we will also have the occasion to use the supremum norm
llloe = max|e(z)]

for ¢ € L*(T',vr). It is always well-defined for the graphs we consider, since for the
series (3.11) to converge, the values ¢(x) must tend to 0 in the sense that only finitely
many are larger than any given € > 0.

In the finite case, since any two norms on a finite-dimensional vector space are equiv-
alent, the supremum norm is comparable to the Hilbert space norm. Precisely, we have

N\ 1/2
(3.15) el < llelloe < (55) "l

where the left-hand inequality is a classical fact which holds for any probability measure,
while the right-hand inequality follows from

max|p(@)’ < - 3 val@le(@)’ = lel.

%

(4) Here is a technical remark: we assumed that there is no isolated vertex (i.e.,
val(xz) > 1 for all x € V') because otherwise the inner product is not positive-definite on
the space of all functions satisfying (3.11). As dictated by measure theory, the “correct”
definition of L*(T',vr) is as the quotient of the space of functions on V satisfying (3.11)
by the subspace of functions ¢ which are zero “almost everywhere” with respect to vr.
Such a function ¢ is one which is zero on all vertices x with val(z) > 1, which explain
why the isolated vertices would be “invisible” from this point of view.

EXERCISE 3.2.14. Let I' = (V| E,ep) be a finite graph, and let (X,,) be the random
walk on I' with initial distribution the uniform probability measure pur. Show that, for
all n, the random variable X, is also distributed like pp. (Of course, X, is not the same
random variable as Xy, it simply has the same distribution.)

The basic lemma is a simple identity that connects the steps of the random walk with
the Markov operator of the graph.
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DEFINITION 3.2.15. Let I' = (V, E, ep) be a countable graph with finite valencies and
no isolated vertex. The Markov averaging operator on L?(T',vp) is the linear map

MF . { LZ(F,IJF) — LQ(F7 VF)

® = My
such that
1 1
M = = .
acl yeVv
ep(a)={z,y} dp(z,y)<1

We will often simply write M instead of Mr when only one graph is involved.

The notation in the first formula for My should be clear: the value at = of the function
My is the average, over all edges of which x is an extremity, of the values of ¢ at the
“other” extremity, including the values ¢(x) corresponding to the possible loops at x.
For instance, if T" is the action graph A(Gs,S) of Example 2.3.17, we have

(Mp)(3) = £ (o(1) + 20(2) + 0(3) + p(4),

and
(Mp)(1) = £ (3p(2) + 9(3) + 9(5).

We note that the condition dr(x,y) < 1 can be omitted in the second expression for
M, since the quantity

a(z,y) = {a € E | ep(a) = {z,y}}|
is zero unless dr(z,y) < 1. In terms of transition probabilities (3.9), we can write
(3.16) (Me)(x) = > Plx,y)py).
yeVv

We also note that M is well-defined, i.e., the function M also belongs to L*(T, vr)
if ¢ does, and in fact the operator M has norm < 1 as an endomorphism of the Hilbert
space L*(T',vr) (additional spectral properties of M will be discussed later). Indeed,
applying the Cauchy-Schwarz inequality, we get

2 1 2 1 2
(My)(@) < W(;au,y)) (;mx,y)mmr ) = i etz e

hence

(317) Y val(@)|(Me)(@) <Y Y alz,y)le@)l® =) _vally)le) = ll¢l*.

zeV zeV yeV yeVv

LEMMA 3.2.16 (Markov operator and random walk). LetI' = (V| E, ep) be a countable
graph with finite valencies and no isolated vertezx. Let (X,,) be a random walk on T'. For
any function ¢ € L*(T,vr) and n > 0, we have

E(p(Xnt1)) = E(Mp)(X)).

Proor. If I is finite, then one proof is to say that this statement is linear in terms of
v, and that the defining condition (3.8) of a random walk implies that the identity holds
for ¢ the characteristic function of a singleton y. Since these functions form a basis of
L3(T,vr) when T is finite, the result follows.
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In general, observe first that since ¢ and M are in L*(T', vr), they are also bounded,
hence the random variables p(X,,;1) and (M¢)(X,,) are both bounded, and consequently
integrable Then we compute

n+1 Z‘P n+1 - y)

— ng(y) ZP(Xn = ZE) P(Xn—H =Y | Xy = J})

yeVv zeV
=3 oy Z Val o P(X, =xz){a € E | ep(a) = {z,y}}|
= Zw (z)P(X, =) = E(¥(X,))

where

Val Zw = (M) ().

The interchange of the sums over z and y is justified since

P POY, = 2)ata.y)] = sl POY, = 2atay)

whose sum over x and y, by the same argument (for non-negative functions, where all
manipulations are allowed) is equal to E(|[(X,41)), which is finite. g

This basic induction relation gives immediately a “formula” for the distribution of
the n-th step of a random walk in terms of the linear operator M and of the initial
distribution.

COROLLARY 3.2.17. Let I' = (V, E,ep) be a countable graph with finite valencies and
no isolated vertex. Let (X,,) be a random walk on T'. For any function ¢ € L*(T,vr) and
any integer n = 0, we have

E(p(Xn)) = E((M"¢)(Xo)),
In particular, if the random walk starts at xq, we have

E(p(Xn)) = (M"¢)(20)-

We are now led to the investigation of the averaging operator M. Here, the choice of
the measure ur is important, because the crucial self-adjointness property of M depends
on it.

PROPOSITION 3.2.18 (Spectral properties of the Markov operator). Let ' = (V, E, ep)
be a countable graph with finite valencies and no isolated vertex. Let M be the Markov
averaging operator for T'.

(1) For any function ¢ € L*(T,vr), we have

(318) (1= Mg, =5 3 alz,p)lele) — ol
(319) (144 Mg, o = 5 3 ala,v)lele) + o)

(2) The operator M is self-adjoint of norm < 1. It is bounded from above by the
wdentity and from below by minus the identity.
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Part (2) combines three assertions: first, we have

<M<P1> 902>F = <9017 M902>F

for any functions ¢y, s € L*(T,vr) (self-adjointness), next, we have || Mo|r < ||¢|| for
¢ € L*(T,vr) (norm at most 1), and finally we have

(3.20) —(p,o)r < (Mo, 0)r < (g, @)r
for all ¢ € L*(T,vr).

PROOF. We start by proving the self-adjointness, which is a key property (ultimately,
it relates to the fact that we are working with unoriented graphs). We have by definition

(M, a)r = Y val(z)(Mepr)(x)a ()

zeV
= Z p2( Z e1(y
(3.21) = a(@,y)ei(y)pa(r)

and since a(z,y) = a(y, z), this is also (1, Mps)r. The interchange of the sums over x
and y (in the infinite case) is possible because

Zm )1 (©)ea(@)] = (Mlp1], |al)r < +00

by the same computation for non-negative elements of L*(T, vr).

We now prove the formulas (3.18) and (3.19). Both are very similar and we deal only
with the first one. Using (3.12), the symmetry of the adjacency matrix and (3.21), we
have

2((,0)r — (M, 0)r) =2 > alz,y)le(z)P =2 alz,y)e(x)e(y)

z,yeVv z,yeV

= a@yle@)+ Y alz. e -2 > alz,y)e()e(y)

z,yeVv z,yeV z,yeVv

which is equal to

> alz,y)le) — o)

z,yeV

These formulas (3.22) and (3.23) immediately imply (3.20). From this, we get

(Mo, o)rl < [l
for all ¢ € L*(T',vr), and since it is standard that

M
HMH zsup|< 907920>F|
o0 el
for a self-adjoint operator, this gives ||[M|| < 1; we could also notice that we already
proved that | M| < |||l (see (3.17)) when checklng that M is well-defined. O
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REMARK 3.2.19. Let I' = (V| E|ep) be a countable graph with bounded valencies.
Define the adjacency operator Ar on L?(T',vr) by

(Are)(z) =) alz,y)e(y)

y~z

for any function ¢ € L*(T, vr). (In other words, this is the operator whose matrix is the
adjacency matrix in the basis of characteristic functions of vertices of I', which justifies
the abuse of notation involved in using the same letter as for the adjacency matrix).
In general, we have Ar = val-Mr, where val denotes the linear map of multiplication
by the function z + val(z). Since the valency is assumed to be bounded, we have
Aryp € L*(T,vr), which shows that Ar is an endomorphism of L?(T',vr).

If ' is d-regular for some integer d > 1, then we have Ar = dMp, and Ar is also a
self-adjoint endomorphism of L?(T',vr). If T is not regular, then Ar is still self-adjoint,
but with respect to a different inner-product, namely

(p1,02) = ) er()pa(w)

zeV

(this is simply because the adjacency matrix is real and symmetric). See also Remark 3.4.2
below.

COROLLARY 3.2.20. Let I' = (V| E,ep) be a non-empty finite graph with no isolated
verter.

(1) The Markov operator M is diagonalizable in an orthonormal basis of L*(T', ur),
its ergenvalues are real numbers, and all eigenvalues have absolute value at most 1. For
o € L*(T, ur), we have

(322) (14— M)p.p) = 50 3 ala,p)le(e) — o)
z,yeVvV

(323) (14 Mg, 0) = oo 3 alwp)lee) + o()P

and |

(3.24) (M) = 3 3 ale,9)01(4) 220

where the inner product are with respect to the probability measure pr.

(2) The 1-eigenspace ker(M — 1) of M has dimension equal to the number of con-
nected components of I', and is spanned by the characteristic functions of these connected
components. In particular, if I' is connected, then we have ker(M — 1) = C, spanned by
constant functions.

(3) If ' is connected, the (—1)-eigenspace ker(M + 1) is zero unless I' is bipartite. In
that case, it is one-dimensional and spanned by a function 4 equal to 1, resp. —1, on
the set of inputs, resp. outputs, of a bipartite decomposition of V.

(4) If T is bipartite, then the spectrum of M is symmetric: if A is an eigenvalue of
M, then so is —\.

PROOF. (1) Since pur = vp/N is a multiple of v, the self-adjointness of M acting
on L*(T,vr) that we proved is equivalent to the self-adjointness on L*(T, ur). Since T is
finite, the space L*(T', ur) is finite-dimensional, so by linear algebra, the endomorphism
M is diagonalizable in an orthonormal basis of L*(T', ur), and its eigenvalues are real. The

61



formulas (3.22) and (3.23) are simply restatements, for the inner-product of L?(T', ur), of
the formulas (3.18) and (3.19), and similarly (3.24) restates (3.21).

(2) We next investigate the structure of ker(M —1) using (3.22), though there is a nice
“geometric” computation also (see the exercise below). If M¢ = ¢, we get immediately
the identity

> alz,y)le(x) — ey =0,

z,yeV
from (3.22). By positivity, this is equivalent with

o(r) = ¢(y)

whenever a(z,y) # 0, i.e., ¢ has the same value at all extremities of any edge. If we
fix any x¢ € V, and use induction on dr(xg, ), we get p(z) = ¢(x) for all z reachable
by a path from zy. This means that ¢ is constant on each connected component of I'.
The converse is easy: if ¢ is constant on each connected component, the definition shows
that it does satisfy My = ¢. Hence ker(M — 1) is the space spanned by characteristic
functions of connected components in the graph. (Note that this computation seems to
also apply to the case of infinite graphs; however, a non-zero constant function is not an
element of L?(T',vp) if T is infinite).

(3) We deal similarly with the possible —1 eigenvalue, for which we restrict our at-
tention to connected graphs for simplicity. The reader should first check that, if " is
bipartite, then the function £4 defined in the statement of the theorem is indeed in
ker(M + 1). We now proceed to show that it generates the (—1)-eigenspace.

Let ¢ be such that My = —p. We get from (3.23) that

p(r) = —p(y)

for all x and y connected by an edge. If v : P, — I' is any path of length 2 with
v(0) =z, v(2) =y, it follows that

p(r) = —p(v(1)) = v(y).

Iterating, we obtain p(z) = ¢(v(2k)) for any path v of even length 2k. Now we fix some
xg € V, and let W be the set of vertices in I' which are the other extremity of a path
v : Py, — T of even length with y(0) = zy (in particular, xg € W using a path of
length 0). We see that ¢ is constant, equal to ¢(zg), on all of W. If W =V it follows
that ¢ is constant, hence My = ¢ = —p, so ¢ = 0.

On the other hand, if W # V| we claim that V; = W, V; = V =W is a bipartite
partition of V. Indeed, let @ € E be an edge with extremities {z1,z5}. It is not possible
that x; and x5 are both in V{: if that were to happen, then given any y € V;, we would
get a path of even length joining xy to y by (1) going from z( to z; with a path of even
length 2¢; (possible since x1 € Vp); (2) going to x;1 to xs by the path of length 1 given by
a; (3) going from x5 to xy with a path of even length 2¢y (again, because x5 € Vj); (4)
going from xy to y, which is possible since I' is connected, and possible with odd length
203 + 1 since y ¢ Vp: the total length is

201+ 1+ 205+ 203+ 1 = 0 (mod 2),

(see Figure 3.1 for the graphical illustration of this construction).

This contradicts the fact that V), = W # V. Similarly, we see that x1, xs can not
both be in Vi, and this concludes the proof that I' is bipartite. It is now easy to finish
determining : it is constant, equal to ¢(xg), on Vp, and for any = € Vi, finding y € V;
connected by an edge, we get ¢(y) = —p(x) = —¢(xy). Thus it is equal to ¢(zg)e+.
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203 +1

FiGURE 3.1. Bipartite graph

(4) Assume that I' is bipartite with bipartite partition V' = V; U V4. Whenever
p: V — Cis a A-eigenfunction of M, it follows that ¢ defined by ¢(x) = (z) for x € V}
and ¢(x) = —p(z) for x € V, is a —A-eigenfunction of M. O

EXERCISE 3.2.21. The following proof of [|[M|| < 1, for I finite, does not use (3.20)
and is also useful to keep in mind.

(1) Explain why the norm of M is the maximum of the absolute values of its eigen-
values.

(2) If X is an eigenvalue, show directly that |A| < 1. [Hint: Use the maximum norm
instead of the L%norm.]

EXERCISE 3.2.22 (Maximum modulus principle). This exercise discusses the “geomet-
ric” computation of ker(M — 1). We assume that I" is a non-empty finite graph without
isolated vertices.

(1) Show that if ¢ is the characteristic function of a connected component of I', we
have My = .

(2) Show that, in order to prove that these characteristic functions span ker(M —1), it
is enough to prove that a real-valued element of ker(M —1) is constant on each connected
component of I'.

(3) Let W C V be a connected component. Let ¢ be a real-valued element of ker(M —
1), let m be the maximum value of p(z) on W, and o € W a vertex where ¢(xy) = m.
Show that ¢(z) = m for all  connected to xy by at least one edge.

(4) Deduce that ¢ is equal to m on all of W and conclude.

(5) Using similar methods, determine ker(M + 1).

EXERCISE 3.2.23 (Both sides have equal weight). Let I be a connected non-empty
finite bipartite graph without isolated vertices, partitioned as V' = Vy U V; with all edges
between V, and V;. Show that

1

pur(Vo) = pr(V1) = 5

The simple spectral properties of M are enough to understand the asymptotic behavior
of a random walk on a fized finite connected graph I'. We define first the relevant
invariant:

DEFINITION 3.2.24 (Equidistribution radius). Let I' = (V, E, ep) be a connected non-
empty finite graph without isolated vertices. The equidistribution radius of ', denoted
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or, is the maximum of the absolute values |\| for A an eigenvalue of M which is different
from +1. Equivalently, or is the spectral radius of the restriction of M to the subspace

L(%(Fnur) = (ker(M - 1) D ker(M + 1))L7
i.e., (1) if T is not bipartite, the restriction to the space of ¢ € L*(T', ur) such that

1) =+ 3 val(a)e(x) = 0,

and (2) if I" is bipartite with bipartite partition VU V; = V| the restriction to the space
of ¢ € L*(T', ur) such that

%Zval(x)cp(a:) =0, % Z val(z)p(r) = % Z val(z)p(z)

zeV zeVy zeVy

The equivalence of the stated definitions of gr, and of the subspace L3(T', ur), are
direct consequences of Proposition 3.2.18 (taking into account the assumption that I' is
connected). The following are also almost part of the definition:

LEMMA 3.2.25. Let I' = (V, E,ep) be a connected, non-empty, finite graph without
1solated vertices. We have 0 < or < 1 and or s given by

(Mg, )|
0#£pe L3 (T, ur) ||90||2

(325) or =

PRrOOF. The inequality or < 1 simply expresses the fact that M is self-adjoint with
real eigenvalues of absolute value at most 1, so that, on the orthogonal complement
L3(T, ur) of the space spanned by the eigenspaces for +1, all eigenvalues have modulus
< 1.

Similarly, the restriction of the self-adjoint operator M to L3(T, ur) is self-adjoint,
and its norm is gr. The formula (3.25) is then a standard property of endomorphisms of
Hilbert spaces. O

EXAMPLE 3.2.26. (1) Let m > 3 and consider the complete graph K, on m vertices.
The Markov operator is then given by

(Mp)(@) = ——=> ¢y
yaﬁx
for ¢ € L*(K,,). Restricted to LZ(K,,), which is the space of functions orthogonal to 1,
since K, is not bipartite for m > 3, this becomes

(Mg)(x) = —— 1(Z«p o)) = ().

Hence the unique eigenvalue of the Markov operator M is —1/(m — 1), with multiplicity
m — 1. In particular, we have o(K,,) = ﬁ
(2) The second simplest example of computation of gr is (probably) for the m-cycle
C,, where m > 2. We will compute all eigenvalues of M and describe the eigenfunctions
in that case. For a function
o Z/mlZ — C

(recall that we use Z/mZ as vertex set for the cycle) and a vertex « € Z/mZ, we have

Mi(e) = 3(ple = 1) + ol + 1))
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In order to analyze this operator, we use the Fourier transform on Z/mZ, which is
the linear map

~

{LQ(Cm) — L*(Cy)
2 =P

defined by
Pla)=— 3 (-2
x€Z/mZ

for a € Z/mZ, where e(z) = ¢*™* for z € C. We can also write

pla) = (¢ Xa)
where x, () is the function x,(x) = e(ax/m), which is distinguished by being a character

of Z/mZ, ie., by Xa(z +y) = Xa(2)Xa(y)-
Because of this property, we see by a change of variable that if ¢(z) = ¢(z + b) for

some fixed b € Z/mZ, we have

d=— 3 wwthe(-2) = x-S elwe(-2),
2€Z/mZ yeZ/mZ

o~

i.e., ¥ = x.(b)p. In particular, it follows that

Wp(a) = XD XD 50— cos (210 510

In other words, M acts diagonally on Fourier transforms. But the Fourier transform
is an isomorphism, as revealed by the inversion formula

pl@)= Y Pla)xal),

a€Z/mZ

which means that ¢ is the Fourier transform of a — m@(—a). So we have found an
explicit diagonalization of M for the cycle C,,. In fact, we find also directly that

21b

My, = COS<_>Xb7
m

and since these characters form an orthonormal basis of L*(T'), they are a basis of eigen-
functions of M, with eigenvalues cos(27b/m).
If m is odd, each eigenvalue except 1, for which ker(M — 1) is one-dimensional, has
a 2-dimensional eigenspace (spanned by x;, and x_p), while if m is even, all eigenvalues
except for 1 and —1 (which have 1-dimensional eigenspaces, in the second case because
C, is then bipartite) have a 2-dimensional eigenspace. In any case, we get
272

2
oc,, = cos(—ﬁ) =1-—+0(m™
m m

for m > 2.

EXERCISE 3.2.27. Let G5 be the Cayley graph €(&3,.S3) which we drew in Exam-
ple 2.1.6.

(1) Compute the matrix of the Markov operator of Gj in the basis of characteristic
functions of single points, and compute its spectrum and the equidistribution radius.

(2) Compute an orthonormal basis of L?(G3) of eigenfunctions of M.
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COROLLARY 3.2.28 (Convergence to equilibrium in random walks). Let " = (V, E, ep)
be a connected, non-empty, finite graph without isolated vertices, and let (X,,) be a random
walk on T'.

(1) If T is not bipartite, then for any function ¢ € L*(T'), we have

I N\L2
(3.26) B(p(Xa) — (o )| <ot () el
where v_ = minval(z), and in particular
_ val(z)
(3.27) nETOOP(X” =2x) = pur(z) = N
forallz e V.

(2) If T is bipartite with bipartite partition V- = Vo U Vy, then for any function ¢ €
L3(T), we have

338)  [Be(X) ~ {mo+mi + (-1 0mo —m) oo — w0} <t (2) el

where

PrOOF. (1) The idea is to write

= (@, 1) + o=+ o
where a = (ip, 1) is the average of ¢ and, by definition, we have ¢, € L3(T'). Applying
Corollary 3.2.17 and the fact that « is an eigenfunction of M with eigenvalue 1, we get
E(p(X,)) = E((M"¢)(Xo)) = a + E((M"p)(Xo)).
By writing
E((M"g0)(Xo)) = Y P(Xo = z)(M"po)(x),

eV
we get
| E((M"¢0)(X0))| < [[(M"0)llo,
and we are almost done. The last step is to compare this maximum norm with the L?
norm, which we do with (3.15), from which we get

Bl < () ).

(-

Now the definition of gr (and the fact that M sends L3(T) to itself) leads immediately,
by induction, to
I(M"0)[| < erllspoll,

from which the inequality (3.26) follows. The limit (3.27) is simply the special case when
¢ is the characteristic function of x € V, in which case (¢, 1) = val(x)/N.

(2) The bipartite case is very similar, but we must now take into account the eigenvalue
—1. We write

p = (o, 1) + (o, 1) + o,
with again ¢y € L2(T'), and obtain
E(p(Xn)) = E(M"¢)Xo) = (¢, 1) + (=1)" (¢, £2) E(e+(Xo)) + E((M"¢0) Xo).
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The last term is estimated exactly as before:

n N 1/2 T
E(M"¢0)Xo)| < (=) el

using g € L3(T'). We now note that

<907 1> = mg + my, <(1075i> =my—my
and that
E(e£(Xo)) = po — p1,
to deduce that

(0, 1) + (=1)"(p, ex) E(e£(Xo)) = mo + my + (=1)"(mo — ma)(po — p1)-
g

REMARK 3.2.29. (1) This result should also be remembered as a general template: in
a number of applications, it is very useful to study more deeply the behavior of a sequence
E(¢(X,)) by expanding ¢ in a full orthonormal basis of L?(T") of eigenfunctions of M
(instead of just isolating the projection onto the 1 and (—1)-eigenspaces).

(2) The bipartite case is clearer when Xy = xq is a fixed vertex, say zo € V5. Then
po =1, p1 = 0 and the “main term” for E(¢(X,,)) becomes

mo +my + (=1)"(mg —my) = 1+ (=1)")mo + (1 — (=1)")my

~J2mg if nis even,
) 2my  if nis odd.

In this case, the sequence E(¢(X,,)) does not converge in general (unless my = my):
it oscillates between the even terms which converge to twice the average of ¢ on V{, and
the odd ones which converge to twice the average of ¢ on V;.

In particular, if ¢ is the characteristic function of a single vertex 1, and (say) z; € V;,
the probability that X,, = =z is zero, unless n is odd, and in that case it converges
(exponentially fast) to 2ur(x;). The factor 2 can be interpreted as follows: since we know
a priori that X, is in Vi for n odd, and pr(V;) = 1 (Exercise 3.2.23), the probability
that X,, be any fixed element of V] is twice as large than for a completely random vertex
in V.

EXAMPLE 3.2.30 (Time to reach equilibrium). For the characteristic function 4, of a

fixed vertex, we have
val(x
Joul” = pr(a) = 2,

so that, if I is not bipartite, the precise statement is

1/2

- ()
for n > 1. When n is “small”, this inequality is typically trivial, because the right-hand
side still dominates the limiting value. A natural measure of the time when equidistri-
bution becomes effective is the first index n when the “error” becomes comparable in
size to sur(z): for such n, the probability P(X,, = ) is at most off by a factor 2 from
its limiting value. (Note that the statement also shows that the convergence is typically
monotonic: the quality of approximation increases with n). To determine n, we simply
write that we wish that

(val(z)v_)'/?
2N 7
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and in the case of a k-regular graph, this means
. log(alV)
log(or")

Hence, for n larger than some (possibly large, depending on how close or is to 1)
multiple of log |V, a random walk (X,,) becomes essentially equidistributed. This type
of considerations turns out to play an important role in understanding the arguments of
Chapter 6.

We see from Corollary 3.2.28 that gr controls the rate of convergence of a random
walk on I' to the normalized graph measure pr. On the other hand, it is intuitively
natural to expect that the random walk should converge faster if the expansion constant
h(T") is larger, in which case there are intuitively “more” opportunities to explore (or
get lost in) the graph. Hence one may expect that bounding or away from 1 should be
related to bounding h(I") away from 0. This is indeed the case (up to a minor technical
point), and we will discuss this in Section 3.3. Before this, we conclude this section with
an important computation concerning random walks on infinite regular trees, which will
play some role in Chapter 6. The reader may well decide to skip to the next section right
away.

PROPOSITION 3.2.31 (Kesten). Letd > 2 be an integer. Let T, be the infinite d-reqular
tree. The spectral radius of the Markov operator on L*(Ty, vr,) is 0 = 2v/d — 1/d.

In particular, let (X,)n=0 be the random walk on Ty with Xo = 1. Then for alln > 0
and all x € T;, we have P(X,, = x) < r~" where r = d/(2v/d — 1).

This result is due to Kesten [65, Th. 3]. Note that » > 1 as soon as d > 3, but
r = 1 for d = 2 (which means that the proposition is trivial in that case). There is a very
interesting probabilistic proof, for which we refer to the book of Woess | , L1.D]. We

will give a more direct analytic argument.

Proor. Let T' =T}, and denote by z its root vertex. Since the Markov operator is
self-adjoint, its spectral radius coincides with its norm. We first show that the norm of
M is < p. It is enough to prove that

(Mo, 0)r < ol
for any ¢ € L?(T,vr). Since T is a simple graph, by (3.21), we have
(Mo, o)r =Y o(x)e(y),

T~y

(Mo, o)1 < lp(x)p

r~y

hence

We use the notation x > y to say that the distance of x to the root is larger than the
distance of y to the root. We can then re-order the sum to write

(Mo, )7 <2 |p()e

T~y
<y

Now, for a suitable real parameter o > 0 to be fixed later, and x ~ y with z < y, we use
the bound

2lo(x)p(y)] < o o) + ale(y)]?
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(an easy form of the Cauchy-Schwarz inequality; the idea is to select « so that this
inequality is as close as possible to an equality, which means that a|p(z)]? is as close as
possible to a!p(y)]?, something that cannot be true with a = 1, as the function must
belong to L*(T')). Hence

(Mo, o)r <a™ D o) +ad_ lew)

T~y Yy
<y <y

Fix z in the first sum. If x = g is the root, then there are d vertices y joined to xq at
distance 1, but if x # zy, there are only d — 1 vertices joined to x at distance dp(z, zq)+1
of xg. So the first sum is

d—1)a"" Y [e(@)]* + o™ |p(o)|*

In the second sum, on the other hand, if y = x, there is no vertex x with x < x¢, and if
Yy # Tg, there is a unique z joined to y and closer to the root. So this sum is

ad o)

Yy#To
We therefore get the bound
1/d—1
(M, o)r < - (== +a) el + (@™ = a)lp(eo)?

(recall that
lell* = d Y ()

by (3.11)). Taking a = v/d — 1, so that o= — a < 0, it follows that (M, p) < ol|¢]/?,
as claimed.

Now we derive the lower-bound for the norm of M. Let n > 1 be an integer. Define
¢n such that ¢, (z) = 0 if dr(z, 29) > n, and such that ¢, is constant and satisfies

> leal@))’ =1
dr(z,z0)=k
on each sphere dr(x,z) = k with 0 < k < n. It is then elementary that
<A{¢n;@n>T
[l |2

as n — +o0o. This shows that the norm of M is > p.
Finally, by Corollary 3.2.17, we have

P(X, = x) = B(0:(Xy)) = E((M"5,)(Xo)) = (M"d,)(1)

— 0

where 0, is the characteristic function of x. Since the inner product is not normalized,
we have p(1) = (p,d,) for any ¢ € L*(T,vr). Then

(M"3,)(1) = (M"6,,00) < [|M*[18[[[|6:]] = ",
since ||8,]] = [|6,]] = 1. O

EXERCISE 3.2.32. This exercise explains the probabilistic argument to estimate the
probability P(X,, = x¢) (see also [119, 1.1.D]). For any vertex = of T' = T, we denote
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by (X )) the random walk on T starting at x, i.e, with the initial condition X" () — .

Define the stopping times
Tey = min{n >0 | X =y}

F=min{n>1| X =z}

fory € T. So 7., is the “time” when the walk from x reaches y for the first time (or +o00

if it doesn’t) and 7" is the time when the walk from = comes back to x for the first time.
Define the generating functions

=) P(X{) =y)z

n>0
Fyy(z) = E(z™) ZP Toy =N)2
n=0
Un(2) = E(z) = Y P(r; =n)"
n=0

(1) Show that
Gmmzl‘i‘meUmv Gmy:nyny

=Y P(X{ = y)2F,.(2). = > P(X{ =v)2F,,(2),
y€ETy vET)
where the last relation holds when x # y.
(2) Show that there exists a power series F' such that F,, = F47@¥ for all x and y.

(3) Show that
z

m@:E+Q—2yF@2

(4) Prove that

d—/d®—4(d—1)z
F(z) = 2<d_1> ,

and that
1 1

1—Uy(z) 1-2zF(2)
Gay = G Y.
(5) Conclude using Gy, », that P(X,, = z() < ¢" for all n where o = 2v/d — 1/d.

Un(2) = 2F(2), Gauz(2) = Gugap(2) =

EXERCISE 3.2.33. This exercise continues the previous one, and describes Kesten’s
direct combinatorial computation of P(r;" = n) for the random walk on T' = Tj,. This
gives the formula for the function U,,(2), hence also the formula for Gpy0(2) = 1/(1 —
U, (2)). Let 1 denote the root vertex of Ty and let p, = P(7," = n).

(1) Show that p, = 0 if n is odd and that

1
dr
where W T is the set of paths of length n in Ty, starting and ending at 1, and not passing
through 1 otherwise.

(2) Let n = 2m be even and let W,, be the set of all paths of length n starting and
ending at 1 in T;. To any v = (1,vy,...,v,-1,v,) in W, with v, = 1, we associate a
continuous path x(y) in R? as follows. Starting from (0,0), we add (concatenate) an
horizontal or vertical line segment of length 1 inductively for 0 < k < n — 1, joining the

Pn = +|
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point (x,yx) at step k to (zx + 1,yx) (horizontal step) if d(1,vx+1) = d(1,vx) + 1 and
joining (xg, yx) to (xx, yx + 1) (vertical step) if d(1, vg1) = d(1,vg) — 1.

Show that x(v) joins (0,0) to (m,m), and that v € W,I if and only if k() intersects
the diagonal z = y in R? only at the points (0,0) and (m,m).

(3) Let C,, be the number of paths k() as v varies over W;. Show that |C),| =
n~1(**~?) (a Catalan number).

(4) Let v € W,F. Prove that the number of paths v/ € W, with the same image ()
is equal to d(d — 1)"1.

(5) With notation as in the previous exercise, deduce that

d—/d> —4(d —1)z2
Uxo(z) :anzn: \/Q(d—(l) )

n=0

EXERCISE 3.2.34. Let r > 1 be an integer and I' = C(Z", S), where S = {+e;} with
(e;) the canonical basis of Z". Show that the spectral radius of the corresponding Markov
operator is equal to 1.

The fact that the norm of the Markov operator is 1 for the infinite graph of the last
exercise contrasts strongly with the result for a d-regular tree (with d > 3) of Proposi-
tion 3.2.31. This difference reflects a fundamental dichotomy in the theory and geometry
of discrete group: finitely generated groups whose Cayley graphs, with respect to fi-
nite symmetric generating sets, have Markov operator with norm 1, like Z", are called
amenable groups (although they have many other equivalent definitions, which might be
taken as the starting point instead of that characterization). Their properties are in many
respect very different from those of groups where the norm is < 1, such as non-abelian
free groups. The interested reader can find the basic steps in the study of amenable
groups in Chapters 4 and 6 of the book of Ceccherini-Silberstein and Coornaert [25] (es-

pecially [25, Th. 6.12.9] contains the proof that the characterization in terms of spectral
radius of amenable groups corresponds to the other definitions in [25, Ch. 4]). Further
references can also be found there or in [78, §2.2].

We will use the following result in Section 3.6.

LEMMA 3.2.35. Let d > 2 and let T be a full subgraph of the infinite d-regular tree
T,;. The norm of the adjacency operator Ar is < 2v/d — 1.

PROOF. Consider the subspace E C L?*(Ty, vr,) of functions with support in the set
of vertices of T. Let p be the orthogonal projection from L?(Ty,vr,) to E, which is the
restriction of functions to 7. The adjoint p* of p is the inclusion map of E in L*(Ty, vr,).

As a vector space, we can identify L?(T,vy) with E by the isomorphism that extends
a function ¢ € L*(T,vr) by zero outside T in T,. Under this identification, we have
Ar =po Az, op* (indeed, for p € L*(T,vr), and = € T, we have

Arp(e) = > ar(z,y)ey) = Y an(z,9)e(y) = D an(z,9)e(y),

yNT{E wad yNTdm

since T is a full subgraph of T, and ¢ is zero outside 7', which implies the desired
statement).

Since the norm of p and p* is < 1, the norm of Az, as an endomorphism of F, is
at most that of Az,. Since Tj is d-regular, the norm of Ar, is d||Mr,|| < 2v/d —1 by
Kesten’s result. O
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3.3. Random walks and expansion

As promised, we will now describe the precise link between the expansion constant
h(I") and the equidistribution radius or of a finite graph. As we mentioned already,
there is a technical point to address. Indeed, being or not bipartite (or “very close”,
in the sense that there is an eigenvalue of the Markov operator M that is very close to
—1) is a property essentially unrelated to being an expander, but it affects the rate of
equidistribution. To make this clear, we make the following definition:

DEFINITION 3.3.1 (“Absolute Expanders”). Let (I';) be a family of finite, non-empty,
connected graphs I'; = (V;, E;,ep) with maximal valency < v for all 4, such that the
number of vertices of I'; tends to infinity, in the same sense as in Definition 3.1.8. We
say that (I';) is a family of absolute expanders if and only if there exists ¢ < 1 such that

(3.29) or, o<1

for all i € I. When this is true, we say that (o, v) are equidistribution parameters for the
absolute expander family.

The precise link between expanders and absolute expanders is the content of the
following result:

THEOREM 3.3.2 (Random walk definition of expanders). (1) A family of absolute
expanders is an expander family. N

(2) Conversely, let (I';) be an expander family with T'; = (V;, E;,ep). Let I'; be the
“relaxed” graphs obtained from T'; by adding a loop at each vertex, i.e.,

T, = (Vi, E; UV, ep)

with ep'(@) = ep(a) for a € E; and ep/(z) = {z} for x € V;. Then (I;) is a family of
absolute expanders.

REMARK 3.3.3. Since the vertices do not change, and only loops are added to the
edges of the relaxed graphs, which has no effect on the value of &(W;, Ws) for any subsets
Wy, Wy C V, we have h(L;) = h(L).

Moreover, we only add one loop for each vertex, so that the maximal valency of
the relaxed graphs has only been increased by 1. In particular, we see that (I';) is an
expander family if and only if (fl) is an expander family. On the other hand, because we
added loops, I'; is not bipartite, and hence —1 is not an eigenvalue of M. In fact, having
added loops to all vertices allows us quite easily to show that there is no eigenvalue of
M too close to —1, and this explains why the relaxed family has better equidistribution
properties.

In fact, more is true: there are quantitative two-sided inequalities relating A(I") and or,
from which the statement will immediately follow with relations between the expansion
and equidistribution parameters. It will also be possible to see that, in general, the full
converse of (1) is not true. However, there are many families of expanders which are
absolute expanders without any addition of loops being needed.

By definition, or is either the largest eigenvalue < 1 of M, or the negative of the
smallest eigenvalue which is > —1. A convenient way to express this is to give names to
the distance of the largest and smallest eigenvalues to 1 and —1.

DEFINITION 3.3.4 (Normalized spectral gaps). Let I' be a finite non-empty connected
graph. The normalized spectral gap A1(T") is the smallest non-zero eigenvalue of Id — M.
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The complementary normalized spectral gap p,(T") is the smallest non-zero eigenvalue of
Id+ M.

The largest eigenvalue < 1 of M is therefore 1 — Ay, and the smallest > —1is —1+ ;.
Thus we have

or = max(1 — A (), py (') — 1).
Moreover we have

_ iy (dd = M), )
(3.30) A(T) = in, S
(3.31) = min {Id = M), o)

% not constant ||90 — <Q0,S0>||2 7

where the equality between these two characterizations follows from the fact that

((Id = M), ) = ((Id = M)po, ¢o)

for w9 = p — (p, 1), which is orthogonal to 1, so that the range of values in the minimum
in the second definition is in fact identical to the one in the first.

The link between h(I") and equidistribution becomes visible here. First by comparing
with the definition of the expansion constant, also as a minimum, and then by using (3.22)
which shows that the numerator is determined by the difference in values of ¢ on adjacent
vertices, so that suitable choices of ¢ lead to the quantity €(W), as the following lemma
shows:

LEMMA 3.3.5. Let T" be a finite non-empty graph without isolated vertices. Let W C V
be a subset of vertices, W' =V =W, and let

Y= 1w — MF(W>’
the “centered” characteristic function of W. Then
and [|o||* = pr (W) ur (W').

ProOOF. The formula (3.22) gives

(1= Mg, o) = 50 S alwy)(p(a) — o(0))’

z,yeV

[E(W)]
N

hence )
(1d = M)p, ) = 7= D alz,y)(w(z) — 1w(y))*
z,yeV
The only non-zero terms in this sum are those where, on the one hand, x and y are
adjacent, and on the other hand, one of them is in W and the other is not. The two cases
xeW,y¢ W and x ¢ W, y € W have equal contribution, and hence

((Id = M)p, ) = % > a(z,y) = |8(X[V)|-
zeW
ygEWw

The formula for ||¢]|? is a simple computation: since ¢ is orthogonal to constants, we
have

lell* = 1w ll* = pr(W)* = pr(W) — pp(W)* = e (W)pur (W),
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We can now immediately prove (1) in Theorem 3.3.2. Indeed, it follows from the next
proposition, which is the analogue for graphs of the Cheeger inequality for manifolds [28)]
(see also Section 5.4):

PROPOSITION 3.3.6 (Expansion and equidistribution; discrete Cheeger inequality).
Let T' = (V, E,ep) be a connected, non-empty, finite graph without isolated vertices. We

have
(3.32) - or < 0(0) < (25 n(r)

N

where, as before, we denote

_ = 1 = 1
v gél‘r/lva( ), vy = I;leagva( x).

In particular, if I is d-regular, then we have

1—or <A(D) < dh(F)
)

PROOF. Because of (3.30), we can estimate A;(I') from above by
((Id = M), o)

(0, 0)
for any suitable function ¢ orthogonal to 1. Applying Lemma 3.3.5 to a non-empty subset
W C V with |W| < |T'|/2 such that h(T") = |E(W)|/|WV], we get

ey 1 1 e

Al(l) <

A () < == .
1 N el N (W) pr (W)
We now use (3.14) in order to make the exact ratio |E(W)|/|W| appear, obtaining
\W’I v
Npr(W)pr(W') Z v [W| x — N 20, W
and the inequality (3.32) follows. O

REMARK 3.3.7. The Cheeger inequality is very often the best way to obtain lower
bounds for the expansion constant of a graph (for instance, it will be used in three of the
four constructions of expander families in Chapter 4). It is also useful numerically: since
A1 (T) is an eigenvalue of the linear operator Id — M acting on L?(T"), which is a finite-
dimensional vector space, of dimension |V|, the problem of determining A;(I") (or indeed
or itself) is a problem of linear algebra. Of course, if V' has enormous size, it might not
be feasible to find all eigenvalues, but the fact that or is the largest absolute value of any
eigenvalue on L2(T, ur) also leads to the possibility of applying various approximation
algorithms for this specific problem.

We will now investigate the converse of (3.32). We may note already that it can not
be a simple relation stating that A; (or 1 — p) is of the same order of magnitude as the
expansion constant up to constant factors, since for the cycles, we have found in (3.2)
that h(C,,) < 1/m for m large, while 1 — goc,, < 1/m? by Example 3.2.26 (2), which is
much smaller. However, this is essentially as bad as it can get, as shown by the following
bound, which is the discrete analogue of an inequality of Buser in the context of the
geometric Cheeger constant [21]:

ProPOSITION 3.3.8 (Discrete Buser inequality). Let I' = (V, E,ep) be a connected,
non-empty, finite graph without isolated vertices. We have

(3.33) h(I) < vi/2 A (D).

74



We will prove this by following an argument of L. Trevisan [112, Handout 4], which
highlights a practical algorithmic interpretation of this inequality. The idea is to study
the expansion of sets of the type

Wer=o¢ (| —oo ) ={z eV | p(z) <t}

for a real-valued function ¢ : V' — R and a real number ¢, and to show that some of

them satisfy
Vel v/ 2 A0 (T)
|W<,D,t| - 7

while containing at most |V'|/2 vertices. The idea, to begin with, is to compute the average
(over t) of the size of the sets (W) for a given function, and deduce the existence of
sets with certain expansion ratio. The following lemma performs this computation:

LEMMA 3.3.9 (Expansion of sublevel sets). Let I' = (V, E,ep) be a finite non-empty
connected graph and let ¢ : V — R be a real-valued non-constant function on V. Let

a=minp(z),  b=maxep(r),

and let ty € R be such that’
v
W < 2!
if and only if t < 1.
Then for any choice of a probability measure v on R supported on |a,b] and without
atoms, we can find t € R such that either W = W, or W =V =W, satisfies |W| <
|V'|/2 and

W)l _ A
Wl B
where
A=3 Y ale (o), o),
B =Y vt o))

using the convention that v([a,b]) = v(|min(a, b), max(a,b)]).

ProOOF. We denote W, = W, for simplicity. An edge o with ep(a) = {z,y} is in
E(Wy) if and only if ¢ lies in the interval I, between ¢(z) and ¢(y) where the largest is

excluded, i.e., I, = [min(p(z), p(y)), max(o(z), ¢(y)[. Thus we may compute the average
of |E(W})| as

/ EWldv(t) = 3" v{t | tis in the interval I,}
R

=Y v =5 3 aley)w(le(), o)) = A,

since v has no atom.

We want to compare this with the number of elements of W;, or rather with the
minimum min(|Wy|, |V =W;|) < |V|/2 (with the idea of using either W; or V=W, to test
the expansion constant).

2 This means that o is a “median” of the values of ¢.
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Since the size of W, is non-decreasing as a function of ¢, a real number ¢, such that
|Wi| < |V|/2 if and only if ¢ < ¢, exists. Then (again using the fact that v has no atoms)
we have

[ min(Wi V= Wiiot) = [ Wikdut)+ [ v =Wilav(e

:Zy{t | p(z) <t <t0}+21/{t | to <t < ()}
zeV zeV
= ZV([to, p(z)]) = B.

We now argue simply that since
[ (Bleaw) - Aminwil [y = wi) )av(e) o
R

there must exist some ¢ € [a, b] for which
BIEW})| — Amin(|]WV], [V =TW,]) <0,
which is the desired conclusion! U

We are now led to an attempt to select a measure v and then find a function ¢
to minimize the ratio A/B. The most natural-looking choice seems to be the uniform
probability measure on [a, b], with dv(t) = dt/(b — a). In this case, we get

(3.34) A= % ZV a(x’y)w’ B_ ZV () — to|

and the problem looks similar, in a rather more L'-ish sense, to the computation of X;
using the minimization characterization (3.30). However, because the L!'-norm is much
less flexible and accessible than the L?-norm, this does not seem easy to work out (as
mentioned by Trevisan [113]; see Example 3.3.10 below for an instance of this, but also
Proposition 3.5.8 for a case where this is sharper than Buser’s inequality (3.33)). So we
use instead, as in [112], the measure v defined by

1

where S is the normalizing factor that makes this a probability measure on [a,b]. We
have then

At 9(2)) = 55l (e) — tol

for all x and a second’s thought shows that

1
v([e(2), o)) < ggle(@) — o)l x (lp(z) = to] + l(y) — to]).
Hence we find in this way a set W for which

EW)I _ g
W B
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where

A=2>" alz,y)le(@) —tol + loly) — tol}He(x) = e(y)l,

z,yeV
B=>lp(x) —to|*

We can now estimate further in terms of quantities related to M. First, we write

~ 1 N
B=3 lel@) = tol* > = 3 Swal(@)lo(w) — tol* = = lle ~ tol

zeV zeV

N | —

while, by the Cauchy-Schwarz inequality and the formulas (3.22) and (3.23), we have

(A2 < (5 X ate.w)lel@) — o)) (5 3 atw ) {lele) — ol +1o(w) — 1]}

x7y x7y

= N{(ld = M)p, p) x N{(Id + M)|e — o], [ = Lo])-
Since ||Id + M|| < 2, we obtain

A 2((Id — M), p)\1/2
:SU
B +( I — toll? )

We finally select ¢ to be an eigenfunction of Id — M with eigenvalue ;. Since ¢ is
orthogonal to the constants, it is the orthogonal projection of ¢ — ty to the orthogonal
complement of the constants, so || — to|| = ||¢]|, and we get the inequality

h(F) < Uy 2)\1

(note that there always exists a real-valued eigenfunction of Id — M, since the real and
imaginary parts of an eigenfunction ¢ are still eigenfunctions with the same eigenvalue,
and one at least must be non-zero if ¢ # 0...) This finishes the proof of the discrete Buser
inequality.

EXAMPLE 3.3.10 (The cycles again). Let I' = C,,, with m > 2. In Example 3.2.26 (2),
we have shown that A(C,,) = 1 — cos(2r/m) ~ (27%)/m? as m — +oo. A real-valued
Aj-eigenfunction is given by

oto) =Re(e(50)) = ox(5)

for x € Z/mZ. 1t follows that Wy = {z | ¢(z) < 0} is roughly the image modulo m
of the integers between m/4 and 3m/4, which we used in Example 3.1.3 to lead to the
expansion constant h(C,,) ~ 4/m.

If we assume that m is even for simplicity, the median is £y, = 0, and the application
of Lemma 3.3.9 for this function, with the uniform probability measure, shows that the
existence of some set W with

where, spelling out (3.34), we have

- () ()|

o<es<m—1

0<esm—1
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It is elementary (looking at the graph of the cosine) that A converges to 4 as m tends
to infinity, while B ~ 2m. Thus the bound h(C,,) < A/B ~ 27 /m is of the right order
of magnitude in that case.

We can now also conclude the proof of part (2) in Theorem 3.3.2. Given a family (I';)
of expanders, we see from the discrete Buser inequality that the relaxed graph satisfy

v\/2 (1) = h(L;) = h(Iy).

This shows that the normalized spectral gap is bounded away from zero. Hence it
is now enough to prove that I'; can not have an eigenvalue too close to —1. But the
definition of I'; with its added loops leads to the formula

1

(Id + M), ) = N >l y)le(@) + oy)?

i 2,y€eV;

— L( Z a(z,y)|e(x) + o(y)|* + 4 Z |90(33)‘2)

QNZ z,yeV; z€eV;

and since N; = N; + |Vi| < 2N; and val(z) < v, < v, we get by positivity

— 1 1
(4 + W)o, o) >+ 3 le@)P > Ll

zeV;

which implies that ]\72 has no eigenvalue < —1 + v=!. Hence we derive
h? 1
= < 1—m'n(—,—> <1
or; ' 20" v
for all 7, giving equidistribution parameters of the relaxed graphs in terms of the expansion
parameters (h,v) of (I';). (Typically, h?/2 is less than 1, of course, so we can replace this
expression by 1 — h?/(2v).)

ExAMPLE 3.3.11 (Expanders, but not absolute expanders). It is clear that there is a
large extent of flexibility in adding loops here and there to expanders in order to obtain
absolute expanders. However, too little would not be enough. Indeed, assuming some
results on the existence of expanders (which will follow from the later sections), we can
give some easy examples of families of graphs which are expanders, but not absolute
expanders.

For this, we start with any sequence (I',,) of bipartite expanders (whose existence
follows from Chapter 4, either from Theorem 4.1.1 in Section 4.1, or Theorem 4.2.5
in Section 4.2 or Theorem 4.3.1 in Section 4.3, or Corollary 4.3.4...). Then, for each
n, we attach a single loop at some (arbitrarily chosen) vertex z, of T',, obtaining a
new sequence (I') of non-bipartite graphs. Since attaching loops does not change the
expansion constant (and attaching a single loop barely increases the maximal valency!),
this family is still a family of expanders. Intuitively, adding this puny loop should not
change the equidistribution constant very much, and it is easy to find a lower bound
using an upper-bound for p,(I',) and its characterization

Id + M
(0=  min ((Id + M)p, )
0 pEL2(T) ()

for a non-bipartite graph, so there is no condition required about ¢, in the absence of an
eigenfunction of eigenvalue —1 of M.
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For I',,, the function 4 defined in Proposition 3.2.18 minimizes this expression. For

[V . it is natural enough to expect that it will also be close to the minimum. We have,
with obvious notation, N} = N,, + 1 and
(14 Mo o) = oo 3 al,y)(es(a) +2x0)?
" 2yeVn
which only differs from the Corresponding quantity for I',, by having a non-zero term for
T =y = T, which is equal to 7. Since ¢4 is in the kernel of Id + M, this gives
2 2

<(Id+M )€i7€i> N/ Nn—|—1

On the other hand, since |e4(x)| = 1, the norm squared of £, is still one, and we get
lim p1,(T,) = 0
n—-+00

since N,, > |V,,| — +oo. Hence the graphs (I'})) are not absolute expanders.

REMARK 3.3.12 (Trivial lower bound). From Lemma 3.1.4 for A(I") and Proposi-
tion 3.3.8, we see that there is a universal “trivial” lower bound
1 1
3.35 M0 > ——
(3.35) = 2z TP
for a finite connected graph I' without isolated vertex. The example of the cycles C,,

with v, = 2 and A\{(C,,) < m™2 = |C,,| 2 shows that the order of magnitude can not be
improved.

EXERCISE 3.3.13. Let I' = (V| E) be a finite simple graph. The chromatic number
Xxr is the smallest integer k£ > 0 such that there is a k-coloring of V' where no adjacent
vertices have the same color (1.e., such that there is a function f: V' — {1,...,k} such
that f(x) # f(y) whenever x and y are connected by an edge). The independence number
ir is the largest £ > 0 such that there exists Y C V with the property that elements of
Y are never connected.

(1) Show that xrir > |I'].

(2) If T is d-regular with d > 2, then show that ir < or|T'|.

Finally, we state a result that is often very useful (and usually called the “expander
mixing lemma”):

PROPOSITION 3.3.14. Let I' = (V, E,ep) be a finite graph with no isolated vertices.
For any subsets Vi and Vy of V', we have

OB (e ()] < /e (Ve (75,

where or is the spectral radius of M restricted to the orthogonal of the constant functions
in L*(T, ur). In particular, if T is connected and not bipartite, we have gor = or, and if
I' is d-reqular for some d > 2, then we have

dVi|[Va|

PRrROOF. For ¢« = 1, 2, let ¢; be the characteristic function of V;. Since these are
real-valued, by (3.24), we have

(M1, ¢2) :% > ala,y)er(y)ea(x)

z,yeV
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and by definition of a(x,y), this is equal to |E(V;, V2)|/N.
On the other hand, we write ¢; = (¢;,1) + @i0, where ;o is orthogonal to the
constants. By orthogonality of the eigenvectors, it follows that

(M1, 02) = (01, 1){p2,1) + (M 10, p20)-
The first term is equal to pu(V7)u(Va), whereas the second satisfies

[(M @10, 020)| < orllevollllezoll < arlleallllezll = orv/ (Vi) u(Va).

Comparing this with the first formula gives the desired statement. If I' is d-regular, then
ur(V;) = |Vi|/|V] and N = d|V|, hence the second inequality follows. O

This result gives a good idea of the virtues of expander graphs: if gor is relatively
small, but the sets Vi and V, are pretty large, then we obtain a very precise estimate
on the size of €(V}, V). The result also fits with the often-stated philosophy that an
expander behaves like a random graph in many ways: indeed, if we consider a random
graph with vertex set V' and edges added independently between each pair of vertices,
with the same probability for each edge, adjusted so that the average degree is d, then it
is elementary that the expected value of |E(Vi, Vo) is d|V4||Va]/|V].

3.4. The discrete Laplace operator

In the course of Section 3.2, we have in fact seen that the spectral gap of a connected
graph controls the expansion constant. This leads to a characterization of expanders
using only the operator Id — M. We introduced this operator using the random walks on
a graph, but it may be defined directly without referring to these ideas. It then acquires
a new name:

DEFINITION 3.4.1. Let I' = (V, E,ep) be a finite graph. The normalized Laplace
operator of I', denoted Ar, is the linear operator

L3(T LA(T
AF{ ;) : (Id<—>M)gp

where M is the Markov operator of I'. If I is d-regular for some d > 1, then the Laplace
operator of I is defined by A = dAr, and its spectral gap A, (') is its smallest non-zero
eigenvalue. It is equal to d A;(I'y).

REMARK 3.4.2. In many sources (e.g., [78, §4.2]), a Laplace operator is defined for
an arbitrary finite graph by A = val —Ar, where val is the operator of multiplication by
x +— val(x), and Ar is the adjacency operator. In other words, we have

(3.36) App(x) = val(@)p(z) = > alz, y)e(y).
yev
However, when the valency is not constant, there isn’t a very clear relation between the
spectrum of Ar and that of A.. For instance, it is not easy to translate the formula (3.22)
for the combinatorial Laplace operator (altough see Exercise 3.4.5 for a similar formula).
But one can still prove that the smallest non-zero eigenvalue of A satisfies inequalities
similar to that of Id — M, taking the renormalization into account (see [78, Prop. 4.2.4,
4.2.5] and Exercise 3.4.5 for the easier one of these). For general graphs, we will use the
normalized Laplace operator in this book.
Here is a simple random example. For the graph below

2

16 _e—e3
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the matrices representing Mr and Ar in the basis of characteristic functions of single
points are given, respectively, by

0 2/3 0 020
1 0 1 2 01
0 1/3 0 010
and the matrices representing Ar and A are
1 -2/3 0 2 =2 0
-1 1 -1 -2 3 -1
0 —-1/3 1 0o -1 1

The characteristic polynomials of My, Ar, Ar and A are, respectively
X(X-1)(X+1), X(X*-5), XX-1)(X-2), X(X*-6X+06)
(as products of irreducible factors over Q).

Here is a summary of the results of the previous section in terms of the combinatorial
Laplace operator, for regular graphs.

PROPOSITION 3.4.3 (Properties of Ap). Let I' = (V, E,ep) be a finite connected d-
reqular graph without isolated vertex.

(1) The Laplace operator is self-adjoint and non-negative; its kernel is one-dimensional
and spanned by the constant functions. Moreover we have

(Arp, ) = ﬁ S ale, o) — o)

z,yeV

for all ¢ € L*(T).

(2) We have
A
A () = min {Bre, ¢)
peL(T)  (p: )
(p,1)=0
and

(3.37) Alér) < () < V/2d ) (T).

These are immediate consequences of the previous discussion. Similarly, we state for
completeness the characterization of expander graphs in terms of A (I') and A\, ().

THEOREM 3.4.4 (Spectral definition of expanders). Let (T';);cr be a family of connected
finite graphs with |I';] — 400 and bounded valency max; max, val(z) < v. Then (I';) is
an expander family if and only if there exists X\ > 0 such that

M) =2A>0

foralliel.

If each T'; is d-regular for a fized d > 3, then (I';);er is an expander family if and only
if there exists X' > 0 such that
forallv e I.

We call (A\,v), or (N,d), the spectral expansion parameters of the family. For d-
reqular graphs, one can take X' = d\.
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EXERCISE 3.4.5 (The general Laplace operator). Let I' = (V| E,ep) be a finite con-
nected graph without isolated vertex. In addition to the space of functions on the vertices,
let L?(E) be the space of complex-valued functions on E with the inner-product

(1o fobe = 3 S lep(@)l (@) Fola).

acl
An orientation of T' is the data of two maps

be : E—=V

such that ep(a) = {b(«),e(a)} for all @« € E (in other words, if o has two extremities, a
choice of a “beginning” b(a) and an “end” e(a) of the edge). Given such an orientation,
we define a linear map

o PO o )

‘ g dp

where

dp(a) = p(b(a)) — ¢(e(@)).

(1) Show that for any ¢y, o € L*(T), we have

(ép@l, 802> = <d§01, d@z)Ea

where A is the general Laplace operator given by (3.36).
(2) Deduce that the smallest non-zero eigenvalue of the Laplace operator is < 2h(T).

The definition of expanders using the Laplace operator is qualitatively equivalent to
that based on the expansion constant, and choosing one instead of the other may be a
matter of personal taste. In concrete applications, on the other hand, it may well be the
case that one requires that a family of graph satisfy specifically one of the two conditions
(or three, if random walks are considered as slightly different). Even then, if the actual
values of the expansion parameters (A, v) or (h,v) are not important, there is no problem
in using either definition.

But it can very well happen that one wishes to have expanders according to, say,
the spectral definition, and that the explicit value A > 0 of the spectral gap plays a role
in the results (for instance, this matters enormously for applications of expander graphs
involving sieve methods in number theory, as we will sketch in Section 5.3). In such cases,
starting from the “wrong” definition and translating the parameters from the expansion
constant to the spectral gap might lead to serious loss of precision, since the order of
magnitude of A(I") and A, (") might differ quite significantly.

To give an example: suppose one requires the spectral gap for a sequence of d’-regular
graphs (I"), which is obtained by “perturbation”, as in Corollary 3.1.18, of a family of
d-regular graphs (I',,). If one knows a lower-bound for the spectral gap of (I',), we already
know how to deduce one for I, namely

h(T")? h(T,)? c

(26;) > c (Qd,) > 2z M),

where ¢ > 0 is given by Corollary 3.1.18. If the spectral gap A, (I",) is fairly small, this is

a significant loss, in comparison with the statement of Corollary 3.1.18 for the expansion

constants. This suggests that it might be useful to look for an analogue of this result for

the spectral gap, that does not involve any comparison with the expansion constant.
For the spectral gap of the normalized Laplace operator, there are a number of results

and techniques towards this goal, as explained in [76, Ch. 13]. We will apply the following

bound (which corresponds to [76, Th. 13.23] and is due to Diaconis and Saloff-Coste)
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in the special case of Cayley graphs (it is a bit simpler then, but the general case is also
instructive).

PROPOSITION 3.4.6 (Perturbing the Laplace operator). Let ' = (V| E, ep) be a a finite
connected graph with at least two vertices, and let I" = (V| E' ep) be another connected
graph with the same vertex set.

For each pair (z,y) of distinct vertices, let vy, be a path in I, of length {(z,y) > 1,
from x toy. For each pair of distinct vertices (s,t) € V- x V, let then Ay, be the set of
(z,y) € V xV such that the path ~,, passes successively by s and ¢, i.e., such that there
exists some 1, 0 < i < l(x,y), with

P(Vay(i) = s, P(Yay(i +1)) =t.
We then have

C1C2
where
r(z N valp (z)
a=oe pr(x) Y valr(z)
(3.38) cy = N max L Z Uz, y)a(x,y).
N (spevxv d'(s,t) ’ ’
o (50 (@.y)EAx.¢

EXAMPLE 3.4.7. The quantity c; which appears in this result is not always straight-
forward to estimate, since one has to be careful to pick up paths between the vertices
which do not go too often through the same edge.

PROOF. The basic idea is to show that

(339> <(Id - M)SO’ §0>F < CQ<(Id - M,)907 90>F’

for each p € L*(T") (note that the underlying vector spaces of L*(T') and L*(I") coincide;
only the inner-product changes). Since we have

lellt > e el

we see using (3.31) that such a bound immediately gives the stated inequality.
To prove (3.39), we begin again with (3.22):

((Id = M)p, o)r = % > ala,y)le(@) — o).

z,yeVvV

The non-zero terms are those corresponding to adjacent vertices in I'. To introduce
the edges of I" in the formula, we write the difference ¢(x) — ¢(y) as a telescopic sum of
differences along the successive vertices of the path 7, ,:

Z(:c,y) -1

p(x)— o) = > {p(rayli+ 1) = o(ay(i)},

i=0
and by the Cauchy-Schwarz inequality, we get

Z((E,y)—l

lo(z) — o(y)]* < U(z,y) Z (Vo (i + 1)) — @(Yay (1)),
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where the successive differences are between points which are, by definition, adjacent in
I". And from then on, we basically just gather things up as they flow: we write

Y(zy)—1
> ala,y)le(@) — W) < ) alz, y)l(a,y) Z |0y (i + 1)) = (7,5 (1))
=Y d(s,1)B(s,t)]e(t) — (s)]

s,teV

with 5(s,t) = 0 unless d/(s,t) = 0 and otherwise, by definition, we have

Blst) = —— 3 ale,y)lz.y).

!/
“ (s’ t) (x7y)6~As,t

This leads to

!/

(1~ M), ohr < - (max 5(s, 0){(1d — M), )

s,t
which is the same as (3.39). O

As a final remark, the spectral theory of graphs is a very useful and powerful tool in
graph theory, well beyond simply giving a characterization of expansion. It is especially
interesting in concrete applications because it is algorithmically very manageable to com-
pute eigenvalues of the Markov operator or of the discrete Laplace operator, even for
rather large graphs (because it is a problem of linear algebra). Hence any problem that
can be reduced (even if only approximately) to spectral properties can be studied quite
deeply. Examples are given in Trevisan’s notes [112] on spectral partitioning. Another
illustration is the paper of Varshney, Chen, Paniagua, Hall and Chklovskii [117] on the
graph of the nervous system of the worm c. elegans (see Figure 1.2), which discusses
(among other things) some of the spectral properties of this graph.

3.5. Expansion of Cayley graphs

When we specialize the general definitions and results of the previous sections to the
case of a Cayley graph, we obtain group-theoretic reformulation of the definitions, which
are as follows:

(1) Let G be a finite group, and S C G is a non-empty” symmetric generating set.
For the Cayley graph I' = C(G, ), we have

. [EW)]
h(I') = min
1) ozwce  |W]
W<|G|/2

with
[EW)[ = [{(g,5) e W xS | gs ¢ W}
(a bijection from (W) and the set on the right is (g, s) — {g,9s} € Er).
(2) The space L*(T, ur) coincides with the space L?(G) of complex-valued functions

on G, with the inner-product corresponding to the uniform probability measure on G,
namely

(o, p2) = 120 D 1(9)¢a()

geG

1
|Gl

3Tt could only be empty if G is trivial.
84



for ¢; and ¢y in L?*(G). The Markov averaging operator is given by

©(9) |S|Zsogs

ses

for p € L*(G) and g € G. Therefore we have
App(g) = Sle(9) = Y elgs),

seS
(Arp, @) = 2,@|Z‘90 gs) —e(g)I?
geg;«'
s€

for all ¢ € L*(G) and, as usual, the minimization formula

(1) = 1S (1) = min 22220
R
The most important feature distinguishing Cayley graphs from “general” regular
graphs, is their symmetry (recall that G acts by graph automorphisms on I', see Propo-
sition 2.3.8). In particular, “every vertex looks the same”. This has important con-
sequences when applying Proposition 3.4.6 for Cayley graphs. Indeed, we obtain the
following version of this result:

PROPOSITION 3.5.1 (Perturbing Cayley graphs). Let G be a finite group, S, S' C G
two non-empty finite symmetric generating sets of G, and denote I' = C(G,S5), I' =
C(G, S") the associated Cayley graphs. We then have

Al(F’) > C_l Al(F)
where ¢ = |S'| maxyes(ls(5)?).

Proor. We apply Proposition 3.4.6 to the two Cayley graphs. The quantity c¢; of
the proposition is equal to 1, and for any x, y € V, we take a path 7, , in I'" obtained by
concatenating to x a path representing an expression

(3.40) 7y = wy - Wi, w; € 5,

as a word in the generators from S’ (this exploits the homogeneity of the Cayley graphs).
Thus we have {(z,y) = m = ls(x"1y).

We can then estimate ¢o. Two elements g, h € G are joined by an edge of IV if h = g5’
for some s’ € S’. Similarly, z, y are joined by an edge of I' (i.e., have a(z,y) # 0) if and
only if y = xs for some s € S. The pair (z,y) belongs to A, if the edge joining g to h
appears in the path v, ,. In terms of the decomposition (3.40) of 27y = s, this happens
exactly when w; = ¢’ for some i, with

wzg(wl"'wifl)_la y:h(wiJrl"'wm)'

For each s € S we get therefore as many elements in A, ;, as there are occurrences of
s’ = g~'h in the S’-decomposition of s, say £,-1;(s) > 0 times, and we obtain
> e, <Y Ler(5)lgals) < |S|ter(s)’,
(x,y)EAg’h seS
for all g and h. Referring to (3.38), this is precisely the desired formula since
NS
N oIS
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REMARK 3.5.2. We illustrate the last computation: here s = s't1s'tys't3, and we
“show” the three paths from x; to y; on which the edge {g, h} = {g, gs'} lies.

1 ﬂs’tg s't15'tys’

/ / !
s'ty s'tys' s't18'tas'tg

There is now a rather striking corollary of this, which illustrates how special Cayley
graphs are: the diameter gives a rather good control of the spectral gap, and hence of
the expansion constant!

COROLLARY 3.5.3 (Bounding the spectral gap from the diameter). Let G be a finite

group, S C G a non-empty finite symmetric generating set of G. For the Cayley graph
I' =C(G,S5), we have

1
I 2 —rrs,
2 (T) diam(I")?
and hence .

WD) 2 g

ProoOF. The last inequality follows from the first and from (3.37), and the first is

equivalent to
1
M) 2 o gamre
We prove this lower bound by comparing I' to the “perturbed” Laplace operator of
I' = C(G,T) with T = G. More precisely we take (I',T") for (I',I") in Proposition 3.5.1
(with apologies for the possible confusion); we have ¢¢(g) < diam(I") for all generators
g € T, and therefore we get
A (D) =t a (D)

with ¢ = |S|(diam(T"))2. But Ay(I') = 1, which finishes the proof! Indeed, I'is a complete
graph with vertex set G, with an additional loop inserted at each vertex. Therefore, if
we start from Xo = 1, a random walk on I' is exactly uniformly distributed at each step
X, for n > 1, which means that the Markov operator of I' has no non-zero eigenvalue
different from 1.

Analytically, we see this by noting that we have

#lo) mzw mz“”

geG geG

ie., M is the orthogonal projection on the constants, and therefore its only eigenvalues
are 0 and 1. |

86



EXAMPLE 3.5.4. (1) The result is essentially sharp. Consider indeed the cycles C,,, =
C(Z/mZ,{+£1}), for which we have diam(C,,) ~ m/2 and
42 2
M) v—~ ———
21(Tm) m?  (diam C,,)?
as m — 400 by Example 3.2.26 (2) (taking into account that C,, is 2-regular.)

(2) An immediate consequence of Corollary 3.5.3, is an explicit uniform lower bound
for the spectral gap of all Cayley graphs of finite groups of order bounded by some
absolute constant, namely

1 S 1
ISIIGIE ™ |G

This is slightly better than the general lower bound (3.35). This remark will be useful
in Chapter 6, as it shows that — even when one wishes to get explicit estimates — one can
always restrict attention to large enough groups in a family when one attempts to prove
that they are expanders.

(3.41) A(€(G, 9)) =

Using Corollary 3.5.3, we will see that it is relatively easy to produce explicitly some
families of Cayley graphs which are “almost” expanders, in the following quantitative
sense.

DEFINITION 3.5.5 (Esperantist graphs). A family (I';);c; of finite non-empty con-
nected graphs I'; = (V;, E;,ep) is an esperantist family if there exist constants v > 1,
¢ >0, A > 0, independent of i, such that the number of vertices |V;| tends to infinity,
the maximal valency of I'; is at most v for all 7, and the expansion constant satisfies

c
") 2 fogamr

The point of this definition is that some applications of graph expansion turn out to
require less than “full” expanders, and in particular are quite contented with taking an
esperantist family as input (see the discussion in Section 5.5). And there are quite simple
sequences of Cayley graphs which are esperantist but not expanders.

From Corollary 3.5.3, we see that, for Cayley graphs, the esperantist condition has
not only an equivalent formulation in terms of spectral gap, but also one in terms of
diameter growth.

PROPOSITION 3.5.6 (Forms of esperantism). A family (I';);cr of finite non-empty
Cayley graphs T'; = C(G,,.S;), with |G;| tending to infinity and |S;| < v for all i, is an
esperantist family if and only if one of the two properties below hold:

(1) For some ¢ >0 and A > 1, we have

diam(T;) < c(log 2|T; ).
(2) For some ¢ >0 and A" > 0, we have
A (T5) = ¢ (log 2Ty )) .
PROOF. Supppose that (1) holds. Then by Corollary 3.5.3, we obtain

1 1 1
1) =2 — Z .
(%) 2diam(I";)?2 = 2C? (log 2|T';[)?4

Conversely, by Proposition 3.1.5, we have

log %

log(l + @)
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and for an esperantist family we can apply
log(1+z) > min(g,log@))

for x > 0 to obtain

| b c
(1 #451) 2 min (2 ) 2 win (082, 3, )
og(1+ L min{log2, o~ (I's) min{tog " 2v (log 2|T[)4 /7

and hence
diam(T;) < (log [T;)**?,
which gives the polylogarithmic growth of the diameter.
As for (2), the equivalence follows immediately from (3.37). O

EXAMPLE 3.5.7 (Symmetric groups as an esperantist family). Using these results,
we can already exhibit an explicit esperantist family. Let G,, = C(&,,,S,) for n > 3 as
in Example 2.3.2, where we see again &,, as acting on Z/nZ. We already know that
diam(G,,) < n? (by Exercise 2.3.5), and therefore we derive

1 1
M (G — > ——
MG >0 gl
by Corollary 3.5.3, which proves the esperantist property. We also know (Exercise 3.1.14)
that (G,,) is not an expander, since h(G,) < n~'. In fact, we can obtain a better result:

PROPOSITION 3.5.8. For the graphs (G,,) above, we have

1 1
h(C(8,, S,)) < et A(C(6,,S,)) < —

n3’
forn = 3.

PROOF. The random walk on these Cayley graphs is analyzed by Diaconis and Saloff-
Coste in [32, §3, Ex. 1]. We will first show that

A1 (Gn) < TL_B,

while the corresponding lower-bound A;(G,,) > n=3 is proved in [32], and we defer it to
an exercise below. We then use the argument underlying the proof of the discrete Buser
inequality to show that the bound n~3/2 that follows directly from Proposition 3.3.8 can
be improved to
h(G,) < n2.

To get an upper bound for A;(G,,), we use a specific ad-hoc test function ¢ in the
characterization (3.30). The goal is to have ¢ be “almost” invariant under multiplication
by 7 and by o1, Since ot is a “circular” shift, it is therefore tempting to use a function

n

defined using the cyclic ordering of Z/nZ. Thus the definition
¢(0) = the cyclic distance between o~ *(1) and 0~ (2) = d¢, (7 1(1),071(2))

(using the distance on the cycle C,,, which has the same vertex set Z/nZ) may seem to
have a good chance. Indeed, we have p(c0,) = p(go, ') = ¢(o) for all x € Z/nZ, and
therefore

1 2

(1= M).) = g 3 (plom) = o(o)P
"oes,

The difference p(07) — (o) is at most 1 in absolute value, and takes this value only
if one of o71(1) or 071(2) is equal to 1 or 2, as a few minutes thoughts will convince
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the reader (but all such permutations do not contribute necessarily). There are at most
4(n — 1)! permutations o such that

o (1) € {1,2} or 071(2) € {1,2},

and hence we get

(3.42) (1~ M)p, ) < o

On the other hand, we have
1 2
lp = (. DI = p(0) = (== D »lo)) .

which we evaluate by using the dlstrlbutlon of values of ¢. It is intuitively clear that
the probability that ¢(o) take any of its permitted values (integers between 1 and n/2)
should be roughly the same. In fact, this holds exactly for n odd, leading in that case to

o 2 > Pl e =H=2 Y e

oeGy, ’ | 1<j<n/2 1<]<n/2

for n — +o00. Similarly

1 2 .on
S Zso(a):ﬁ > i~

geG, 1<j<n/2

and hence

7’L2

—{p, DI ~ —.
For n even, one checks that the cyclic distance n/2 is represented half as often as the
others, but that this leads to the same asymptotic. The conclusion is that

<(Id B M)QO, 90> < 2 32
lp = (e D2 " n?

A(T) < + o(1)

as n — +0o0.

We now apply (3.34) to estimate h(G,,) (in other words, Lemma 3.3.9 with the uniform
probability measure on [1, [ % ]], which is the interval [min ¢, max]). The median t, is
roughly n/4, and by translating the estimate to our situation, we obtain

A
(G < 5
with
Z (o) —p(or),  B=>_ lp(o) —tal.
a€6n ceS,
As we have seen, |p(c) — ¢(o7)] is either 0 or 1, and therefore we get
< 2[671\’
3n

just as in (3.42). We estimate B by summing according to the values of ¢, in the manner
used for the computation of the norm ||¢ — (p, 1)||>. This leads to

B n|6n|’
for n — +o00, and therefore
A 1
h(Gp) < = K —,
(Gn) S 5 <5
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as claimed. O

EXERCISE 3.5.9 (A comparison of Cayley graphs). Let G,, = €(&,,T},) where T}, is
the set of all transpositions in &,,.
(1) Show that

2
A =—.
1<Gn) n
(2) Deduce by comparison that
A1<Gn) > n_3

3.6. Matchings

This section can be skipped in a first reading. It will only be used later in the construc-
tion of Ramanujan graphs following Marcus, Spielman and Srivastava (see Section 4.2).

Let I' = (V, E,ep) be a finite graph. Given a permutation o of the set V of vertices
of ', we say that o is realized in T" if, for € V such that o(z) # z, there is an edge in I’
joining z and o(x). This means equivalently that, when writing o as a product of disjoint
cycles ¢, the graph I' contains as subgraphs a cycle with the vertices corresponding to
each such cycle. (In other words, for any vertex zy, if the cycle of o starting from xg is

To = 11 = 0(20) = - = Ty = 0" (20) = 20 = 0¥ (20),
where (zo, ..., x,_1) are distinct, then there are edges in I with extremities {zg, 1}, ...,
{71, 20}.)

EXAMPLE 3.6.1. Assume that V = {1,...,n} with n > 3. The permutation o =
(1 2 3) (i.e., the 3-cycle 1 — 2 +— 3 +— 1) is realized in I" if and only if the vertices
{1,2, 3} form a triangle.

The interest of realizable permutations is the following elementary fact:

LEMMA 3.6.2. Assume that ' is a simple graph. Let Ar be the adjacency operator of
I'. We have
det(X — AF) = Z 8(0')(_1)|V|7f(0)Xf(‘7)’
o realized

where f(o) is the number of fized points of o.

PrOOF. The matrix of Ar in the basis of characteristic functions of vertices of I' is
the adjacency matrix (a(x,y)) of I'. Expanding the determinant of this matrix, we obtain

det(X — Ap) = Zg )X (—DHVIEI @ g (o),

where the sum is over all permutations of V' and

go)= [ ale o).

o(z)#x
By the very definition, we see that g(o) is non-zero if and only if o is realizable in T', and
in that case, we have g(o) = 1 because I is a simple graph. The formula follows. O

An important special case concerns those permutations ¢ that are involutions, i.e.,
such that 02 = 1. This means that ¢ is a product of transpositions exchanging disjoint
pairs of vertices, and o is realized if and only if each such pair is joined by an edge.
Assume that this is the case. Let V' C V be the set of x € V such that o(z) # z,
and E’ a set of edges joining = to o(x) for all z € V'. Then (V’, E',ep) is a 1-regular
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subgraph in I'. If we assume furthermore that I' is a simple graph, then conversely, from
any 1-regular subgraph I'” of I', we can construct the permutation ¢ which is the product
of the transpositions exchanging the vertices of the edges of I, and this permutation is
an involution that is realized in T.

DEFINITION 3.6.3. Let I' = (V, E,ep) be a graph. A matching of I' is a l-regular
subgraph I'V of I'. If the vertex set of I is equal to V', then I" is called a perfect matching.

The remarks preceding the definition show that if I' is a finite simple graph, there is a
bijection between the set of realized involutions (among the permutations of the vertices)
and matchings in I'.

DEFINITION 3.6.4. Let I' = (V, E, ep) be a finite graph. The matching polynomial of
I' is the polynomial

M= > (=)FIxIe zx],
I'” matching in T
where E’ is the set of edges of I".
REMARK 3.6.5. (1) Since I' has a unique matching with 0 vertices (the empty sub-

graph), the matching polynomial is monic of degree |T'|.
(2) If I' is a finite simple graph, then we can also write

pf) = Y o)X/

02:_1
o realized

since each matching I'” corresponds to a unique realized involution, with £’ of cardinality
the number of disjoint transpositions defining o and I'=T1" the set of fixed points of o.

The following lemma is now quite easy:
LEMMA 3.6.6. Let T = (V, E) be a finite tree. We have p(T) = det(X — Ar).

PROOF. Since T is a tree, by definition no cycle of length > 3 can be realized in T,
which means that in the expansion of Lemma 3.6.2, only ¢ involving cycles of length < 2
occur. These are exactly the involutions. For an involution o, the integer |V| — f(o) is
even, hence the formula of Lemma 3.6.2 becomes

det(X — Ar) = ) e(0) X/ =p(T)

o?=1
o realized
by the remark above. U
EXERCISE 3.6.7. (1) If I" is the disjoint union of two graphs I'; and Ty, then p(I") =
p(L'1)p(T'2).
(2) Let vy be a vertex of I'. Show that
(3.43) p(T) = p(T=we) = > p(T —vp—).

v~V

In Section 4.2, a key point in the proof of existence of Ramanujan graphs will be the
following remarkable fact about matching polynomials, due to Godsil [45].

THEOREM 3.6.8 (Godsil). Let d > 2 be an integer. Let I be a d-regular finite graph
without loops. All roots of p(I') are real numbers, and have absolute value < 2+/d — 1.
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To prove this theorem, it is enough to prove that p(I") divides the matching polynomial
p(T) of some finite tree T contained in a d-regular tree, since we have p(T') = det(X AT)
by Lemma 3.6.6, and this polynomial has only real roots of absolute value < 2v/d — 1 by
Lemma 3.2.35.

We may assume that I' is not empty, and that it is connected (using Exercise 3.6.7).
Let vy be a fixed vertex of I'. We consider the path graph w,,(I") starting at vy (Exam-
ple 2.2.16). Since this is a subgraph of the universal cover fvo of ', which is a d-regular
tree (Proposition 2.2.14), the following proposition establishes the desired statement:

PROPOSITION 3.6.9 (Godsil). Let I' be a finite, non-empty, simple connected graph
and vy a vertex of I'. The matching polynomial p(T') divides the matching polynomial

P(@ (1))

SKETCH OF PROOF. We will only sketch the proof, leaving to the reader the exercise
of checking a number of identities concerning path graphs; drawing on paper even a small
graph and the corresponding path trees will clarify these identities.

The key formula is

p0) pma(T)

p(I'=wv) (@, (I') = vo)

Indeed, assuming it is correct, we can proceed by induction on |I'|. If |I'| < 2, the desired
result can be checked dlrectly Suppose it holds for graphs with |I'| — 1 vertices. It
suffices then to note that w,,(I") = vy is a disconnected graph that contains w,,(I" = vp)
as a connected component. Then p(w,,(I")=wp) is therefore divisible by w,, (I'=wvy) (see
Exercise 3.6.7), and writing the formula in the form

(@, (1)

(3.44)

the divisibility follows for I.

The proof of (3.44) proceeds also by induction on |I'|. If |I'| < 2, one can check the
result directly again (e.g., I' is then a tree, but w,,(I") is isomorphic to I" in that case).
Assume now that |[I'| > 3 and that the formula holds for graphs IV with [IV| < || — 1.

We start from (3.43), namely

p(T) = p(T'=wp) = Y p(I' =vg =),
v~V

where v runs over vertices adjacent to vg. Dividing by p(I'=1p) and then using induction
for the graph I' =1, (and the vertices v), we get

) pwu — V) =)
34 =TS R D cx =

v~VQ

Let v be adjacent to vg. By applying Exercise 2.2.16, the graph w,(I" = vg) = v can be
identified with a disjoint union of w,(I' = vy — v) over all y adjacent to v, except wvp.
On the other hand, the graph w,,(I") — vg — vov (where vyv is the vertex of the path
graph corresponding to the edge from vy to v) is (isomorphic to) the disjoint union of
the same graphs, and of w,(I'=1y) for y adjacent to vy, but distinct from v, again by
Exercise 2.2.16. Combining these, we get

(e, (1) = vo = vov) = p(w, (T =vg) =v) [ ] p(@y (T =0)).

y#v
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Once more using Exercise 2.2.16, w,,(I") = vy is the disjoint union over v ~ vy of
w,(I'=1p), SO

D@y (D) =v0) = ] (@0l =10)):

v~VQ

Taking the quotients, we obtain
(@, (I') = vg = v9v) _ P, (I'=1vp) =)
Py () = v0) p(@wu(I'=1p))

and (3.45) becomes

ﬂ - X — Z p(wvo(r) _UO—"U()U)‘

p(I' = wp) oo P, (I') = vp)
Since vov runs over all vertices of w,, (I') adjacent to vy, applying (3.43) to the path graph
shows that
P ()
PT=10)  p(@n(l) = 10)
as claimed. g
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CHAPTER 4

Expanders exist

We will discuss in this chapter some rather different constructions of expanders. The
variety of techniques involved is remarkable, especially so since we are far from exhaustive:
we will not discuss, for instance, the zig-zag product of Reingold, Vadhan and Wigderson

(see for instance [54, §9]), nor the Gabber-Galil construction (see [54, Th. 8.2]), nor
the original Ramanujan graphs of Lubotzky, Phillips and Sarnak and Margulis (see [82]
and [84], or the books [31], [7&] or [101]). The recent book [26, Ch. 8-9] of Ceccherini-

Silberstein, Scarabotti and Tolli discusses some of these.

4.1. Probabilistic existence of expanders

In this first section, we establish, using probabilistic arguments, the existence of ex-
pander families. This is the same technique that was used originally by Barzdin and
Kolmogorov and by Pinsker [95, Lemma 1]. It turns out, in fact, that for many models
of random graphs, there is a high probability that they are expanders, in the sense that
there is a positive lower bound for the Cheeger constant, valid with high probability.

We will use a standard model to prove the result. To begin with, we construct bipartite
expanders. Fix some integer d > 3. For any fixed n > 1 and any d-tuple o = (074, ..., 0%)
of permutations of {1,...,n}, we define a graph I', with vertex set

V={(0|1<i<ntU{@1) ]| 1<i<n}=VoUW,

(independent of o) and with edges joining (7,0) to (0;(7),1) for 1 < j < d: formally, we
take

E, ={(i,04(1)) | 1<i<n, 1<j<d},
and ep((7,0;(2))) = {(4,0), (c;(¢), 1) }. These graphs are bipartite and d-regular, and they
may have multiple edges.

We view these graphs as random graphs by thinking of the permutations o; as taken
independently and uniformly at random in &,,. Thus the probability that the graphs I,
satisfy a property P(T') of graphs, denoted P(T', has P), is simply

1
(n1)4

1
P(T, has P) = {o € &% | T, has P}| =

=6, [{o € &% | T, has P}|.

We will prove:

THEOREM 4.1.1. Fiz d > 3. There exists hy > 0 such that
lim P(h(I'y) < hg) = 0.

n—-4o00

In particular, for all n large enough, some ', satisfies h(I'y) = hy.

REMARK 4.1.2. Here is one justification for hoping that such a result could be true.
Recall that we suggested at the end of Section 3.1 that a possible way of constructing
expanders would be to start with the finite trees T} ;, of depth & > 1 with d > 3 fixed and
k — +oo, and attempt to add some edges connecting the leaves of the tree to vertices “in
the core” of the tree, and in particular to vertices on other branches from the root. Some
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elementary attempts of defining a family of edges of this type turn out to fail — either
because the resulting graphs are again too easily disconnected, or because they seem hard
to analyze. But these attempts might suggest that the best chance is to “throw edges
at random”. However, at this point, one can also simply decide that all edges should be
placed randomly, to avoid dealing with two types of edges. This might naturally lead to
the graphs of the type we consider here.

PROOF. Since the graphs we construct are bipartite, we can use Lemma 3.1.16, which
shows that R
P(h(Ts) < ha) < P(R(T,) < 1+ 2hy)

where 7 is defined in (3.6).
A simple symmetry argument (left to the reader) shows that, for any any 6 > 0, we
have

- 0, W
P(h(T,) <1+0) :P< min ‘ywy‘
1<|WI<[Vol/2

<1+5>

where we indicate with the subscript o that the boundary is, of course, taken in the sense
of 'y (compare with (3.6): this means we only need to consider expansion of vertices in
the “input” set Vp). Let p, denote the right-hand side of this inequality.

We next write the simplest upper-bound for p,,, taking advantage of the fact that the
vertex set is independent of o

p< Y P(10.W] < (14 0)W]).

WcCV;
1|W<n/2

Again for symmetry reasons, the probability P(|0,W| < (1 + 6)|W|) depends only
on ||, because any subset of size ¢ in Vj is, for this model of random graphs, equivalent
to {1,...,¢}. Hence

< Y (Z) P(|6a{1,...,€}] <1 +5)£).

1<4<n /2

Since there are edges joining (0,7) to (1,01(j)) for all j, and oy is a bijection, we
always have
|0,{1,..., 0} > 1.
Hence, if [05{1,..., ¢} < (1 + 0)¢ for some o, it is necessary that at most 6¢ of the
values 09(j) for 1 < j < £ be outside the set

Iy ={o1(1),...,01(0)},
and similarly for o3, ..., 04, since the occurrence of any of these events would imply
|05{1,...,0}| = (146)L. These events are independent, since o9, ..., 04 are independently
chosen in the symmetric group. We only consider oy and o3, and find that the probability
that they both occur is at most

3 P(ag({l,...,é}) C IgUE>

2
)

since for each of the two independent events the probability is the same. Again because
of symmetry, this quantity is at most

(L;LKO P<a2({1,...,€}) CLU{l+1,... 0+ LMJ})Q.
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We have furthermore
P(@({l,...,f}) CILU{l+1,... (+ WJ})

1
< ﬁ(f + [00)) (0 + [66) = 1) --- (1 + [0£])(n — 0)!
which expresses the fact that if o is a permutation with o({1,...,¢}) C I, U E, we have
¢+ | 04| possibilities for o(1), one less for o(2), and so on, until 1 + |§¢| possible values
of (¢), and then finally (n — ¢)! possibilities for the remaining values of o.

We are thus left with the estimate

me S (0) (o) () ()

1<<n/2
(n — ON(C+ [0])1)?
2 O(n — [60))1([3¢))B

At this point, many treatments of the question just ask the reader to complete the

estimation of this sum using the Stirling Formula, to check that it tends to 0 when §

is fixed and sufficiently small. This is a good exercise certainly, but we will give some

details, explaining why one can quickly convince oneself that this should be indeed small.
There are two different arguments. When ¢ is fixed observe that

(n—ON(€+ |6¢]))? <C 1
O — [BENI([60)N3 = “(n—[60])---(n— C+1)
for some constant Cy, < ((2€)!)?, which shows that the contribution of ¢ bounded (or even

growing slowly with n) tends to zero.
For ¢ large, we use the Stirling Formula to estimate the logarithm of each term

(n — O+ [o])1)?
(4.1) 1°g<g!(n_ L(%J)!(L(%J)!?’)

in the sum. This has every chance to succeed, because of the following observation: the
Stirling formula can be written

1<4<n/2

for £ > 1, where each of the three terms is positive and tends to infinity with k, but they
have different orders of magnitude, namely Ay, = klogk, By = k and C}, = %log(Zﬁk). In
the expression (4.1), the contribution of the second terms By appearing in each factorial
cancels out: the denominator gives

O+ (n—|66)) +3|6¢) =n+ €+ 2[5¢],

as does the numerator. We can therefore expect that (4.1) will tend to 0 if the contribution
of the largest part of the factorial, namely Ay, goes to —oo. And here the key point is that
if ¢ is small, then the decay of the Ag-term from (n — [§¢])! in the denominator will be
much faster than the growth from (n —¢)! (stated another way: for § = 0, the numerator
and denominator balance perfectly, and both can be expected to become smaller as
increases a bit, but the denominator will do so much more slowly; note however that if,
say, & = 1, the quantity (4.1) is ((2¢)!)?/(¢!)*, which will definitely go to infinity, so one
must be careful.)
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The contribution of the Ay terms in the Stirling formula is
(n—£)log(n —€) +2(1 4 6)llog((1 + 9)¢)
—Llogl — (n — ) log(n — 0¢) — 30¢1og(d¢)
(disregarding the difference between [§¢] and ¢ for simplicity). The first and fourth
term together are (roughly) equal to

(4.2) nlog(%

The second and third term contribute

2(14+9)log((1 4+ 9)¢) — Llogl ~ 26(1 + 0)¢ + (1 4+ 25)¢1og(?).
Together with the fifth term, this becomes
(4.3) ~ ((5 1)+ 20(1+6) — 30 1og(5))f + (1= 8)llog(0).

If we sum (4.2) and (4.3), the leading contribution (in view of the bound n > ¢/2)
becomes

> — Llog(n — £) + 6llog(n — 6¢) =~ (6 — 1) + (6 — 1)l log(n).

(0 — 1)llog(n) + (1 — §)¢log(?) < log(2)(6 — 1)L.
Since this is negative, the result will follow... O

4.2. Ramanujan graphs

The definition of an expander family exhibits the remarkable feature of being quanti-
tative in some sense (it refers to quantitative properties of the expansion constant) and
qualitative in another (it asks for the existence of some positive lower bounds for the
expansion constants). In applications, as we will see in Chapter 5, it happens frequently
however that the value of this lower bound plays a role (in the random walk definition,
this is obviously related to the speed of convergence to a uniform measure). It is natural
to ask if the expansion or equidistribution constants can have a meaning, or in a related
way, how good can equidistribution be in the best possible world.

Although (to the author’s knowledge) the values and limits of the expansion constant
for expander families do not have any special property or interpretation, it turns out that
the equidistribution parameters in the random walk interpretation (Definition 3.3.1) can
have some meaning, and in particular that it is natural to consider optimal cases: these
are known as Ramanugjan graphs.

DEFINITION 4.2.1. Let d > 2 be an integer. A d-regular connected finite graph I is
called a Ramanujan graph if all the eigenvalues A of the Markov operator M of I" satisfy

either A € {—1,1} or |A| < 2\/371’ or in other words, if or < _Zngl.

To understand why this definition is not arbitrary, recall that for any non-empty d-
regular graph I', the universal cover r (based at any vertex) is an infinite d-regular tree
Ty (Proposition 2.2.14), and that the spectrum of the Markov operator of Ty is contained
in the interval

2v/d—1 2¢/d—1
d d
(Proposition 3.2.31). Assume that I' is connected. Since, by Corollary 3.2.20, the eigen-
values +1 of the Markov operator correspond to either the constant function, or to the
characteristic functions of the two parts of a bipartite decomposition (if I' is bipartite),
the definition of a Ramanujan graph therefore means precisely that all other eigenvalues
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of M must be contained in the spectrum of the universal cover of I'. Moreover, a result
of Alon-Boppana (see, e.g. [54, Th. 5.3] or [101, Prop. 3.2.7]) shows that this is the
strongest possible restriction for an infinite family of graphs: if (I';);e; is any family of
d-regular connected graphs with |I';| — 400, then we have

. 2vd—1
limsup or, > ——.
i ' d

ExaMPLE 4.2.2. (1) Let d > 3. The complete graph K, is a Ramanujan graph:
indeed by Example 3.2.26, we have gk, = 1/(d — 1) < 2v/d — 1/d.

(2) Let d > 3 and let K44 be the complete bipartite graph with input set Vy = Z/dZ
and output set V) = Z/dZ (Example 2.1.24, (2)). Then K4 is also a Ramanujan graph.
Indeed, since K, 4 is bipartite, both 1 and —1 are eigenvalues of the Markov operator.
But also, the kernel of the Markov operator is the space of f € L*(K44) such that

S f@) =3 fl) =0,

xeVy xeVy

which has codimension 2 in L?(Kz4). This means that 0 is the only eigenvalue of the
Markov operator on L3(Kg4).

Since Ramanujan graphs are, individually, the best-possible graphs from the point of
view of the Markov operator, one can ask if they can form expanders. In other words,
does there exist an infinite family of Ramanujan graphs with bounded valency and in-
creasing size? This turns out to be a rather subtle question. The paper where Ramanujan
graphs were first defined by Lubotzky, Phillips and Sarnak [82] contains explicit exam-
ples of infinite families of d-regular Ramanujan graphs (also discovered independently by
Margulis [84], both constructions relying on deep arithmetic input due to Deligne and
Drinfeld), but only when d = p + 1 for some prime number p. This essential restriction
was related to the specific arithmetic origin of these graphs. Further examples, always
relying on number theory, produced examples with d = p” + 1 for v > 1, always with
p prime. Only quite recently have Marcus, Spielman and Srivastava [83] constructed
Ramanujan graphs of arbitrary degree:

THEOREM 4.2.3. Let d > 3 be an integer. There exists a family (I';)izo of bipartite
d-regular Ramanugjan graphs with |I';| = d2°.

The proof uses a probabilistic argument, but in rather different manner than Sec-
tion 4.1: the idea is to show that given any starting d-regular bipartite Ramanujan
graph I', there exists another bipartite Ramanujan graph I with |[I'| = 2|I'| which is
a “2-covering” of I'. This property had been conjectured by Bilu' and Linial. Applied
inductively, starting with the “trivial” example of the complete bipartite graph K, 4 (Ex-
ample 4.2.2; (2)), the theorem follows. (For generalizations to other coverings, see the
paper [49] of Hall, Puder and Sawin.)

The probabilistic ingredient is found in taking a family of 2-coverings I of I', and
showing that one of them must have the required property. To make this precise, we now
define this family.

First, we fix an integer d > 2 and a simple d-regular connected graph without loops
' = (V,E,ep). Let 8 be the set of all functions s: £ — {—1,1} (called “signings” of
the edges of I'). We view 8p as a probability space with the uniform probability measure,

Yonatan Bilu, not Yuri Bilu.
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so that the expectation notation E(-) refers to expectation over Sp with respect to the
uniform measure, namely

1
E(f(s) |8F|Zf ﬁZf(S)

SESP SESP

for any function f on 8. By definition, this choice of measure implies that the random
variables (s + s(«))qcp are independent.

Let s € Sp. Since I is a simple graph, we can also define s(x,y) = s(«) if  and y are
adjacent in I', where « is the unique edge joining x and y.

We define a simple graph I's with vertex set V; = V' x {—1,1} (independently of s)
by specifying which vertices (z,e) and (y,&’) are joined by an edge (a special case of
Example 2.1.8 (3)) as follows: there is no edge unless = and y are connected by an edge
a in T if this is the case, there is an edge if and only if £ = s(a)e.

In particular, the graph I'y is d-regular, since each vertex (z,¢) is connected exactly
to one vertex (y,¢’) for each y ~ z.

To understand the definition more intuitively, it is always useful to make some pic-
tures. There is a surjective graph map f from I’y to I' defined by f((x,¢)) = x, since
(x,¢) and (y,€’) can be connected only if z and y are (we do not need to specify f. more
precisely since Ty is a simple graph). For each z and y in " with an edge « joining them,
there are two vertices (x,1) and (z, —1) mapping to x and two vertices (y, 1) and (y, —1)
mapping to y. Then there are two edges mapping to a: they are either “parallel” edges
from (x,1) to (y,1) and from (x,—1) to (y, —1), when s(a) = 1, or they are “crossing”
edges from (z,1) to (y,—1) and from (x,—1) to (y, 1), in the case s(a) = —1.

(33,—1) —o (yv_l) (l’,—l) (y7_1)
(z,1) &———0 (y,1) (z,1) (y,1)
Te—e Y re——eY
s(a) =1 s(a) = —1

If I is bipartite, then composing f: I'y — I' with a graph map I' — P, corresponding
to the bipartite decomposition (Proposition 2.1.25), we see that T’y is also bipartite. In
particular, its spectrum is then symmetric (Corollary 3.2.20 (4)).

There is a further graph map ¢: I'; — I'; given on vertices by (z,¢) — (z, —¢), since
the definition shows that (x,¢) is connected to (y,&’) if and only if (z, —¢) is connected

o (y,—¢’). The map ¢ is an involution without fixed points, and satisfies m o ¢ = 7. In
particular,  and y are connected if and only if «(z) and ¢(y) are connected.

LEMMA 4.2.4. There exists an isometry
LA(T) @ LA(T) -1 LX(T),

where the direct sum is orthogonal, such that the Markov operator M of I's is identified
with M & MS, where M is the Markov operator of I' and M is the self-adjoint linear
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operator on L*(T') such that
—~ 1
(4.4) Myp(z) = - > sz y)e(y).
y~zT
In particular, the spectrum of M; is the union of the spectrum of M and the spectrum of
M.
PROOF. Define subspaces H, and H_ of L*(T) by
Hy={f:Vi=>C | four=f}, H.={f:V,=>C| for=—f}
(which one can think as “even” and “odd” functions). The decomposition
_ftfor f—-fou
=t
shows that H; @& H_ = L*(T,), and the sum is orthogonal since
<f—|—fOL,f—fOL> - <f,f>—<fOL,fOL>+<fOL,f>—<f,fOL> = 0.
We define j, for ¢ € H by ji(¢)(x,e) = ¢(x), and for ¢ € H_, we define
J-(@) (@, 1) = ¢(z),  j-(p)(z, 1) = —p(z).

It is then easy to check that j, (resp. j_) is a linear isomorphism from L*(T') to H,
(resp. H_). Moreover, we have

17+ ()I” = Z > @) = el

xEVe +1

and similarly ||5_(¢)]|* = ||¢||*>. The linear map j = j, @ j_ is therefore an isometric
isomorphism from the orthogonal direct sum L*(T") & L*(T) to L*(Ts).
Furthermore, the Markov operator M, of I'y commutes with «: for ¢ € L?(T,) and

any = € Vs, we have

(M) =5 3 el =3 3 elw) = = 3 elw) = (Mp)()

yNSL(x) Wwr T W sT

since @(t(w)) = @(w). It follows that both H, and H_ are stable under Mj.
Moreover, this argument also shows that the endomorphism of H, induced by M; is
the Markov operator M of I'. If ¢ € H_, on the other hand, we compute for any x € V

that
M) =5 3 el =5 3 el ) +y S el 1),
we~(z1) s(ag)=1 S(r)=—1

By definition of H_, this is

(M) (1) = 5 3 (2, 5)(0)

y~z

which means that M, restricted to H_ is identified with the endomorphism ]\Z in the
statement of the lemma. O

We denote by or(s) the spectral radius of ]\Z acting on H_. It corresponds, intuitively,
to the largest “new” eigenvalue of the graph I'y, when comparing its spectrum with that
of I, which it always contains. (Note that it may be that or(s) = 1: this will happen
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for instance if s(a) = 1 for all edges «, since in that case I'; is the disjoint union of two

copies of I', hence is not connected, and M, has 1 as eigenvalue in that case).
The main result of this section is the following:

THEOREM 4.2.5 (Marcus, Spielman, Srivastava). Let d > 3. Let I' be a finite con-
nected d-regular bipartite graph. There ezists s € Sy such that or(s) < @.

To prove this, the idea is to average over Sr, in the same way that one can prove that a
function is non-zero somewhere by showing that its average is non-zero. But the problem
is, what should be averaged here? We need to control the largest eigenvalue of M (in
fact, the largest absolute value of an eigenvalue). Because we work with bipartite graphs,
this is the same as to control the largest (real) zero of the characteristic polynomial of
M., which is a rather mysterious quantity, and one which is by no means well-behaved for
arbitrary polynomials. However, this characteristic polynomial turns out to have specific
features that lead to the conclusion.

The next lemma refers to the properties of matchings considered in Section 3.6.

LEMMA 4.2.6. Letd > 3. Let T be a finite connected d-regular graph. Then E(det(X —
dM)) is the matching polynomial p(T") of T'.

PROOF. For any s € 8, the linear map M, is an endomorphism of L*(T"). We denote
the matrix of dM in the basis of characteristic functions of vertices of I' by (as(x, y))zyev -
By (4.4), we have as(x,y) = 0 unless 2 and y are adjacent, in which case as(x,y) = s(a),
where « is the edge joining z and y. Viewed as random variables on 8r, the coefficient
maps s — as(x,y), for (z,y) in V, satisty E(as(z,y)) = 0 in all cases.

We expand the determinant as a sum over the permutations o of V', and obtain

det(X — dM,) =Y e(0) X! (=1)VI=/@g(s,0)

g

where f(o) is the number of fixed points of o and

g(s,0) = H as(z,o(x)).

o(z)#£x

We now claim that E(g(s,0)) = 0 unless the permutation o is an involution realized
in I', in which case E(g(s,0)) = 1. If we prove this, then the lemma follows from
Remark 3.6.5 (2).

First of all, we have g(s,o) = 0 for all s unless z and o(z) are always joined by an
edge if o(x) # x. Next, assume that o is a permutation realized in I'. For each z € V|
let o, be the edge joining x to o(x). We then have

E(g(s,0) =E( ] s(an)).
o(z)#x
A given edge a can appear at most twice as a,, namely we can have o, = a,-1(y) if

o~ Y(z) = o(x). Since the random variables (s — s(a))qcr are independent, if some «y,
appears a single time, we get

E(g(s.0)) = Bls(aw,)) B( [ s(aw)) =0.

o(x)#x

Az Fagg
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Hence E(g(s,0)) = 0 unless each edge a, appears twice, which means that o%(z) = x for
all &, or in other words if o is a realizable involution. In that case, since s(ag)s(0o(q)) =
s(az)? =1, we have E(g(s,0)) = 1, as claimed. O

Now comes the crux of the proof. First, the structure of the graphs I'y comes into
play again through the following easy lemma:

LEMMA 4.2.7. Let d > 3. Let I' = (V, E,ep) be a finite simple connected d-regular
graph with m edges. There exist independent random variables ({y)acr on Sr, with values
in the set of positive operators of rank 1 on the Hilbert space L*(T'), such that

3" la(s) = d + dM,.

acl

PROOF. Just spelling out the definition from Lemma 4.2.4, we have a decomposition of
d+dM; as the sum of £,(s), where £,/(s) is the operator on L*(T") such that £,(s)¢(z) = 0
if x is not an extremity of «, and otherwise, if ep(a) = {x,y}, then

la(s)p(z) = () + s(a)p(y)-
Let « be an edge with ep(a) = {z,y}. The image of ¢,(s) is contained in the space of
functions vanishing outside {x,y}. But note also that

la(s)p(y) = o(y) + s(@)p(x) = s(a) - la(s)p(),
from which we deduce that the image of £,(s) is in fact the one-dimensional space gener-
ated by the function v, s mapping all z ¢ ep(«) to 0, and sending = to 1 and y to s(«).
In fact, a few seconds of computations reveal that

la(8)p = dIT[ (P, Ya,s)Vas,

where d|T'| is the sum of the valencies in I". This computation shows that ¢,(s) is also a
positive linear map.
By definition, the random variables s — s(«) are independent for o« € E, and it follows

formally that the family (¢,)acp is also a family of independent random variables. O

With this lemma in hand, the key step is the next proposition (this could be phrased
more generally so that it would have nothing to do with graphs anymore, as in [114, Th.
1.8]).

PROPOSITION 4.2.8. There exists s € 8t such that
ot (det (X _ Zea(s))) <ot (E(det (X _ ZQ)),

where o7 (f) denotes the largest real root of a polynomial f € R[X].

The proof of this proposition ultimately relies on some properties of “real stable”
polynomials, whose proofs can be found in Section C.4 of Appendix C.

PRrOOF. We order the set of edges (arbitrarily) £ = {a1, ..., an}, and denote £; = £,,
for simplicity. We also write \; = E(¢;(s)) for 1 < ¢ < m. We recall the notation p(u)
for the mixed characteristic polynomial associated to a tuple of endomorphisms of L?(T")
(see Definition C.5.1).

We will show below, by descending induction on j, where 1 < j < m, that there exist
s € 8r such that

0 ((l1(8), ., 0 (8), Nty o s Am)) < 0T ((l1(8), -y €i1(8), Ajy ooy Am)).
102



At the end of the induction, we get some s € Sy such that

0 (1(la(5), . ln(s))) < 0" (A1, -5 Am))-

The mixed characteristic polynomial in the right-hand side of this inequality is equal to

(det( Ze))

by Corollary C.5.8, and the one on the left-hand side is

(X =3 006)))

by Corollary C.5.7, hence the result.

We now check the induction. The base case and the inductive step are in fact the
same here. The endomorphism \; = E(/;) is a convex combination of the endomorphisms
l;(s) for s € 8r, so by Proposnzlon C.5.5 (and the symmetry of the arguments of mixed
characteristic polynomials), the mixed characteristic polynomial

[1,(€1(S), R ,@;1(8), )\j, ey )\m)

is a convex combination of the polynomials

(00(8), - 6(3), Ayt o3 Am).

as s varies in Sp. We can apply Proposition C.4.4, since Corollary C.5.9 shows that any
convex combination of these polynomials is real stable. It follows that the quantity

Q+([J,(£1(S>, e ,gj_1(8>,/\j, RN ,)\m))

belongs to the convex hull of the numbers

Q+([J,(€1(S), e 7€j(8)7)\j+17 RN ,)\m))

for s € 8. In particular, for some s, we have

0 ((l1(8), . li1(8), Njy ooy Am)) < 0T ((l1(8), -, 45(8), Nty - o5 Am)).

PROOF OF THEOREM 4.2.5. By induction, it suffices to prove that if I' is a finite
bipartite simple d-regular Ramanujan graph, then there exists s € Sp such that I
is a (bipartite, simple, d-regular) Ramanujan graph. From the above proposition and
Lemma 4.2.7, we know that there exists s € Sr such that

g deX — (@4 < 0" (Bder (X - 1)) )

or in other words
d+ o (det(X — dM,)) < d+ o (E(det(X — dM))).

The right-hand side is d + 0% (p(I")) by Lemma 4.2.6, hence is < d 4 2v/d — 1 by Godsil’s
Theorem (Theorem 3.6.8), and we conclude that o™ (det(X —dM,)) < 2v/d — 1. Since T,

is bipartite, its spectrum is symmetric, so that the spectral radius of ]\Z is < 2vd—1.
Since I itself is a Ramanujan graph, Lemma 4.2.4 allows us to conclude that T’y is a
Ramanujan graph. Il

103



4.3. Cayley graphs of finite linear groups

For many of the applications of expander graphs that we will discuss in Chapter 5,
the most important families of graphs are those arising from Cayley graphs of finite
linear groups. Considerable progress has been made in recent years in understanding the
expansion properties of these graphs.

There are two general, related, constructions of such families. We may consider a
family (G;) of finite groups, with |G;| — 400, given with symmetric generating subsets
S; C G; of fixed cardinality k, and the family (C(G;, S;)). (For example, consider SLy(F,)

with generating set
{ ((1) o 1 1)/2) ’ (:I:(p ! 1)/2 (1)) }

for p prime > 3). Alternatively, we may consider an infinite finitely generated group
G, with a fixed symmetric finite set of generators S C G, and a family K; of normal
subgroups K; < G with finite index [G : K;] — 400, and consider the relative Cayley
graphs C(G/K;, S). (For example, take G = SLy(Z) with

s={(o %) (4 V)

and K, for p prime, the kernel of reduction modulo p).

Note that when the quotient maps G — G; = G/K; are injective on S, with image
S; C @}, then the action graphs are isomorphic to C(G}, S;), and the second family
becomes a special case of the first type. Indeed, in the cases considered here, this will
hold except for finitely many i, so it seems that we could restrict in principle without
much loss to the first case, except that in general this first case remains very mysterious.

The question we wish to address is, quite generally: under which type of condition is
it true that a family of Cayley graphs as above is an expander family?

Up to now, only two examples of sequences of Cayley graphs have appeared in this
book, but these are not representative of the general case: the cycles C,, for m > 2
(which are 2-regular Cayley graphs of G,, = Z/mZ) or the graphs G, = €(&,,S,) of
Example 2.3.2 (4)). In both cases, we have seen that these are not expanders (though the
second is not too far, being an esperantist family, by Example 3.5.7). But it turns out
that, for many interesting sequences of “complicated” non-abelian groups, the answer to
the question is positive, or conjectured to be so. For instance, in Section 4.4, we will
give a fairly detailed sketch of the proof of the case m = 3 of the following theorem that
combines results of Kazhdan and Margulis:

THEOREM 4.3.1 (Kazhdan, Margulis). Let m > 3 be an integer. For any finite
symmetric generating set S of SL,,(Z), the family of relative Cayley graphs

(C(SLin(Z)/H, S)) 11asLs(2),
where H runs over all finite index normal subgroups of SL,,(Z), is an expander family.

This is an important and useful result, but the method of proof shows that the groups
concerned are fairly special. In particular, it does not apply to SLy(Z) (and indeed, the
analogue statement is false for SLy(Z)).

On the other hand, in Chapter 6, we will prove the special case m = 2 of a theorem of
Bourgain and Gamburd [12] and Varju [116] concerning expansion of quotients of much
more general subgroups of SL,,(Z). The price in this generalization is that we must
restrict the family of quotients that are expanding.
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THEOREM 4.3.2 (Expansion in Zariski-dense subgroups of SL,,(Z)). Let m > 2 be
an integer. Let S C SL,,(Z) be any finite symmetric subset and let G be the subgroup
generated by S. Assume that G is Zariski-dense in SL,,. For prime numbers p, let
I, = C(SL,,(F,),S) be the relative Cayley graph of the finite quotient group SL,,(F))
with respect to the reduction modulo p of the set S. Then there exists py such that the
family (I'y)p=p, is an expander family.

REMARK 4.3.3. (1) The difference with Theorem 4.3.1 is that the previous result
holds for any collection of finite index subgroups, not only for a specific family such as
the kernels of reduction modulo primes, or even modulo any integer.

(2) In the special case of SLy(Z), although Theorem 4.3.1 does not hold, there were
important special cases of Theorem 4.3.2 that had been proved much earlier, and that were
of great importance (both in terms of applications and of history). In particular, when
G = SLy(Z) itself, Theorem 4.3.2 follows from a crucial result of Selberg concerning the
spectral gap of the hyperbolic Laplace operator and the comparison principle of Brooks
and Burger (described in Section 5.4). This is related to Lubotzky’s Property (7), and
we refer to [78, §4.4] for more discussion. The most general result along these lines is
due to Clozel [29].

In the setting of Theorem 4.3.2, the condition that G is Zariski-dense has a very
simple equivalent formulation: it means that for all primes p large enough, the reduction
modulo p maps G surjectively to SL,,(F,). In terms of graphs, it therefore means that
there exists py such that C(SL,,(F,),F,) is connected for all primes p > po, which is
clearly a necessary condition for the expansion! It is also an elementary condition to
check in many cases. For example, we obtain the following corollary:

COROLLARY 4.3.4 (Bourgain-Gamburd). Let k > 1 be an integer, let

s {0 ) (4 e s

and for p prime, let S, denote the image of S modulo p. Then the family of Cayley graphs
C(SLy(F,), Sy) for ptk is an expander family.

For k = 1 or kK = 2, this result was part of the special cases known classically that
we mentioned above. However, for k£ > 3, this was a notorious open question until the
results of Bourgain—Gamburd led to a general proof. The difference between these two
cases is that S generates a finite index subgroup of SLy(Z) for k = 1 or k = 2, but an
infinite index subgroup if k > 3 (see Proposition B.1.3 for the proof). These groups are
examples of what are now often known as “thin” subgroups of SLy(Z) (see the book [15]
for many aspects of the fascinating properties of these groups).

As we will also explain, a crucial step in the proof of Theorem 4.3.2 is a very important
theorem that was proved by Helfgott [52] for SLy and SL3 (and “almost” for SL,,), and
then generalized by Pyber—Szabé [97] and Breuillard—Green—Tao [16] independently. We
will state this precisely when needed, but it is helpful to state right now the following
result, which turns out to be an immediate corollary.

THEOREM 4.3.5 (Esperantism for Cayley graphs of SL,,(F,)). Let m > 2 be an
integer. For any prime number p, let S, C SL,,(F,) be a symmetric generating set of
SL,,,(F,), and assume that

[Spl < K
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for some fized k = 1. Then the family of Cayley graphs (C(SL,,(F,), S,)) is an esperantist
family, i.e., there exists ¢ > 0 and A > 0 such that

M (C(SLn(Fy), 5p)) = ——

(logp)*”

REMARK 4.3.6. The following example shows that for certain families of finite groups,
there may exist families of generators for which the associated Cayley graphs are ex-
panders, and others for which they are not. The Cayley graphs G, = C(&,,S,) of
Example 2.3.2 (4) are not expanders, but a remarkable result of Kassabov [63] shows
that there exist (effectively computable) generating sets T,, of &,,, of bounded size as
n — 400, such that the Cayley graphs (€(&,,T,,)) do form an expander. Hence, for
symmetric groups at least, the expansion property is not purely group-theoretical.

The restriction to subgroups of SL,,(Z) and to reduction modulo primes in Theo-
rem 4.3.2, and to subgroups of SL,,(F,) for Theorem 4.3.5, is only present for the sake of
simplicity. Much successful work was done from 2010 to around 2014 to generalize these
results to other groups and to reduction modulo other integers, and the current state of
knowledge goes much further. To state these extensions requires the use of the language
of algebraic groups; the reader who is not familiar with the terminology need only know
that the groups SL,, for m > 2 and Sp,, for g > 2 satisfy the conditions of both theorems
we will now state.

The general version of Theorem 4.3.5 was proved by Pyber and Szabé [97] and
Breuillard-Green-Tao [16] independently. Precisely we have, again in the esperantist
form of the statement:

THEOREM 4.3.7. Let G be a semisimple almost-simple linear algebraic group over Q.
For p prime, let S, C G(F,) be a symmetric generating set of G(F,). Assume that there
exists an integer k > 1 such that |S,| < k for all p. Then the family of Cayley graphs
(C(G(F,), S,)) is an esperantist family.

For expanders, Salehi-Golsefidy and Varju [99] proved the following remarkable result,
where the last addition corresponding to SL,, is due to Bourgain and Varju [14].

THEOREM 4.3.8. Let G be a semisimple almost-simple linear algebraic group over Q.
Let T be a Zariski-dense finitely generated discrete subgroup of G(Z). Let S be a finite
symmetric generating set of I'. There exists an integer N > 1 such that the family of
relative Cayley graphs C(G(Z/nZ),S) for n squarefree and coprime to N is an expander
family.

If G = SL,,, then the same holds for the family C(G(Z/nZ),S) for all integers n > 1

coprime to N.

The case of G = SLy and squarefree n is due to Bourgain, Gamburd and Sarnak [13].
The remaining open problem in this area is to extend to all groups G the final statement
of Bourgain and Varju.

4.4. Property (T)

In the 1960’s, Kazhdan [64] introduced an important property of locally compact
groups, related to their unitary representations. A few years later, it was realized by
Margulis that this led to examples of expanders from Cayley graphs of finite quotients of
discrete groups satisfying Kazhdan’s property.

We first explain this result of Margulis, taking a practical point of view where we
specialize the definitions from the outset to discrete groups.
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DEFINITION 4.4.1 (Kazhdan’s Property (T)). Let G be a discrete group. One says
that G has Property (T) if there exists a finite subset S of G and a positive real number
0 > 0 such that for any unitary representation

0: G — U(E),

where F is a Hilbert space, either there exists a non-zero vector v € E fixed by o (i.e.,
o(g)v = v for all g € G) or for all v # 0, we have

max[|o(g)v —v]| = dfJv]].

One then says that (5,0) is a Kazhdan pair for G. If S is fixed, J is said to be a Kazhdan
constant.

The shorthand for this definition is: G has Property (T) if, whenever G acts linearly
by unitary transformations on a Hilbert space, either it has a (non-zero) invariant vector,
or it doesn’t even have “almost” invariant vectors: any vector is moved by a non-trivial
amount by some element of S.

THEOREM 4.4.2 (Margulis). Let G be a discrete group with Property (T). Let (S, )
be a Kazhdan pair for G such that S generates G. Let X be the family of all finite index
normal subgroups of G. For all H € X, we have

h(C(G/H,S)) > &
In particular, if X contains elements of arbitrarily large index in G, the family of Cayley

graphs of G/ H, with respect to the image of S, is an expander family.

PRrOOF. Let H € X and denote I' = C(G/H, S). We consider the (finite-dimensional)
Hilbert space E = L*(G/H) (i.e., the L?-space for the Cayley graph I', where the inner
product is defined by

(i fo) = |G/ 2 h@)

©€G/H
for f1, fo: G/H — C) and the homomorphism G — U(FE) defined by

o(9)f(x) = f(zg)

(where we write zg = x7(g) in terms of the projection 7: G — G/H). It is indeed
elementary to check that g is a homomorphism, and that g(g) is unitary.

Let Ey be the orthogonal complement of the constant functions in E. Since the
constant functions are invariant, under p, and the representation is unitary, the subspace
Ey is also invariant. Thus p induces a unitary representation go: G — U(Ep). Since S
generates (G, there is no function in Fj invariant under the action of G.

Let now W C G/H be a set of vertices of I with |[W| < 1|G/H|, and let

_
G/ H]
be its normalized characteristic function. Then f belongs to Ey, and Kazhdan’s Property

(T) therefore implies that there exists s € S such that ||o(s)f — f||* = 6*|f]|*>. However
we have

f=1w

W
Il = VL
[G/H]
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and

1
lo(s)f = 717 = lle(s) 1w = 1wl = 7 > [Lw(es) = ()P
GIH e
1 ( €W
S (S )<
G2t 2 ) < o
xs¢W rseW
It follows that
EW)| = §*|W).
Taking the minimum over W, we see that the Cheeger constant of I" is > §2. O
REMARK 4.4.3. One can show (see, e.g., [7, Prop. 1.3.2]) that in fact, for a discrete

group G with Property (T), any Kazhdan pair (S,9) has the property that S generates
G. Note that this implies that G is finitely generated; this fact was one of the motivating
applications of Property (T), since Kazhdan was able to prove Property (T) for certain
groups that were not previously known to be finitely generated. Conversely, for any finite
generating set S of G, one can show that there exists ¢ > 0 (a Kazhdan constant for S)
such that (5,0) is a Kazhdan pair.

We will now give most steps of the proof of one of the first, and most important,
results of Kazhdan, following the method of Shalom [104]; this implies Theorem 4.3.1 in
the case m = 3.

THEOREM 4.4.4. The group SLs(Z) has Property (T). In particular, for any finite
symmetric generating set S of SL3(Z), the family of relative Cayley graphs

(C(SL3(Z)/H, 5)) astaz),
where H runs over all finite index normal subgroups of SLs(Z), is an expander family.

We will only discuss the proof of this result when looking at the defining property
(Definition 4.4.1) restricted to finite-dimensional unitary representations of G; the proof
of Theorem 4.4.2 shows that this is sufficient to obtain expander graphs. We will also
work with the symmetric generating set

S={ld+E;; | 1<i#j<3}
of SL3(Z), where the matrices F; ; are integral matrices with all coefficients equal to 0
except for the (7, j)-th coefficient, that is equal to 1. We denote the generators
Si,j =1Id -+ E@j

(that these matrices generate SL3(Z) follows from the next theorem, but is of course a
classical statement; see Lemma B.2.5). These are elements of infinite order; any element
of SL3(Z) of the form s} for some integer m € Z is called an elementary matriz in
SL3(Z).

The proof of Theorem 4.4.4 that we give, for finite-dimensional representations, will
be complete, except that we will rely on a non-trivial property of SL3(Z).

THEOREM 4.4.5 (Bounded elementary generation). Any matriz g € SL3(Z) can be
expressed as the product of at most 48 elementary matrices: there exists an integer k < 48,
integers m; € Z and elementary matrices s; € S for 1 <1 < k, such that

g =S5t
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(Expressed differently: the diameter of the Cayley graph of SL3(Z) with respect to
the infinite generating set of all elementary matrices is at most 48).

This is a special case of more general results of Carter and Keller [24]; see also [7,
§4.1, Th. 4.1.3] for the proof, which is to a large extent elementary (if somewhat compli-
cated), although it does rely at one step on Dirichlet’s Theorem on primes in arithmetic
progressions (|7, Lemma 4.1.6]). A similar result (with a larger number of elementary
matrices) is also true for SL,,(Z) for all m > 3, as proved in these references, but the
corresponding property is not true for SLy(Z).

On the other hand, a key step in Shalom’s proof is a property of SLy(Z), which is
known as relative Property (T) (and goes back also to Kazhdan).

THEOREM 4.4.6. Let G be the semi-direct product Z* x SLy(Z), with SLy(Z) acting
on Z* by g - x = gx for a matriz x € SLo(Z) and x € Z*. Let

P {0 (3 30 (5 D) (L) ) e

Let o: G — U(E) be a finite-dimensional unitary representation of G such that E contains
no non-zero vector invariant under Z? viewed as a subgroup of G. Then for any v # 0 in

E, we have

le(s)o — ol > —]Jo]
e 10s)v = vl = 100 101

REMARK 4.4.7. The numerical value could easily be improved (for instance, in [7,
Th. 4.2.2], it is 1/10).

We recall that the group G is, as a set, equal to Z? x SLy(Z), with the group law

(z,9) - (y,h) = (x + gy, gh).
It follows that
(2,9)7 = (=972, 97"),
and that
(x,9)(y, Dz, 9) " = (g-y,1).

We begin by explaining the intuitive argument behind this theorem, which may seem
mysterious at first, but has actually a very beautiful geometric interpretation. This
arises from the fact that we may understand “geometrically” the representation o using
the decomposition of E as a unitary representation of the abelian subgroup Z2. By the
results recalled in Section (.2, there exists a finite subset 7' C T = Z2 = (R/Z)? such
that

E:={veEE | o(m)v=e((m,§&))v for m € Z*}
is non-zero if and only if £ € T', and such that we have an orthogonal decomposition
(4.5) E=PE..
€€T

The assumption that F has no vector that is invariant under the action of Z? is equivalent
to the condition that 0 ¢ T. Moreover, the fact that o is a representation of the whole
group G, and not only of the normal subgroup Z?, is encoded in the fact that the subgroup
SLy(Z) of G permutes the spaces Eg, in the following sense. The group SLy(Z) acts on
T on the left by

-1
(¢ ) ew - (0 ) —@ea (4 ) - da -,
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and for any g € Slp(Z) and £ € T, the linear map o(g) is an isometry
Ef — Eg.g.
Indeed, it suffices to check that if w € E, then o(g)w € E,¢. This is the case since for

m € Z?, we have

1

o(m)o(g)w = o(g)o(g~ mg)w = o(g)o(g™" -

and
<g_1 : m>€> = <mag : §>
with the definition of the action of G on T as above.

Now comes the crucial point. Let v # 0 be some vector in E, say with [jv|| = 1. We
first consider

e = max|lo(s)v — |-

Since there is no non-zero vector in £ invariant under Z? by assumption, we have ¢ > 0.
If £ > 1/1000, then of course we obtain the statement of the theorem for v. But, for any
subset Y C X and any g € SLy(Z) C G, we can “read off” a lower bound for [|o(g)v — v]|
by computing the difference of the “mass” of v that is located in Y and the mass in the
subset g - Y.

Precisely, let

v = ZU&
£er

be the decomposition of v with ve € E¢. One defines the spectral measure p associated
to v as the measure on T such that

(4.6) p¥)= > el

¢eTNY

(this is a sum of Dirac masses, and by no means a complicated measure, because of
the restriction to finite-dimensional representations; the general case involves a form of
the spectral theorem for commuting unitary operators on an infinite-dimensional Hilbert
space). Note that u(T) = 1 since ||v|| = 1, so u is a probability measure.
We claim that if g € SLy(Z), then we have
1

(4.7) lo(g)o = vll = 5(u(Y) = wlg™-Y)).

To see this, let Py denote the orthogonal projection of E with image the direct sums of

E¢ for £ €Y, so that
Py(v)= Y w,
ceTny

and hence || Py (v)||* = (Pyv,v) = u(Y). The fact that o(g) is an isometry from Eg to
E,.¢ means that

(e(g)v)ge = o(g)ve;
or equivalently that
Fyco(g) = o(9) Fe,
from which we deduce (by summing over £ € Y NT) that P,y = 0(9)Pyo(g)*. Hence
p(Y) = (g™ -Y) = (Pro,v) = (o(g™") Pro(g)v, v).
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Since ¢ is a unitary representation, we have (Pyv, o(g)v) = (o(g) ™' Pyv,v), and we can
rearrange this expression as

(Pyv,v = o(g)v) — (e(9)"" Pr(e(g)v —v),v)
<N Prlllv = olg)vll + lle(g) ™ Prlllle(g)v — vl < 2[lo(g)v — v].

The formula (4.7) reveals that in order to show that some s € F'NSLy(Z) displaces v
significantly, we may look for a subset Y of T for which s-Y is contained in, but “smaller”
than Y, in the sense that the measure u(Y — s-Y) is quite large. Such behavior for a
measure would be somewhat paradoxical if ;4 was invariant under the action of SLy(Z),
but the point is precisely that the measure is far from being invariant under this type of
action. This is essentially a result of Burger [20]. The geometric intuition is quite easy
to explain if we consider instead the action of SLy(Z) on R?: take for instance

(11
= \o 1)

Y = {(z1,72) € R* | 2175 > 0}

(the union of the north-east and the south-west quadrants). Then since

s (z,y) = (* +y,9),

and consider the subset

we get

s-Y={(r1,20) ER? | 21 =25 2 00r 11 <1, <0} CY,
which is intuitively “half” of Y. So if the measure of “the other half” of Y is large, we
will be precisely in the situation we want.

We now give the precise details, where we must essentially be careful because we have
an action of SLy(Z) on T, and not on R?, so that “wrapping up” falsifies the relation
s-Y CY when Y is the analogue in T of Y. To deal with this will require a careful game
between the subgroups Z? and SLy(Z) of G.

PROOF OF THEOREM 4.4.6. Let v € E be a given vector with ||v|| = 1. Since v is
not fixed under Z?, which is generated by F, the number

e = max||e(s)v — v

is strictly positive. The idea is to show, using (4.7), that if € is too small, then some
element s € F — F; must move v by a non-trivial amount, so that the maximum of
|lo(s)v — v|| over s € F will be large. One can optimize the argument but for simplicity
we assume that ¢ < 1/130, and will then show that ¢ > 1/1000.
We decompose the vector v as
UV = Z Ve

£er

with ve € Ee. We define the associated spectral measure p as in (4.6).
Since the decomposition (4.5) is orthogonal, and o(m)ve = e({m, §))ve, we have

L= ol = llvel®, lo(m)v — v =" le({m, €)) — 1]*||ve|?
geT ¢eT
for m € Z?. Note that
le((m, €)) — 11> = 4sin®(x(m, £)),
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FIGURE 4.1. The four regions

As As

A4 Al

and in particular for the elements
+1 0
m= (%) 1) m=((5) )
of I}, we have

le((m1, €)) — 1* = 4sin*(7&1),  le((m2,§)) — 1* = 4sin®(n&)

where we write each element of T in the form & = (£1,&;) € T. Hence, by definition of ¢,
we have

A3 sin(néy) e < €2

EeT

for j =1, 2. If we represent each coordinate &; € R/Z by a real number in the interval
] — 3, 3], one of which at least is non-zero (since 0 ¢ T), the fact that sin®(t) is not
“small” for 1/4 < [t| < 1/2 means that the corresponding vectors v must have rather
small norms (here the choice of the constant 1/4 is convenient but not essential). This
property is a precise analytic translation of the fact that v is not “almost” invariant under
VA

We identify the dual group (R/Z)? of Z? with the square X =] — 3,
the small inner square corresponds to the set Y of those £ with |¢;] <

|. In Figure 4.1,

1
2
1/4. Since

| sin?(7rt)| <

1 =

for |t| < 1/4, the vector

satisfies
Jw]]?> > (1=&*)[vll* =1 —¢
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We denote by v the spectral measure associated to w. Since 0 ¢ T', one of the following
four sets A;, whose union is X — {0}, must satisfy v(A;) > ||w]*/4:

={(£&,&) e X [0< & <G or & <& <0},
={(§1,&) € X | 0< & <& oréy <& <O,
={({1,§) € X |0< =& <o =& <& <0},
A4—{(§1,f2)€X [0S = <or =& <& <0}
For each 7, there exists s € F'N SLy(Z) and j # i such that
s((AiUA;)NY) = A;,

namely

s:((l) i) and A; = Ay ifi =1,

SzG (1)) and A; = A, if i = 2,

s—(ll (1]) and A; = Ay if i =3,

S = <é _11) aHdAj:Agifi:4,

all these assertions being elementary.
We then argue as sketched before the proof: we have

1
lo(s)w —wll > 5 (v(A4: U A;) = v(s- (AU 4)))
5 1 e
2 8
We conclude by observing that since ||w — v[|? < €%, we have
lo(s)w — o(s)vll = flw — vl < e
and applying the triangle inequality gives

1
v(A) 2 el =

1 — g2

lo(s)v = vl = - 2,

which is > 1/1000 if € < 1/130, for instance. O

COROLLARY 4.4.8. Let G = Z? x Sly(Z). Let F C G be as in Theorem J.J.6. For
any finite-dimensional unitary representation o: G — U(E) of G and for any v € E, we
have

max |[o(x)v — v|| < 2000 max [le(s)v — v]].

PrROOF. We have an orthogonal direct sum E = Ey @ F;, where Ej is the space of
vectors which are Z2-invariant and E) its orthogonal complement. Because Z? is normal
in G, the space Ej is in fact G-invariant (namely if ¢ € G and m € Z?, then for any
v € Ey, we have o(m)(o(g9)v) = 0(g9)(o(g  mg)v) = o(g)v since g~tmg € Z?). Since o is
unitary, the space FE is also G-invariant.

Let v be a vector in E of norm 1 and write v = vy + v, with v; € E;. Since E; has no
Z2-invariant vectors, there exists s € F such that

le(s)v = vl* = lle(s)vr — vil|* = 0%[Jua?,
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with § = 1/1000. For any m € Z?, we have
lo(m)v —vlI* = [le(m)vo — wol* + [le(m)vr — vi]|* = lle(m)vy — v ®
4
2 2
< llr]” < 5 mas [lo(s)o — o]
OJ
The final lemma is quite general.

LEMMA 4.4.9. Let G be a topological group and o a unitary representation of G on a
Hilbert space E. If there exists a vector v of norm 1 in E such that

sup [lo(g)v —v|| < 1
geG

then E has a non-zero invariant vector.

PROOF. Let C' C E be the closure of the convex hull of the orbit o(G)v. This is
a convex subset of the Hilbert space F, so it contains a unique element w of minimal
norm (this is a standard result, which is relatively clear intuitively for finite-dimensional
spaces; for the general case, see, e.g., [11, V, p. 10, th. 1]). Since C' is G-invariant, by
uniqueness, we have o(g)w = w. It only remains to prove that w # 0.

Let g € G. We have

Re({og)v,0)) = 1= Sllo(g)o — ol/* >

by assumption, hence taking convex combinations, we obtain

DO | —

1
Re({(z,v)) > 5

for all  which are convex combinations of elements of o(G)v, and hence by continuity
for all x € C. Taking x = w, this shows that w # 0. U

We can now conclude.

PROOF OF THEOREM 4.4.4. Let p: SL3(Z) — U(F) be a finite-dimensional unitary
representation of SL3(Z) without invariant vectors. Let v € E be a vector of norm 1. Let
£ = maxses ||o(s)v — v]].

Let 7, j be distinct integers between one and three. It is not difficult to find a subgroup
G, ; of SL3(Z) isomorphic to Z? x SLy(Z) such that s; ; is an element of the corresponding
subset F'NZ?, so that all elementary matrices s} ; with k& € Z belong to the subgroup Z?
of G; ;. For instance, for i = 1 and j = 2, one can take

1 =y
GLQZ{ 0 a b ]ad—bc:l,x,yEZ}
0 ¢ d

(the reader should check that the matrix product does correspond to the semi-direct
product). In addition, not only is s, ; € F', but more precisely the set of basic elementary
matrices s, belonging to G;; coincides precisely with the set F'. By Corollary 4.4.8
applied to the restriction of ¢ to G;;, with ¢ and j varying, we deduce that for any
elementary matrix s = si-f ; with k € Z, we have

llo(s)v — v|| < 2000 max llo(x)v — v|| = 2000e.
Te

Let now g € SL3(Z). Write



with m < 48 and each s; an elementary matrix (by Theorem 4.4.5). Then

lo(g)v — | < ZHQ  Sm—i)V — 0(81 -+ Sm—i—1)V||

< 48 max |o(s)v —v|| < 96000¢.

s elementary

If € < 1/96000, this means that ||o(g)v —v|| < 1 for all g € SL3(Z). But by Lemma 4.4.9,
this contradicts the assumption that £ has no SL3(Z)-invariant vectors. U

REMARK 4.4.10. (1) One virtue of this approach to expander graphs (first visible in
the work of Burger [20]) is that it leads to fully explicit expansion parameters, and that
these are not as ridiculously small as those known from the Bourgain—-Gamburd approach
(compare with [70]). In fact, although we obtained here rather weak bounds, one can
improve them significantly; Kassabov [62] refined considerably Shalom’s method to get

1
42+/3 + 860

in Theorem 4.4.4 for unit vectors v in a unitary representation without invariant vectors.

— =
max [|o(g)v —vf| >

This is not the best known bound, and a recent computation of Netzer and Thom [89],
exploiting a striking result of Ozawa [92] that gives a “numerical” criterion for Property
(T), shows that the spectral gap for the random walk on any finite quotient of SL3(Z)
is at least 1/72. Even more recently, Kaluba, Nowak and Ozawa [59] (for n = 5) and
Kaluba, Kielak and Nowak [60] (for n > 6) have used Ozawa’s criterion to prove that
the automorphism group of the free group on n generators has Property (T), which was
not known before.

(2) We should mention another fascinating approach towards explicit bounds, that in
fact motivated the work of Ozawa, and that is due to Zuk [122]. Given a finite symmetric
generating set S of a discrete group G not containing 1, Zuk constructs an auxiliary simple
graph I's with vertices S and edges joining s; and s, if s;'sy € S. Assuming that I's is
connected (which may be achieved, if need be, by replacing S with (SU S - S) — {1}),
Zuk [122, Th. 1] proves that if its normalized spectral gap satisfies A (I's) > 1, then the
group G has Property (T), and a Kazhdan constant (with respect to S) is

55w
V3 Ai(Ts)/
Zuk shows that this criterion is particularly useful in the study of certain models of

random groups. He also gives the example of the exercise below to show that the value
% is best possible in the assumption.

EXERCISE 4.4.11. Let G = Z? and S = {(1,0),(—1,0), (0,1),(0,—1),(1,1), (=1, -1)}.
Construct the graph I's in that case, and show that it is connected and satisfies A (I's) =
1/2. Explain why G does not have Property (T).

EXERCISE 4.4.12. Let n > 2. Let S, = {Id+ E;; | 1 <1 # j < n} be the generating
set of elementary matrix of SL,(Z). Consider the unitary representation of SL,(Z) on
L*(Z" — {0}) by o(g)p(m) = w(g~'m) for g € SL,(Z), ¢ € L*(Z" — {0}) and m € Z".

Let ¢ be the characteristic function of the n canonical basis vectors in Z" — {0}. Show

that
2
— >4/ = )
max [lo(s)y — ¢ \/; lell
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(This result is also due to Zuk, and is reported in [104, p. 149]; it shows that the best
possible Kazhdan constant for the generating set of elementary matrices must depend on
n, and tends to 0 with n).

116



CHAPTER 5

Applications of expander graphs

This chapter will present (sometimes merely in a survey style) some of the applications
of expander graphs. This is very far from exhaustive — the reader will find many more
applications, especially to combinatorics and theoretical computer science, in [54], and to
“pure” mathematics in the books and lectures of Lubotzky [78], [79] and of Sarnak [101].
Our selection is guided in great part by personal interest (such as a sense of wonder at
the Gromov—Guth distorsion theorem) and by a preference for topics which have not yet
appeared in textbooks.

5.1. The Barzdin-Kolmogorov graph-embedding theorem

We now explain the first application of expander graphs, or precisely of the variant
developed by Barzdin and Kolmogorov [5]. We refer to the paper of Gromov—Guth [48]
and to Bergeron’s survey [8] for more precise results in this direction.

Given a finite graph I', which we assume to be without loops or multiple edges, we
define a thick embedding of T in R? to be a pair (¢, ) such that ¢ is a map

LV —R?

and j is a map E — C'([0,1], R?), where C'(]0, 1], R?) is the space of C''-functions from
0,1] to R3, with the following properties:

e the map ¢ is injective;

e for any edge o € F with extremities x; and o, the path j(a) goes from ¢(z) to
t(x3), or the opposite;

e the balls of center ((x) and radius 1 are disjoint;

e for any distinct edges a and ¢/, if there exists ¢ and ' in [0, 1] such that the
functions ¢ = j(a) and ¢’ = j(«/) satisfy |p(t) — ¢(t')| < 1/2, then « and o/
have a common extremity z, and o(t) and p(t') are at distance < 1/2 of «(x).

Intuitively, we view this data as a way of embedding the graph in R?: each vertex z
maps to ¢(x), and each edge maps to a smooth curve joining the images of its extremities.
The last two conditions above mean that the images of these segments are never close
to each other, except in the neighborhood of a common extremity. We interpret this
as giving a precise manner in which we can “draw” the graph faithfully in space, with
enough space between vertices and edges.

We first can check that such an embedding always exists:

PROPOSITION 5.1.1. Let I' be a finite graph with mazimal degree at most 6 and no
loops or multiple edge. Then I' admits a thick embedding.

PROOF. It is fairly easy to convince oneself that this is correct, and we only sketch
a proof. Here is a way to do it: map the vertices arbitrarily to points in the horizontal
plane z = 0 which have coordinates multiples of 4 (say), so that they are well-separated.
Then add edges one by one. Since the degree is at most 6, we can “start” each path
in a different direction in R3. For each new edge «, we must ensure that the “main
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part” of the path ¢ = j(a) is contained in R?® minus the finite union of the points at
distance < 1 of the previous paths. This is certainly possible since this space is pathwise
connected. U

Given a thick embedding ¢, we define its radius r(¢) to be the infimum of those real
numbers r > 0 such that, for some z € R?, the image of ¢ is contained in the ball of
radius r centered at z. In particular, the smallest volume of a ball in R? in which I" can
be “drawn” using a thick embedding is g7r(¢)?. The theorem of Barzdin and Kolmogorov
is concerned with how large r(¢) should be.

THEOREM 5.1.2 (Barzdin—Kolmogorov). Let I' be a finite graph with valency at most
6 at each vertex.

(1) Let ¢ be a thick embedding of I'. There exists a constant ¢ > 0, independent of I’
and v, such that the radius of v is at least cA/h(L)|V|.

(2) There exists a constant ¢ > 0, independent of I, such that T' admits a thick
embedding with radius < +/|V|.

In particular, if (I'),),>1 is a family of expander graphs with degree at most 6, the
optimal order of magnitude of the radius of a thick embedding of I',, as n tends to infinity
is \/|V,|. For this result to be of interest, it is of course essential to know that expander
graphs do exist, but an explicit construction is not needed.

PRrROOF. We prove only (1), and refer to [8] and [5] for (2). We may certainly assume
that |V| > 3. We assume first that ¢ is such that the z-coordinate of all points ¢(x), for
x € V, are distinct. Let ¢ be a thick embedding of I" and let 2o € R?® and r > 0 be
such that the image of V' is contained in the ball of radius r around zy. Let zy be a real
number such that at least half of the vertices x of I" are such that the third coordinate of
t(x) is < 2o, and at least half are such that the third coordinate is > zy (2o is a median
of the third coordinate function on V).

Let Vi C V be the set of those vertices with third coordinate < zg. We have %|V| —-1<
[Vi| < 3|V|. By definition of the expansion constant, there are at least h(I')|V;| >
1h()|V| edges in T’ with one extremity in V; and one extremity in Va. For each such
edge «, with extremities z; and x5, the continuous path j(«) joining ¢(z1) and ¢(x2)
intersects the horizontal plane with equation z = zy in at least one point. Let f(«) be
one arbitrarily chosen such intersection point. All the points of the form f(«) belong to a
disc in the plane z = z5 with radius < r. On the other hand, by the last condition in the
definition of a thick embedding, if o and o’ are distinct edges, then the balls with radius
1/2 and centers f(a) and f(a') are disjoint, unless a and o’ have a common extremity.
Since the maximal degree is < 6, this means that there are at least 5;h(V)|V| disjoint
discs of radius 1/2 contained in a disc of radius r in the plane z = z,. Hence

9—16h(F)|V| <

Consider now the general case where no assumption on the z-coordinates of the points
t(x) is made. Then rotate the thick embedding slightly; this doesn’t change the radius
of the embedding, but one can see that some rotated embedding will have the required
property. (Dually, replace the linear form (z,y, z) — z by another one that is injective
on the vertices). O
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5.2. Error reduction in probabilistic algorithms

In this section, which is based on [54, Section 3.3], we present one application of
expander graphs in theoretical computer science. Our exposition will not be completely
formal, since we will not give a rigorous definition of “algorithm” or “computer”, but
the basic ideas should be clear. Moreover, this gives further motivation for particular
problems concerning expanders, and the main technical tool that is used is clearly relevant
in other contexts.

Informally, an algorithm A with inputs I, outputs O and running time

r I —[0,4+00]

is a (deterministic) computer program which takes as input an element ¢ € I, and (always)
ends its run by printing an (output) element of O, which we denote A[i], and takes time
() to do so (for instance, A can be defined as a Lisp function [85], with I and O defined
as sets of arbitrarily long finite binary strings, and running time the number of elementary
operations used in the computation.)

Below, each element of I will have a well-defined “length” ¢(i), corresponding intu-
itively to the number of binary digits needed to encode i, and r(i) will be a function of
¢(1) only. For instance, if [ = Z, then we take £(i) to be the number of binary digits
used in expressing . We will then be interested in polynomial-time algorithms, which are
those for which

r(i) < clé(i)A

for some constants ¢; > 0 and A > 0 which are independent of i € I.

REMARK 5.2.1. In principle, the running time should include the time needed to
“output” the value A[i]. However, we will consider algorithms with O = {0, 1} for which
such a distinction is irrelevant.

EXAMPLE 5.2.2. Given a subset M C Z, one can ask for a fast algorithm Aj,; which
“recognizes” M, i.e., which has input set I = Z, output O = {0, 1}, runs in polynomial
time (relative to the number of digits of i) and is such that

1 ifieM
Anili] = ’
mli {0 iti¢ M.

A natural number-theoretic example is the set M of prime numbers. In that case, the
naive “trial-division” algorithm certain has the right output, but is not fast: its running
time satisfies (i) < v/i =< 260)/2,

Trying to find a polynomial-time algorithm to recognize the set of primes should
convince the reader that this is not a trivial problem, and the discovery of such an
algorithm by Agrawal, Kayal and Saxena [3] is rather recent. However, if one allows a
bit of luck to come into the game, and allows some possibility of error, one can work
somewhat quicker. These relaxations of the rules lead to the notion of probabilistic (or
randomized) algorithms.

We consider these only for algorithms which are supposed to compute a function

f:I—40,1}

where [ is given with a size function ¢ as above, taking non-negative integer values. We
write I,,, for the set of i € I of size m.
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A randomized algorithm for the computation of f is an algorithm A with input set

I={J{i} x )
icl
such that
(1) The auxiliary non-empty finite sets €2; (the sets of “random bits”) are also given
with a size function £(w) such that £(w) < c2f(i)?, where c; > 0 and B > 0 are
fixed; 3
(2) The algorithm A runs in polynomial time relative to the size

(i, w) = (i) + (w), w € €,

and hence, for any ¢ € I and any choice of w € €, A[i,w] runs in polynomial

time in terms of £(7);
(3) For all i € I such that f(i) = 1, we have
Ali,w] =1
for arbitrary w € €;
(4) For all i € I such that f(i) = 0, the algorithm may return the wrong answer 1
for certain choices of “random bits” w € €);, but at most with a fixed probability
p <1, ie.,if f(i) =0, we have

1 o
(5.1) m\{w €Q; | Ali,w] =1} <p.

The probability p is called the error rate, or failure rate of the probabilistic algorithm.
Intuitively, the idea is to attempt to compute f(i) by selecting w € €); uniformly at
random' and running A[z’,w]. If the answer is 0, it follows that f(i) = 0, by Property
(3), but if the answer is 1, we can only take this as a hint that f(i) could be equal to 1.
By (5.1), this hint will be the right answer with probability at least 1 — p.

ExAMPLE 5.2.3 (The Solovay-Strassen primality test). A good practical example
should clarify a lot what is happening. Consider once more the problem of finding a
good primality test. It turns out that a probabilistic polynomial-time algorithm for this
question, with error rate < 1/2, can be devised quite easily: this is the Solovay-Strassen
test [106], which goes back to 1977.

This test starts with the definition of the Legendre symbol modulo an odd prime p,

which is the function
e )

where
0 ifa=0

a
<—> =<1 if there exists y € F,, such that z = y?
—1  otherwise.

The first crucial ingredient of the test is the fact, due to Euler, that the Legendre
symbol, for a fixed odd prime p, can be computed by means of the congruence

(5.2) (%) = a? Y72 (mod p).

1 This assumes that this choice can be done efficiently, which may in practice well be another non-
trivial problem...
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Note that the right-hand side can be computed — using repeated squarings — in poly-
nomial time in terms of the size of p (uniformly for all a € Z/pZ).
As a next step, the Legendre symbol is extended to the Jacobi symbol modulo an odd

integer n > 1, which is defined by
k
m m vi
() =11()

i=1
if n.=p}'---p* is the factorization of n into distinet prime powers (with p; > 3) and m
is any integer. The values of the Jacobi symbol are still among {—1,0, 1}. The following
is a deep fact, in some sense the founding statement of algebraic number theory:

THEOREM 5.2.4 (Quadratic reciprocity law). (1) For any odd positive integers n and
m which are coprime, we have

(E)(5) - o

(2) For any odd integer n, we have

<__1> _ (—1)mDre,

n
and 5
—_ = _1 (n2_1)/8.
(7) =
For a proof, see, e.g., [57, Prop. 5.2.2] or [102, 1.3.3 or 1.3, Appendix|, or [58, Th.
3.5].

Note the following corollary, which is of great importance for this example:

COROLLARY 5.2.5 (Computation of Jacobi symbols). There is a deterministic® poly-
nomial time algorithm J with inputs I = Z x {odd integers} and outputs O = {—1,0,1}
such that J(m,n) is the Jacobi symbol of m modulo n.

SKETCH OF THE PROOF. The idea is to use the fact that the Jacobi symbol depends
only on m modulo n, select a representative n with |n| < m/2; and use quadratic reci-
procity to “switch” n and m, then reduce m modulo n and repeat. The “supplementary
laws” computing the Jacobi symbols <%1) and (%) are used to get rid of the sign of m and
its 2-power component before switching... (Coprimality of n and m can be tested also
in polynomial time using the Euclidean algorithm for computing the greatest common
divisor of two integers.) O

EXERCISE 5.2.6. Finish the proof of this corollary.

We can now define the Solovay-Strassen primality test S: we take as input set
1= U 3 x@2/iz)y),
1 odd integer
and define S[i, a|, for i > 1 an odd integer and a € (Z/iZ)*, to be 1 if

(%) = q(~D/2 (mod ).

and 0 otherwise. According to Corollary 5.2.5, this algorithm can be run in polynomial
time with respect to the size (number of binary digits) of i. We now check that it satisfies
the properties for a randomized primality-testing algorithm.

2 This just means that it is not probabilistic...
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First of all, if ¢ is an odd prime number, then by Euler’s formula (5.2), we have
Sliya)l = 1 for all a € (Z/iZ)*, so that the algorithm never returns a wrong answer for
prime inputs. It remains to estimate the error rate, i.e., to bound from above the ratio

1 a ,
. 7./iZ)* (—) = oD/ (mod i)}
ize @2 | (§) =t mod i)
To do this, we claim that if 7 is not prime, the set
B ={ac (2/iZ)* | (9) = a(=D/2 (mod )}
i
is a proper subgroup of (Z/iZ)*. If that is the case, then

B 1 1

@)~ @iz 5] S 2
so that the Solovay-Strassen test gives the wrong answer, if ¢ is not prime, at most with
probability 1/2.

As for the claim, the fact that B is a subgroup is easy (and is valid even if 7 is prime),
because both sides of the congruence are multiplicative functions of . What needs some
care is the proof that B # (Z/iZ)* if i is not prime (which is really the point, since
Euler’s formula precisely means that B = (Z/iZ)* when i is prime).

Because of the Chinese Remainder Theorem, we may assume that ¢ = p¥ is a power of
a prime, with v > 2. We recall that, since p is odd, the group (Z/p'Z)* is cyclic of order
p’ —p*! (see, e.g., [57, Ch. 4, th. 2]). Thus, if we take for a a generator of (Z/p°Z)*,
we have B = (Z/p"Z)* if and only if a € B. First, if v is even, the Jacobi symbol ()
is equal to 1, but (p” — 1)/2 is clearly not a multiple of the order p* — p*~! of a, and
therefore a®”~1/2 % 1. On the other hand, if v is odd (not equal to 1), the Jacobi symbol
is —1 (because a is not a square modulo p), and since p* —1 = p*~* —1 (mod (p® — p°~ 1)),
which is non-zero, we have

a® b £1
in (Z/p*Z)*, and a fortiori a ¢ B.

The way expander graphs intervene in this discussion is to provide a tool to address
the following question: given a probabilistic algorithm A to compute f : I — {0,1},
with error rate p < 1, can one efficiently diminish the probability of error, ideally to an
arbitrarily small error rate € > 07

An immediate answer comes to mind: if one simply runs A multiple times with a fixed
i € I, say t times, with independent (uniformly distributed) random bits, and output 1 if
and only if all runs return 1, then the error rate will drop to p’. Thus, if the permissible
error £, with 0 < ¢ < p, is fixed beforehand, taking ¢ = [igg;} will give the desired
reduction.

Formally, this means that we consider the algorithm A, with inputs

L= ({i} x )

iel
and
. 1 if Ali,wy] = = Afi,w] =1
At[i, Wi, ... Wt] — 1 [Za UJl] [Z7wt]
0 otherwise,

which still uses a polynomially bounded amount of extra randomness. We still have
Aili,w] =1 for any i € I such that f(i) =1 (by definition of A), and the error rate for ¢
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with f(i) = 0 is given by

1 .
mH(wh-n,wt) €O | Ali,w;] =1forall 1 <j <t} =

(leﬂ{(wl, e et | Aiel=1)) <5

This looks like a good solution, and it certainly is in an abstract realm where ran-
domness is cheap and perfect independent samplings of a uniform distribution on 2; is
easy. However, neither of these is clear or in fact true in practice. We consider the first
problem only: where one run of A requires intuitively ¢(w) < ¢3¢(i)® random bits, we
need ¢ times as many for A,. The question is whether one can do better, i.e., bring the
error rate below any given value € > 0 using fewer extra random bits.

Here is a solution involving expander graphs. Given A as above, we define a new prob-
abilistic algorithm EA, using the following procedure, which we first describe intuitively
before proceeding to formalize it to some extent.

We start with an input ¢ € I.

Step 1. Construct a graph I'; with vertex set €2;, which is connected, d-regular for
some d, non-bipartite, and has equidistribution radius g; = or;;

Step 2. Pick uniformly at random an initial vertex wy € €2;;

Step 3. Start a random walk on I'; with initial vertex wy, say (XT(LwO))@O;
Step 4. Return 1 if

Ali, ) = o = Rji X = 1,

and 0 otherwise.

In other words, intuitively, we replace the ¢ independent choices of uniformly dis-
tributed w;’s of the previous discussion by ¢ + 1 choices where one is picked completely
randomly, but the others are obtained by the first steps of a random walk on a graph
with vertex set €2;. The amount of randomness that is necessary to run this algorithm is
only the amount needed for the choice of the first vertex wy, and for throwing ¢ times a d-
sided dice to perform the random walk. (Formally, we take new auxiliary “random bits”
Q; x {1,...,d}, assuming we also fix with I'; some explicit bijections from {1,...,d}
to the set of neighbors of any vertex w € €;.) If d is small, this is significantly less
randomness than required for independent trials of A.

It is clear that this algorithm, started with input ¢ € I, will again return 1 whenever
f(i) = 1. Also, since it reduces to A when t = 0, it has error rate at most p. Is it
significantly smaller? To answer this, note that if f(i) = 0 and

(5.3) B={weQ | Ali,w] =1} C

is the set of random choices of w for which the original probabilistic algorithm gives the
wrong answer, the failure rate for EA is given by

P(XoeB, Xy€B,..., X;€B)

where (X,) is now a random walk on I'; with uniformly distributed initial step Xj.
To bound this probability, we have the following general result of Ajtai-Komlds-
Szemerédi and Alon-Feige-Wigderson-Zuckerman, which has independent interest:
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PROPOSITION 5.2.7 (Decay of “confinement” probabilities). Let I' = (V, E,ep) be a
finite connected d-reqular, non-bipartite graph, and let B C V' be a subset of vertices. If
(X,) is the random walk on T with uniformly distributed initial step Xo, we have

P(X; € B forall j, 0<j <t) < (ur(B) + or)’
for all't >0, where ur(B) = |B|/|V| and or the equidistribution radius of T.

Before proving this, let’s see how it applies to the study of the algorithm EA,. In
that case, we apply the proposition to the graph I'; of Step 1, with B given by (5.3). By
construction, we have ur,(B) = |B|/|Q;| < p, so we obtain the upper bound

(p+ 0:)f
for the error rate. This is of course trivial unless p+ g; < 1. More precisely, this provides
exponential decay of the error rate as a function of ¢, comparable with the independent
model A, provided we have p+ g; < 0o < 1 where g is independent of 7. This certainly
requires that the family (I';) be an expander family, but this is not enough if p is relatively
large (say if p = 1/2, as in the Solovay-Strassen primality test).

There is a work-around for this, if one knows an explicit bound ¢ on the equidistribu-
tion radius for the family (I';). In that case, one can first replace A with B = A, for some
s such that p*+ 0 = gy < 1, and then construct the corresponding probabilistic algorithm
EB;. Since s will be fixed, this provides then a procedure for reducing arbitrarily the error
rate of A while using much fewer random bits as the corresponding use of independent
samples.

There is still one point we haven’t addressed, however: the algorithm EA, is only
effective (i.e., runs in polynomial time) if we also have a deterministic polynomial-time
algorithm to construct the graphs I';. Here a probabilistic construction, or a construction
of a family where the expansion parameters are not explicitly known, will not be sufficient!
A good choice is given by the Zig-zag construction (see [54, §9]), which has the required
properties.

PROOF OF PROPOSITION 5.2.7. Let w be the probability to compute. By direct
expansion we have

“= W| Z ZZPXl_xllXO—xO) (X2 =22 | Xo =20, X1 =m1)

ro€EB x1,...,xtEB
B P(Xt = Tt ’ (Xo, e 7Xt71) = (:170, Ce 7$t71))7
and the Markov property of the random walk (3.8) reduces this to

Z ZZ (xo, 1) -+ P(x4—1,2¢)

xoGB z1,...,LtEB

where the transition probability P(x,y) is defined in (3.9). Now we claim that this can
also be expressed, in terms of the Markov operator M, as the inner product

w = <1B7 (MPB)t].),

where P : L*(T") — L*(T) is the orthogonal projection on the space of functions van-
ishing outside B, which is given by Pgy = 1y, and 1 is here just another notation for
the constant function 1. To see this from the previous formula, it is enough to prove that
for any z € V, we have

(M ZZ (z,21) -+ P(rey, 2e) (1) - - 1p () o),
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which follows by induction from (3.16).
Now, since M and Pg are self-adjoint and 15 = Pgl, we get

w = ((PgM)'Pp1,1).
But since Pg is a projection, we have P3 = Pg, and hence
(PeM)'Pp = (PgM)(PpM)--- (PgM)P
= (PgMPg)(PgMPg) - -- (PgM Pp) = (PgM Pg)’,

which gives the upper-bound
w < ||PBMPB||t

This means that, in order to prove the proposition, it only remains to show that the
norm of PgM Pg, as a linear operator from L?(T") to itself, is bounded by or + ur(B).
To do this, take ¢ € L2(V). As already done on a few occasions, we write

Ppp =m + 1,

where m = (Ppp, 1) is the average of Pgp and ¢ € L3(T') (recall that T is not bipartite
by assumption, so —1 is not an eigenvalue of M). By orthogonality, we have ||Pgpl|? =
|m|? + ||v]|?. By linearity, we obtain

PgMPgp = mlp + PgMu,
but since ||Pg|| < 1, the definition of gr gives
[Ps Ml < [[M]| < erll¥ll,

while
[m1g| = [m|ur(B) < ||Pellpr(B) < |l¢llpr(B),

and hence we get the inequality

1P M Ppeo|l < (pr(B) + er)l#ll

for any p € L*(T"), which establishes that the norm of PgM Pg is at most ur(B) + or, as
claimed. U

5.3. Sieve methods

Expansion properties of finite linear groups have been used in recent years in a number
of remarkable arithmetic applications involving generalizations to discrete groups with
exponential growth of many problems and methods of sieve theory, classically used to
study problems such as the twin prime conjecture, or the representation of prime values
by integral polynomials, or the computation of the Galois group of the splitting field of
a “random” polynomial.

We will not discuss the general framework in detail, referring to the surveys [68]
and [71] for a general discussion. Instead, we present one particular type of application,
corresponding to the so-called “large sieve”, which leads to very nice statements that
sometimes seem to be unrelated to graphs or expansion. In particular, we will discuss
a result of Lubotzky and Meiri [81] that, to some extent, is a purely algebraic result
concerning finitely generated linear groups, and yet depends essentially on an applica-
tion of the large sieve, and on very recent results on expansion in linear groups. More
applications are given in [69, Ch. 7].

The underlying sieve result is the following:
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THEOREM 5.3.1 (Kowalski; Lubotzky—Meiri). Let m > 2 be an integer. Let I' C
SL,.(Z) be a finitely generated group, and S = S~ a finite symmetric generating set of
I' containing 1. Let (X,,)n>1 be the corresponding random walk on C(I',S). For p prime,
let ')y C SL,,(Z/pZ) be the image of I' under the map m, of reduction modulo p.

Let P be an infinite set of primes such that the families of relative Cayley graphs

(5.4) (C(T'p, 5))per
(5'5) (G(Fm X pr S))PM;ZGT

are expander families.
Then there ezists A > 1 and a > 0 such that for any § > 0 and any subsets Q, C T,
with
|—Q”—|>5>0
1
for all p € P, we have

P(m,(X,) ¢ Q, for allp < A" in P) < H™!

H=) 1

p<A”
peP

form > 1, where

The constants A and o depend only on (m,d) and on the expansion parameters for the
families of Cayley graphs (5.4) and (5.5).

REMARK 5.3.2. The second family of graphs is properly speaking the family of action
graphs for the natural multiplication action of I' on Iy, x I'p,.

The intuitive meaning of this result can be appreciated in the following manner.
Assume that P is the set of all primes. For a fixed prime p, the random variable m,(X,,)
is the n-th step of a random walk on the finite (relative) Cayley graph C(I',, S), and hence
it becomes equidistributed in I', when n goes to co. So the probability that m,(X,,) is in
2, converges to 1 — |€,|/|I',| < 1 — 4. For distinct primes, we expect the reduction to
behave independently; this suggests that if we reduce modulo all the primes p in a finite
set T', the probability that 7,(X,) is not in €, for p € T" should be

~II0 - <o

If we can let |T| grow with n, this certainly suggests that the probability in Theorem 5.3.1
should decay very fast to zero, and this is the conclusion of the theorem, since H is (under
our assumption) the number of primes < A", which is > A"/n by the Prime Number
Theorem (1.1).

The main issues in transforming this intuition into a proof are the uniformity of
the convergence to equidistribution for each finite quotient I'y, and the approximate
independence of reduction modulo different primes. The proof will show that the first
problem is (unsurprisingly) handled by the expansion of the Cayley graphs of I',; the
second is more subtly dealt with by the expansion of the second family of Cayley graphs,
which will be used to control correlations between distinct primes after a finite number
of steps of the random walk.

We now begin the proof, but the reader might be interested in first looking at the
statement of the application that we will prove later, which is due to Lubotzky and Meiri.
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The proof itself is due to R. Peled (some ideas are reminiscent of the older large sieve
inequalities of Rényi and Turédn).

PROOF OF THEOREM 5.3.1. For all primes p, we denote by B, the random variable

{1 if pe P and m,(X,) € Q,
B, =

0 otherwise,

and for ) > 2, we put
N=> B,
p<Q
Our goal is therefore exactly to find an upper bound for P(/N = 0). We use Chebychev’s
inequality for this purpose: we have

where V(N) = E(N?) — E(N)? is the variance of N. A lower-bound for the expectation
of N is easy to obtain: we have

E(N) =) E(B,) =) P(m(X.) € Q).

p<Q p<Q
pe?P

Since the family (5.4) is an expander family, equidistribution (Corollary 3.2.28) shows
that there exists o < 1 such that

Q Q 2
(56) P(r,(X,) € ) = [ 1 O(Iny ") = 22 4 0 )

1 1
for any prime p € P (we used a very naive bound for |I',|). We pick A > 1 such that

A™ p < 1 and take Q = A™. For n large enough, depending only on ¢, ¢ and this choice
of A, we then have by assumption

P(m,(Xa) € Q) 2 6+ O((A™ 0)") >

| S

for p < @ in P. For any such n and this value of (), we have
E(N)> H

where the implied constant depends on .
We now estimate from above the variance V(N) = E(N?) — E(N)?, for Q = A™.
Expanding the square leads to

where
W(pr,pz) = (P(m, (X,) € Qy, and my, (X,) € Q)=
Py, (Xa) € 0p,) Py, (X) € D) ).

We distinguish the cases p; = py and p; # po in this sum. In the first (diagonal) case, we
just write
W(p1,p1) = P(my, (Xn) € Q) — P, (Xn) € Qp1)2 < 1L
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so that the contribution of these terms to the variance is at most

Y 1=H

p<Q
peP

For py # py, we have
P(Wm(Xn) €, and sz(Xn) € sz) = P((ﬂ'pl X ﬂpz)(Xn) €y, X Qp2)~

Since the family of Cayley graphs (5.5) is an expander, equidistribution in these graphs
shows that there exists 7 < 1 such that

_ 192, 1162

m2_n
p1 b2

P(”pl (Xn) € Qp, and mp, (Xn) € sz)

for any primes p; # py in P. If we combine this with (5.6), we obtain
W(p,p2) < Q™ g" + Q7"
for any distinct primes p;, po < @, the “main terms” having canceled. Hence
V(N) < H 4 Q2+m2gn 4 Q2m2+27_n.

If A is possibly replaced by a smaller real number (still > 1) this implies V(N) < H,
where the implied constant depends on ¢ and 7, and the choice of A. Therefore, fixing
such a value of A, we obtain

P(N =0) < H ™,

as claimed. O

We will show the versatility of this result by proving a special case (for I' = SL3(Z))
of the following general theorem:

THEOREM 5.3.3 (Lubotzky-Meiri). Let n > 2 and let I' C GL,(C) be a finitely
generated subgroup. Then either there exists a finite index subgroup of I' that is solvable
or, for any finite symmetric generating set S of I' with 1 € S, there exists a > 0 such
that the random walk (X,,) on C(T',S) satisfies

P(there exists m > 2 and g € I' with X,, = ¢") < e” ",
forn > 1.

In other words, Lubotzky and Meiri prove that if a finitely generated linear group
[ is not “virtually solvable” (i.e., does not have a solvable finite index subgroup), the
chance that an element g € T" is a “proper power” (i.e., an element of the form A™ for
some m > 2 and some h € I') is “exponentially small” in some sense. This is a striking
result, especially in view of how general it is!

We will prove Theorem 5.3.3 for I' = SL3(Z), in which case Theorem 4.3.1 (obtained
through Property (T)) is sufficient to imply all the expansion properties that we need.
In fact, our proof will apply with almost no changes to SL,,(Z) for m > 3, provided one
takes as given the corresponding cases of Theorem 4.3.1.

The strategy of the proof is the following:

(1) First, we will show that the condition X,, = ¢™ with m > 2 leads to a di-
chotomy depending on whether m is of size comparable to n (up to a multiplica-
tive constant) or larger; this involves a nice geometric argument comparing the
combinatorial distance in the Cayley graph and the usual norm of a matrix;
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m > n”, however large m may be, the structure arising from the first step is

2) If 2 h larg y be, the struct ising from the first step i
precise enough that the probability can be estimated by looking modulo a single
suitable prime p, and this shows that

P (there exists m > n® and g € T’ with X, = ¢") < e™".
(3) For each individual m with 2 < m < n?, we estimate
P(there exists g € I' with X,, = ¢™)

using Theorem 5.3.1, the crucial point being that if X,, = ¢ is an m-th power in
SL3(Z), then it is also an m-th power modulo p for any prime p; using quite deep
results on the distribution of primes in arithmetic progressions, this estimate is
uniform enough to imply

P (there exists m with 2 < m < n? and ¢ € T with X,, = g") <K e .

(4) Combining (2) and (3), the theorem follows.

For Step 1, we will use the following terminology: if k is a field, then a matrix
g € GL, (k) is virtually unipotent if all its eigenvalues (in an algebraic closure of k) are
roots of unity. For n = 3 and g € SL3(k), we see that g is virtually unipotent if and only
if all its eigenvalues are cube roots of unity (in an algebraic closure of k). In particular,
any power of a virtually unipotent element is also virtually unipotent.

In Step 2, we will need the notion of regular semisimple elements in GL, (k) (these
will also play an importante role in Chapter 6, especially in Section 6.6): these are
elements g € GL, (k) with n distinct eigenvalues (they are therefore diagonalizable over
an algebraic closure of k).

We now fix a finite symmetric generating set S of SL3(Z).

LEMMA 5.3.4. Let g € SL3(Z) and let n = lg(g) = 0 be the distance to the identity
in C(SL3(Z),S). Assume that h € SL3(Z) and m > 2 are such that g = h™. Then either
g 1s virtually unipotent, or m < n, where the implied constant depends only on S.

PRrROOF. If h is virtually unipotent, then so is g, as we observed earlier. Assume then

that h is not virtually unipotent.
We use the norm || - || on SL3(C) and its subgroup SL3(Z). Let

C' = max||s]|.
seS

Since ¢g(g) = n, the multiplicativity properties of the norm (see Lemma C.1.2 in Appen-
dix C) shows that
gl < C™.

On the other hand, the fact that h is not virtually unipotent shows by Corollary C.3.4
that h has an eigenvalue A such that |A| > 14, where n > 0 is an absolute constant. In
that case, we have ||g|| = ||R™| = (1 4+ 7)™, and hence by comparison we get

(1+n)" < gl < C"
which implies in passing that C' > 1, and then gives m < Cyn with

_log(1+41n)

C
! log C'

> 0.

4

Since {g(X,,) < n for a random walk (X,,) on C(SL3(Z), S), it follows from this lemma
that if n is large enough (in terms of S only) and if X, is an m-th power for some m > n?,
then X, is virtually unipotent. We deal with this possibility in the next lemma:
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LEMMA 5.3.5. There exist a« > 0 and C > 0, depending only on S, such that
P(X,, is virtually unipotent) < Ce™*"
forn > 1.

Proor. We will use reduction modulo primes, similarly to Theorem 5.3.1, but the set
of virtually unipotent elements is small enough that we can work with a single well-chosen
prime instead of having to combine many primes as in the large sieve.

For any prime p, we have

P (X, is virtually unipotent) < P(m,(X,,) is virtually unipotent).
We claim that

1
(5.7) | [{g € SL3(F,) | g¢ is virtually unipotent}| < —
p

1
| SL3(F))
for p > 2. This is a special case of an extremely general fact (the Lang-Weil Theorem
for the number of solutions of systems of polynomial equations over finite fields), but
we will suggest a direct roundabout proof in Exercise 5.3.6 below. Given this fact,
equidistribution of the random walk (m,(X,,)) on C(SL3(F,),S) (Corollary 3.2.28) gives

P(X,, is virtually unipotent)
1
< ————|{g € SL3(F,) | g is virtually unipotent}| + O(p’o")
| SLs(F )| ' 8

where g, is the equidistribution radius for C(SL3(F,),S) and the implied constant is
absolute. Since (by Theorem 4.4.4) the family of Cayley graphs is an expander, there
exists ¢ < 1 (depending only on S) such that g, < p for all primes p. Using (5.7), we
deduce then

1
P(X,, is virtually unipotent) < — + p”o"
b
where the implied constant is absolute.

Since p < 1, we can find a real number A > 1 such that Ap < 1. If n is large enough,
depending on A, we can then pick a prime p such that A™° < p < 2A4™?; then we obtain
P(X,, is virtually unipotent) < A~ + (Ap)™.

By our choice of A, there exists > 0 such that this means that

P(X,, is virtually unipotent) < e™*".

O
EXERCISE 5.3.6. The basic idea behind (5.7) is that the set of virtually unipotent
elements is the union of finitely many subsets of SL3 (Fp), each of which is defined by the
vanishing of some polynomial (with variables the coefficients of a matrix in SL3) that is
independent of p, and these polynomials take roughly all values equally often, so that the
“probability” that the value is 0 is about 1/p. Here we explain how to check the bound

“with bare hands”.
(1) Show that the bound (5.7) follows if we have

1 1
————[{g € SL3(F Tr(g) = a}| < -,
S0 € SLF) | Trlg) = a) <
for any a € F,, where the implied constant is independent of . [Hint: Consider what
are the possible sets of eigenvalues of a virtually unipotent element g € SL3(F),).|
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(3) Show that

1 1
— Ls(F ; T = Z
| SLg(Fp)‘ ‘{g € S 3( p) ‘ 93,3 7£ 0 and r(g) Oé}‘ < P

where the implied constant is independent of a.. [Hint: Consider the products

Q
oo
o= o
—_ O ~+

for t € F,.]
(4) Show that

1 1
_ € SLs(F =0and Tr(g) = a}| <« -
| SL3(Fp)| |{g 3( P) ‘ 93,3 (g) }| p

where the implied constant is independent of o, and conclude.

We now fix an integer m > 2, and we consider the probability that X,, is an m-th
power, for n such that m < n?. We can attempt to use Theorem 5.3.1: if X,, = ¢™ for
some g € SL3(Z), then m,(X,,) is also an m-th power in SL3(F,) for all primes p, so does
not belong to the set (2, of non-m-th powers. Our goal is to show that this is a non-trivial
condition, in the sense that the set of non m-th powers is not too small.

LEMMA 5.3.7. Let m > 2 be an integer. Let p > 10 be a prime such that p =
1 (modm). Then we have

1
m\{g € SLs3(F,) | g is not an m-th power}| > %

ProOF. This can also be interpreted as a very special case of a general statement, but
we present a full proof. The idea is roughly the following: (1) “many” elements of SL3(F),)
are regular semisimple elements with eigenvalues in F,,, i.e., they are diagonalizable with
distinct eigenvalues lying all in F,; (2) among these regular semisimple elements, there is
a high proportion that are not m-th powers. The first property is quite general (as soon
as p is not too small, which here means simply p > 10), whereas the second ultimately
boils down to the fact that, for p = 1 (modm), only (p — 1)/m elements of F S are m-th
powers.

Let G = SL3(F,), and let T C G be the subgroup of diagonal matrices. Let T,
denote the subset of T' of elements whose diagonal coefficients are distinct. We have
IT| = (p — 1)* (two diagonal coefficients can be chosen freely, and the last is then fixed
by the requirement that the determinant is equal to 1) and

2
(5.8) Tregl = (p—1)* =3(p—1) > 3171

for p > 10, since an element of T is not in 7., if and only if two of its coefficients at least
are equal (there are 3 possibilities for which coefficients g;; are the same, and (p — 1)
diagonal matrices with determinant 1 and g¢;; = g, ; for i # j.)

Let now X C G be the subset of elements conjugate (in G) to some t € T,.,. We can
write

X = U rTregrfl.
reG
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This union is not disjoint, but if we take elements r which are distinct modulo the
normalizer N(T') of T'in G, the union becomes disjoint. Indeed, if 7y and ry are elements
of G such that rlTregrfl N TgTregT';l # (), then we find ¢; and ¢ € T4 such that

7’11517’{1 = r2t2r;1.
In particular (ry 'r;)t(ry ')~ is a conjugate of ¢; that belongs to Teq. However, it is
an elementary computation (or fact from linear algebra) that the normalizer in G of a
regular semisimple element like ¢, is equal to N(T). So we deduce that r;'r; € N(T).

Another elementary computation is that the quotient N(7")/T is isomorphic to the
symmetric group &3, so that |N(T")| = 6|T|. We deduce from this and (5.8) that

P
[N (T)] 9
for p > 10 (this is the precise form of (1) in the idea of the proof).

We now consider the set Y of matrices g € X that are m-th powers in G. We have a
disjoint union

|TT’€g| 2

Y = U rY,r,
reG/N(T)

where Y, C T4 is the set of all ¢t € T, such that rtr—! is an m-th power. For such ¢,
there exists h € G with rtr—! = h™, hence ¢t = (r~*hr)™. The element x = r~'hr is then
in the centralizer of ¢, which is equal to 1" because t € T}..;,. So t = 2™ for some x € T'.
This shows that the size of Y, is (at most) the number of m-th powers in T since ¢ — ™
is a homomorphism of T" with kernel equal to the subgroup of T where all coefficients are
m-th roots of 1, and since F, contains all the m-th roots of 1 (because p = 1 (modm)),
we obtain

Gl IT| _ 1G] _ |G

IN(T)[m2 ~ 6m? > 24°
We conclude that the set of elements of G which are not m-th powers has size
1 1

)
> |X|-1Y]= (5 - 57) 161 = =G,

Y] <

U

We are now ready to finish the proof of the theorem of Lubotzky and Meiri. We can
apply the large sieve bound of Theorem 5.3.1 for each fixed m with m > 2 using the set
of primes

Prn={p>10 | p=1(modm)}.
The necessary expansion follows immediately from Theorem 4.3.1 in the case of the
family (5.4). It also does for the family (5.5), using the fact that for any primes p; # po,
the simultaneous reduction homomorphism

SLg(Z) — SLg(Fm) X SL3(FP2)
induces an isomorphism
SLg(Z/pﬂ?gZ) ~ SLg(Fpl) X SLg(FPQ),

by the Chinese Remainder Theorem. Since reduction modulo pips is surjective from
SL3(Z) to SL3(Z/p1p2Z) (Proposition B.2.6), we have

G(Fm X Fp27 S)) - G(SLg(Z/ppoZ),S),

so that the family (5.5) is part of the family of relative Cayley graphs of finite quotients
of SL3(Z) with respect to the generating set S, and hence is also an expander family.
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The outcome of Theorem 5.3.1 for a fixed m > 2 is the upper bound
P (X, is an m-th power in SL3(Z)) < H,*

Hm:Z1

10<p<A™
p=1 (modm)

where

for some A > 1. The parameter A is independent of m (in view of Lemma 5.3.7). Hence
we have

nZ
P (X, is an m-th power in SL3(Z) for some m with 2 < m < n?) < Z H '
m=2

The last crucial step is then a lower bound for H,, that is uniform for all m < n?. This
is provided by the famous Siegel-Walfisz Theorem:

THEOREM 5.3.8 (Siegel-Walfisz Theorem). Let D > 0 be a parameter. For any
X > 2, for any integer ¢ > 1 and any integer a coprime to q, we have

> 1:L21+0<ﬁ>

p<X SD(q) p<X

p=a (mod q)

where the implied constant depends only on D.

See for instance [58, Th. 5.29] for the proof. The point is that the main term is of
size roughly ¢71X/log(X) by the Prime Number Theorem (1.1), hence the formula is a
true asymptotic formula provided ¢ is smaller than (log X)P~2, say.

In our situation, we consider primes < X = A" (the restriction p > 10 being irrele-
vant) modulo m < n? < (log X)?%; so if we take D = 4 in the Siegel-Walfisz Theorem,
we obtain the lower bound Lo

H,>———
n? (log A")
for m < n?, where the implied constant is absolute. This translates to

P(X,, is an m-th power in SL3(Z) for some m with 2 < m < n?) K A" < e ™"

for some a > 0. On the other hand, Lemmas 5.3.4 and 5.3.5 together imply
P(X,, is an m-th power in SL3(Z) for some m with m > n?) < e~ "

for some a; > 0. Taken the smallest of the two numbers a and o, say «, leads finally to

the desired bound

P(X,, is a proper power) < e~
for n > 1. This concludes the proof of the special case I' = SL3(Z) of Theorem 5.3.3.

5.4. Geometric applications

Historically, the first applications of expander graphs outside of “discrete” mathemat-
ics were related to properties of towers of coverings of manifolds in the setting of Rie-
mannian geometry, and especially of the spectral geometry of the (Riemannian) Laplace
operator. Since then, many more applications of this type have been obtained, and we
will present some of them in this section, without complete proofs but with precise refer-
ences. It is remarkable to see how each statement may look strikingly different from the
others — and how each of them may seem absolutely unexpected.
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And yet, all these applications have a common feature in common, as they illustrate
in a variety of situations what one may term the “expander philosophy”:

If the notion of Galois covering makes sense for certain mathematical ob-
jects then assuming that we have a sequence of Galois coverings X, — X
of such objects, where the Galois groups are finite groups whose Cayley
graphs (with respect to a suitable generating set) form an expander fam-
ily, then the objects X,, will be “very complicated” when n gets large —
very often, they will look very much like generic (or random) objects of
their type.

Before discussing instances of this principle in geometry, the reader should observe
that, in some sense, the equivalence between the various definitions of expansion are
already examples of the expander philosophy, applied to graphs themselves.

By now, one can state precise incarnations of the principle in Riemannian geometry
(comparison of Riemannian and discrete invariants, due to Brooks and Burger), alge-
braic geometry (lower-bounds for the gonality of algebraic curves, due to Ellenberg, Hall
and Kowalski [34]), arithmetic geometry (finiteness of rational points of bounded degree
on certain algebraic curves, obtained by combining the gonality bounds with results of
Faltings and Frey), and differential geometry (lower-bounds for the distorsion of certain
knots, due to Gromov and Guth [48], lower-bounds for the Heegaard genus of a compact
3-manifold, due to Lackenby [73]).

We will survey these results, concentrating on the statements of the gonality lower
bounds, and of the distorsion lower bound of Gromov and Guth. The proof of both
involves Laplace eigenvalue comparison, and we will explain the proof of the basic result
of Brooks and Burger in that direction.

EXAMPLE 5.4.1 (Gonality lower bounds). Our first example concerns a geometric
invariant of compact Riemann surfaces of genus g > 2. We first recall a characterization
of these surfaces which does not require much background. Details and references are
supplied in many places, for instance the textbooks [87] of Miranda and [39] of Farkas—
Kra, or the book [22] of Buser.

Consider the Poincaré upper half-plane

H={z€C | Im(z) >0} Cc C.

This is an open subset of C, and therefore it makes sense to speak of holomorphic (or
meromorphic) functions on H. The group SLy(R) acts on H by the formula

a b az+b
(c d) T ord
Indeed, a simple computation (using the fact that ad — bc = 1) shows that
a b az+0b Im(z
Im((c d) ' Z) B Im(cz + d) - lcz #E c;|2’
which shows that H is preserved by this action. The action is transitive: for instance,
for any = + iy € H, we have

1/2 71/21, ) )
<y0 yy_1/2 ) =2 —|— 1,

but it is not faithful, in the sense that some matrices g # 1 act by the identity. In fact,
it is a simple computation that only g = —Id has this property.

134



We then consider discrete subgroups I' C SLy(R) that act without fized points and
such that the space X1 = I'\H of orbits is a compact topological space with the quotient
topology. (The fixed-point condition means that if g € T' and z € H satisfy g - 2z = z,
then ¢ = £Id). The compactness is a non-trivial condition, and completely explicit
examples are not so easy to describe. However, it is known that such groups exist in
great abundance. The corresponding quotients Xt are exactly the compact (connected)
Riemann surfaces of genus g > 2 (see, e.g., [39, Ch. IV, IV.6.5]). The group I is
(isomorphic to) the fundamental group m (Xr,xo) of the topological space Xr, where
xo € Xr is an arbitrary basepoint.

The (topological) invariant g can be recovered from Xr, or from I, as follows: ab-
stractly, the group I' can be shown to be isomorphic to the finitely generated group
generated by 2g elements (ai, ..., a4, b1,...,0b,), subject to the unique relation

[al’ bl] T [agvbg] =1
1,,—1

where [z,y] = xyxz~'y~! is the commutator of two elements of a group. In particular,
the abelianization I'** = T'/[T", '] is generated by 2g elements with no relation (since the
image of each commutator is trivial in '®®), i.e., it is isomorphic to Z?9.

Since Xt arises from H, one can speak of holomorphic maps from Xr to C, or of
meromorphic functions: by definition f: Xt — C has such a property if and only if the
composition

H— Xr—C

is holomorphic (resp. meromorphic). (Similarly, it makes sense to speak of differentiable,
or C?%, or smooth functions on X).

From this point of view, it is easy to see that if I'y C I is a finite index subgroup,
the subgroup I'; is also discrete and the quotient I';\H is also compact. Hence X, is
defined, and the identity map of H induces a holomorphic map

fZ XF1 — Xr.

This is a topological covering map; for any z € Xr, the pre-image f~!(z) is a set of
[ : T'y] distinct points on Xp,, so the map f has degree [I' : I'y]. The Riemann surface
Xr, has genus ¢g(Xr,) > 2, related to the genus g of Xr by the Hurwitz formula

(5.9) (2 —29(Xt,)) = [[': T1](2 — 29)

(see, e.g., [87, Th. 4.16]). In particular, if T'; varies in I', then the genus of X, grows
linearly with the index of I'y in I'.

For a given genus g > 2, although all spaces Xt are the same from the topological
point of view, they may be geometrically very different (in the sense of holomorphic
equivalence, or of Riemannian geometry). In fact, Riemann already understood that
the space of all possible surfaces Xt of genus ¢ > 2, up to holomorphic isomorphism,
depends on 3g — 3 > 3 complex parameters, which are called “moduli” (there is an
intuitive explanation of this number in [87, §VIL.2], and a precise description of this
space in [22, Ch. 6]).

DEFINITION 5.4.2 (Gonality). Let X be a compact connected Riemann surface (not
necessarily of genus > 2). The gonality v(X) is the smallest integer v > 1 such that there
exists a meromorphic map f: X — C of degree 7, in the sense that for all but finitely
many 2z € C, the fiber f7!(2) has v elements.

The gonality is a geometric invariant that is finer (and much more complicated) than
the genus. One can show the following facts:
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e The gonality is finite (this is by no means obvious with our presentation, as it
amounts to the existence of at least one non-constant meromorphic function on
X, which is a priori an analytic problem; see [39, Cor. to Th. I1.5.3]). In fact,
one can prove that

(5.10) (X)) < Lg—;?’J

e The gonality is 1 if and only if X is holomorphically isomorphic to the Riemann
sphere (i.e., to the projective line over C; this means that the genus is 0).
e If g > 2, then all possible integers

g+3 J

2
are achieved as the gonality of some compact Riemann surface of genus g > 2;
“generically” (in a precise sense involving the parameters describing compact
Riemann surfaces of genus g), the gonality takes the maximal possible value; see
the references in [38].

e Riemann surfaces with gonality 2 are called hyperelliptic; for g =1 or g = 2, all
Riemann surfaces of genus g have gonality 2, but this is false if g > 3, although

it is true that there always exist hyperelliptic Riemann surfaces of genus g (see,
e.g., [39, IIL7] or [87, IIL.1]).

The first two facts are (fairly elementary) consequences of the Riemann-Roch Theo-
rem, which is probably the most important analytic fact about compact Riemann surfaces
(see, e.g., [87, VI.3 and VII] or [39, TI1.4]).

Because it is a geometric invariant, the gonality is typically rather difficult to compute.
Proving lower bounds is far from obvious since it requires the proof that certain objects
(holomorphic maps with small degree) do not exist. However, the following theorem
from [34] shows how to obtain many families where the gonality grows:

2<<|

THEOREM 5.4.3 (Ellenberg-Hall-Kowalski). Let Xt be a compact connected Riemann
surface of genus g = 2 and S a finite symmetric generating set of I'. Forn > 1, let ', <’
be a normal subgroup of finite index with [I' : '] — 400 as n — +oo. If the family of
relative Cayley graphs

(G(P/Fna S))n>1
is an expander family, then ~v(Xr,) tends to infinity as n — +oo. In fact, we then have

’Y(Xl"") >> [F : F”]’
where the implied constant depends on S and the expansion parameters of the family.

Note that from (5.9) and (5.10), it follows easily that (for any family as in the theorem)
we have

7(Xr,) < (g+2)[1: ),

and hence the growth of gonality given by Theorem 5.4.3 is as fast as possible (in terms
of the order of magnitude). Moreover, the result does not hold for base curves of genus
g = 0 or g = 1, since in that case the genus of X, is also equal to g for all n by the
Hurwitz formula, and we mentioned that the gonality of these Riemann surfaces is always
equal to 1 or 2, respectively.

The strategy of the proof of Theorem 5.4.3 has two steps. First, a beautiful inequality
of Li and Yau [77] connects the gonality of a compact Riemann surface X = Xr of genus
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> 2 with the spectral gap for the Riemannian Laplace operator on X. The latter is
defined as follows for X = Xr. The differential operator

0? 0?
.
H R2r | Oy
acting on smooth (or simply C?) functions on H (not holomorphic functions!) has the
property that

Au(f(g-2)) =g (Auf)(2),

for all ¢ € SLy(R), which means that it defines a differential operator Ax acting on
smooth (or C?) functions on X. Similarly, the measure

dxdy
Y2
on H satisfies g,y = pm for any g € SLy(R), from which it follows (somewhat less
formally) that it induces a measure puy on X = I'\H. One can therefore also define a
space L*(X, ux) of L?>-functions on X.
The measure py is finite (because the measure py is finite on compact sets and there
is a compact set in H that surjects to X), so that in particular the function 1 belongs

to L?(X, px). This function also satisfies Ax(1) = 0. The first non-zero eigenvalue, or
spectral gap, of the Laplace operator of X, is then given by

(5.11) HE =

AM(X) = inf{ (B¢ ¢) | ¢ € L*(X, ux) smooth and /
N

plx)dp(x) = 0}

/ ||w|| i
(5.12) = mm | ¢ € L*(X, ux) smooth and / o(x)du(x) = O},
b's

where Vi refers to the gradlent of ¢ with respect to the hyperbolic metric, namely
Vo = (Y0, y0yp). The fact that the minimum is achieved is non-trivial, but it is then
relatively elementary that a function achieving this minimum is an eigenfunction of A
with eigenvalue A\; (basic facts of spectral geometry can be found, e.g., in the book of
Chavel [27, Ch. 1]).

Note that this formula is clearly analogue to the formula of Proposition 3.4.3 (2) for
the first non-zero eigenvalue of the discrete Laplace operator on a finite graph.

We now have:

THEOREM 5.4.4 (Li-Yau). Let X be a compact connected Riemann surface of genus

> 2. We have
Y(X) 2 —px (X)M(X).
47

This follows from [77, Th. 1], which is a very nice argument involving the Brouwer
fixed-point theorem, and [77, Fact 1].

To go from Theorem 5.4.4 to Theorem 5.4.3, we need a result that bridges the gap be-
tween the “continuous” world of Riemannian geometry and the discrete world of graphs.
Different forms of this remarkable result were proved independently by Brooks [18] and
Burger [19]. We will use Burger’s version (which we state in greater generality for Rie-
mannian manifolds of any dimension d; in the case of Riemann surfaces, we have d = 2).

THEOREM 5.4.5 (Burger). Let M be a compact connected oriented Riemannian man-
ifold of dimension d. Let S be a fized finite symmetric generating set of the fundamental
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group of M. There exists a constant cgar > 0 such that for any finite connected Galois
covering N — M with Galois group G, we have

AM(N) = esm A (C(G,S)).

In particular, if X = Xr is a compact Riemann surface and I is a normal subgroup with
finite index in I, then

/\1 (XF/) 2 CS,F Al(G(F/F’, S))

Combining this result with the Li-Yau inequality, Theorem 5.4.3 follows: since Xr,
is a Galois covering of X with Galois group I'/T',, we get

1
v(Xr,) > 1 Hx, (Xr,)A(Xr,)

> pix, (X, ) A (C(T/Ty, 5))
> [T,

since pxy, (Xr,) = [[' @ T'y]ux(X), and since the spectral gap of the Cayley graphs
e(r'/T,,S) is bounded away from 0 by the expansion assumption.

REMARK 5.4.6. Interestingly, since Theorem 5.4.5 is posterior (by a few years) to the
Li-Yau inequality, the gonality growth result of Theorem 5.4.3 could have been proved at
the same time!

It should be mentioned however that the main results of Ellenberg, Hall and Kowal-
ski are the arithmetic applications of the gonality lower bounds, which arise from deep
results of Faltings and Frey, and from the developments in the theory of expander graphs
discussed in Section 4.3, especially those related to Theorem 4.3.2. These applications
require the extensions of the Li-Yau inequality and of Theorem 5.4.5 to certain possibly
non-compact Riemann surfaces, and to possibly non-Galois coverings; see [34] for the
details.

We will give, after the discussion of the next example, a sketch of the proof of this
comparison theorem, in order to illustrate the key geometric idea that explains how the
continuous and discrete Laplace operators can be compared.

EXAMPLE 5.4.7 (Distorsion lower bounds). The second example is maybe even more
remarkable than the previous one. In fact, the main statement, due to Gromov and Guth,
may seem to lie as far away as possible from the world of graphs, and it does not even
directly mention Riemannian geometry to suggest the use of results like Theorem 5.4.5.
This is the distorsion problem for knots that we mentioned already briefly in Chapter 1.
We will only be able to sketch the results here, and we refer to the original paper [48],
as well as to the Bourbaki seminar of N. Bergeron [8] for more details.

The underlying question is due to Gromov [47, p. 114], who defined a certain geo-

metric invariant of knots, and asked whether it is unbounded.

DEFINITION 5.4.8 (Knots). (1) A physical knot in S is a smooth injective map
k: St — 83

(2) A knot in S? is an equivalence class of physical knots for the equivalence relation
where k; ~ ky if and only if there exists a smooth map K: [0,1] x S* — S3 such that for
each t, the map z — K(t,z) is a diffeomorphism of S3, and moreover K(0,7) = z and
K(1,k(x)) = ko(z) for all z € S*.

The map K is called an “ambient isotopy” of k; and ky. From the definition, we see
that if k; ~ ko, then there exists a diffeomorphism ¢: S* — S? such that ky = @ o &y,
namely we can put p(z) = K(1,z).
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Now we define Gromov’s invariant, called the distorsion. For this we first recall that
one can define the length of a smooth curve ~y: [0,1] — R? by

() = / 10t

and this is invariant under reparameterization of the curve. One can then define an
intrinsic distance on a physical knot £ by

7(0)==
v(1)=y
for x and y on k, where v runs over smooth curves with image in k.
DEFINITION 5.4.9 (Distorsion of a knot). (1) Let k be a physical knot in R?. The
distorsion of k is

d
dist(k) = sup dr(2,y)
zyek |2 —yll
TFY

(2) Let [k] be a knot in R3. The intrinsic distorsion of [k] is
idist([k]) = inf dist(k;).
ki~
QUESTION (Gromov). Do there exist knots [k] with idist([k]) arbitrarily large?

Intuitively, the question of Gromov asks whether there exist knots in the space R? that
are geometrically arbitrarily complicated, in the sense that one can always find points on
the knot that are “close” in R? and yet far away on the knot itself. As Gromov explains,
the difficulty in answering this question is that the known knot invariants usually have
the property that they are unbounded when restricted to knots with (say) idist(k) < 100.
So it is not possible to get knots with large distorsion by looking for knots where these
other invariants are themselves large.

This question was first answered by Pardon [93], who showed that certain “torus
knots” have large distorsion®. But these knots are very special and one can ask how
general the phenomenon is. Gromov and Guth use expanders to construct many more
examples.

Their starting point is a “construction” of knots from classical differential topology
(see [53] and [88] for the original papers).

PROPOSITION 5.4.10 (Hilden; Montesinos). Let M be a compact connected oriented
3-manifold. There exists a smooth map f: M — S3 and a physical knot k in S® such that
f induces a covering of degree 3

fHS*=k) = S’ =k
of the complement of k.

For convenience, we will say that such a knot k is an HM-knot of M. There is no
reason for it to be unique.
We can now state the remarkable theorem proved by Gromov and Guth:

3For readers who understand French, a very nice online presentation of the problem and of Pardon’s
work is available at images.math.cnrs.fr/Des-Noeuds-Indetordables.html
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THEOREM 5.4.11 (Gromov—Guth). Let M be a compact hyperbolic 3-manifold, and
let S be a fixed finite symmetric generating set of its fundamental group. Let (M, )n>1 be a
sequence of finite Galois coverings M,, — M with Galois groups Ty, such that (C(I',,, S))n>1
is an expander family. Let (k,)n>1 be a sequence of HM-knots of M,. Then idist([k,])
tends to infinity. In fact, we have

idist([k,]) > [T,
where the implied constant depends only on M.

In order to answer the question of Gromov, it is therefore required to know whether
sequences of coverings (M,,) exist as requested in the statement. This is by no means
obvious! Gromov and Guth used the special case of so-called arithmetic hyperbolic 3-
manifolds, for which a generalization of the theorem of Selberg mentioned in Remark 4.3.3
(2), combined with Theorem 5.4.5, shows that congruence coverings have the desired prop-
erty. However, the argument applies to any compact hyperbolic 3-manifold, provided one
uses the Bourgain—-Gamburd Theorem 6.1.1, together with the following fact concerning
hyperbolic 3-manifolds:

PROPOSITION 5.4.12. Let M be a compact hyperbolic 3-manifold. There exists a
number field E/Q and a subring O of E, obtained from the ring of integers by inverting
finitely many primes, such that the fundamental group of M is isomorphic to a Zariski-
dense subgroup of SLo(O). In particular, there ezists an infinite sequence of primes p
such that the fundamental group of M admits a quotient isomorphic to SLo(F)).

We refer to the book [4, C.7, C.29] of Aschenbrenner, Friedl and Wilton for references
about this fact — and for a fascinating description of many other remarkable properties
of fundamental groups of 3-manifolds.

We briefly sketch the strategy of Gromov and Guth. The key geometric step is the
following proposition:

PROPOSITION 5.4.13. There exists a constant co > 0 such that for any compact hy-
perbolic 3-manifold M and any HM-knot k of M, we have

dist(k) = co Vol(M)h(M)
where h(M) is the Riemannian Cheeger constant of M, defined by
, Area(S)
h(M) = inf
(M) =i min(Vol(A), Vol(B))

where S runs over all smooth surfaces S C M such that M =S = AU B with A and B
open.

This result is quite strong! Indeed, in the setting of this result, since any knot k; ~ k
is also an HM-knot of M, and the right-hand side is independent of k, we get the stronger
conclusion

idist([k]) = ¢o Vol(M)h(M)
for any HM-knot k& of M. In particular, to prove Theorem 5.4.11 using this proposition,
it suffices to show that for a sequence of Galois coverings (M, — M) whose Cayley
graphs are expanders, the Cheeger constant h(M,,) does not tend to 0. This follows from
Theorem 5.4.5 and the Cheeger inequality

M (M) < Sh(M)?

1 =
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for any compact connected oriented Riemannian manifold M (see [28]). This inequality
is of course the geometric analogue of the bound (3.32) of Proposition 3.3.6.

We conclude this section with the promised sketch of the proof of Theorem 5.4.5,
following [19, Ch. 6] and Appendix A in [34].

SKETCH OF THE PROOF OF THEOREM 5.4.5. The comparison of eigenvalues relies
on their variational characterizations, given by Proposition 3.4.3 (2) in the combinatorial
case, and by the analogue

/ IVl
A1 ( mm TeE o(x)du(x) = O},

of (5.12) for the Riemannian Laplace operator A on N (where p is the Riemannian
measure on N). The reader may assume that we are in the setting of compact Riemann
surfaces for simplicity, in which case A and p have the meaning described above.

We denote A; = A{(IV), which is > 0 by spectral geometry of compact Riemannian
manifolds, and fix a function 1) on N of norm 1 such that Ay = A\j.

The starting point of the argument is that one can “embed” a Cayley graph of the
Galois group G of the covering M — N in the surface N, although possibly with respect
to a different generating set of the fundamental group of M. First we fix xg € M. Let
P be the set of points in N above xy and P the set of those in the universal cover M
of M (which is H if M is a compact Riemann surface of genus > 2). The Galois group
G of the covering acts simply transitively on P (because it is a Galois covering), and in
particular we have |P| = |G|. For z € P, & € P, let

F(x)={ue N | dlu,z) < d(u,2’) for all 2’ € P, 2’/ # z},
F@) ={ue M| du7) <dua)forall 2/ € P, o' #7}.

| ¢ € L*(N, 1) smooth and /
N

It is known that each F () C M is a fundamental domain for the action of m1 (M, x¢)
on M (in other words every point of M lies in an orbit of a point in the closure of F(Z),
and the orbits of elements of F(%) are disjoint). Similarly, F(z) C N is a fundamental
domain for the covering N — M.

When z (resp. Z) varies, the sets F(z) (resp. F(Z)) are disjoint. The sets F(z)
for x € P cover N, with the complement having measure 0, and in particular we have
w(F(x)) = (M) for all z € P.

Let

T={gem(Mauo) | 63 NTF(E) + 0},
This is a finite symmetric subset of 71 (M, x), containing 1, and one can check that it is
a generating set of m (M, xy). By Proposition 3.5.1, we need only prove Theorem 5.4.5
when the generating set S is replaced by T. We denote d = |T|, and remark that 7" (and
d) only depend on M, not on N.
We consider the simple graph I' with vertex set P and edges joining x and x’ in P if
and only if

F)NF(a) #0
(in particular, with a loop at each vertex x € P). Because the Galois group G of the

covering permutes simply transitively the sets F(x) (which comes from the fact that the
covering N — M is a Galois covering), we see that I' is isomorphic to the Cayley graph
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C(G,T), and in particular is d-regular. Our goal becomes to compare \; and A (I"). (See
also [19, Ch.3, §4] for details about this construction.)

Now we must relate (smooth) functions on N to discrete functions on the graph T'.
The idea is quite simple: the space L?(T") (as a vector space) can be identified with the
space of function on N which are constant on each piece F(x) for z € P (this is because
the complement of the union of these pieces has measure 0). We consider then the
orthogonal projection ® from L*(N, u) to L*(T'). Concretely, to a function f € L*(N, p),
we associate the function

1
~ (T (x)) /?(a:) Jau= W F(x) fu

in L?(T"). The linear map ® is continuous since
(513) 0 =3 gl [ sl <1

by the Cauchy-Schwarz inequality and the fact that the sets F(z) are disjoint of measure

p(M).
For x € P, we define

- TN

Yy~

where y runs over elements of P adjacent to z in I'. We have p(9(z)) = du(M).
We will use the following fact from spectral geometry, and will explain it below:

Fact 1. There exists a constant > 0, depending only on M, such that, for all x € P
and for D = F(z) and D = G(z), we have

/ IVolPdu
(5.14) mf
f@ lp|2dp

Assuming this, consider a non-zero function of the type

f=a+p8y

on N with a, 8 € R, and ¥ the A\j-eigenfunction of norm 1 that we fixed at the beginning.
We have an obvious inequality

(5.15) /N IV 123 = M B2 < M LfI

| 0 # ¢ smooth and /

| elaydn(e) =0} >n

On the other hand, we can estimate the left-hand side from below using the pieces
§(z). For any = € P, the function

po=f- Jdu

1
1(5(x)) Jo@)
satisfies Vi = V f, and can be used to “test” (5.14). It follows that

foresezn ] fi- #/ fu d

#(§(2))

Zn{/g(x)lfIQdu— ’/ f u‘
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The set G(z) is the union of the d subsets F(y) for y ~ z, and has measure du(M).
Summing the above inequality over x € P and dividing by d we obtain

V1 = n{517 - 250 S S et )

reP y~x

Using (5.15), this becomes

nzaft- £ Y[ e}

zeP y~x

which by (5.13) implies

1 (Ar®(f), Ar®(f)) }
d?[[e(f)? '

Since the adjacency operator Ar is self-adjoint, this means that

(Bre(f), ®(/))

)\1277{1_

AL :
1 12C)1I?
where
1 2 1 2 2 1

The operator Br is positive and admits the eigenvalue 0 with multiplicity 1, with constant
eigenfunction. Let A{(I") > 0 denote the smallest positive eigenvalue of Br. We claim:

Fact 2. There exists ¢ > 0, depending only on M, such that either Ay > ¢ or else
there exists a, 5 € R not both zero for which ®(a + 1) is non-zero and has mean zero
on P.

If this is the case, then either we have \; > ¢, and we are done, or else we can
construct the test function f = a+ [v; since (®(f), 1) = 0, the variational inequality for
the spectrum of Br leads to

(Bro(f), 2(f))
ISP
However, we can compare \|(I') and A\;(T'), namely we have \|(T") > d~'A\;(T"). Indeed,

the subspace L2 = (C- 1)t C L*(I) is stable under the linear maps Br, Ar and 2d — Ar,
and each of these is invertible on this subspace. We have then

> N (I).

1 _ _ _
e = 1(Bel L) 7 < [1(Ar|Lg) 7| [((2d — Ar)|Lg) ™|
Ay(T)
d
< A LZ —1 -
d| (Ar|Lg) ™| WiSh

as claimed. Combining these inequalities, we conclude that
)\1 = min<cu g)\l(r))u

which finishes the proof, up to the two facts stated above.

We now justify these two claims. For Fact 1, we note that the infimum considered,
say n(D), is nothing but the second eigenvalue for the Laplace operator with Neumann
boundary condition on D (see, e.g., [22, 8.3.1]). This operator is positive and has first
eigenvalue 0 with multiplicity 1, so n(D) > 0. To see that (D) is in fact bounded below

143



by a positive constant that depends only on M (and not on N), we fix some T € M above

x9. The reasoning in [19, p. 71] shows that §(x) is isometric to a quotient of the domain
]’\7 = U 8%(51) C M/
seT

which depends only on M, under an equivalence relation ~ of congruence modulo a subset
of T®. Each such quotient N/~ is a compact domain in M, hence has a second Neumann
eigenvalue that is > 0. Since T is finite, there are only finitely many quotients N/~
to consider, where the number depends only on M. It follows that the smallest of their
second Neumann eigenvalue, say 7, is > 0, and we have n(D) > n for all D, proving Fact
1.

For Fact 2, we note that to find the required test function f it is enough to know that
the map @ is injective on the R-span of 1 and . Indeed, we can then find a non-zero
f = a+ (v in the kernel of the linear form f +— (®(f),1), since this linear form is
non-trivial (it maps 1 to |P|), and this f will satisfy the required conditions.

Now we have two cases. If A\; > n, where 7 is given by Fact 1, we are done (and take
¢ =n). Otherwise, we have

(5.16) 0< A <m,

and we now show that this implies that ® is injective on the (real) span of 1 and ¢, which
thus concludes the proof.

Thus, let «, € R be such that ®(f) = ®(a+ f1p) = 0. Then, for all z € P, we have
| ovsianza [
F(z) F(x)

since ®(f) = 0 means that f restricted to F(x) can be used to test (5.14). Summing over
z, we get |V fI[* = 0|l f||?, but f =« + B¢ implies then that

AP < IV = 820 < Ml fIP
and by comparing with (5.16), we see that f = 0. O

5.5. Diophantine applications

We finish this chapter with a survey of some of the arithmetic consequences of (variants
of) the gonality lower bound of Theorem 5.4.3. In this section, we will assume some
familiarity with basic concepts of algebraic number theory and arithmetic geometry (for
instance, the elementary arithmetic properties of elliptic curves over number fields, for

which the standard reference is Silverman’s book [105], while a quick survey can be found,
e.g., in [67, §1]). We do not explain the most general statements, which can be found in
the original paper of Ellenberg, Hall and Kowalski [34]. Another readable account is in

the survey of Ellenberg [35].

The “base” Riemann surfaces we consider are very simple, but they are not compact.
Precisely, X is the complement in C of k points points {s1,...,sx} (with & > 2, for
simplicity). We wish the singularities to be defined over Q, which means that {si,..., sz}
is the zero set of a polynomial with rational coefficients.

We consider some family of finite coverings 7, : X,, — X, where we assume that X,
has the structure of an algebraic variety defined over Q, and that the covering map m,
is also algebraic and defined over Q. This means that, for some integers N > 1 and
m > 1 (that may depend on n), the Riemann surface X,, can be viewed as the set of
common zeros in CV of m polynomials equations (in N variables), and that 7, is itself
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the restriction to X, of a polynomial in Q]z1, ..., zx] (which happens to never take any
of the values {si,...,s;} when evaluated on X,,, so that the image is really contained
in X). We also assume, as before, that the degree of X, over X tends to infinity as
n — +00.

One can still speak of the gonality of X,,, with the same definition as in the previous
section. This is a geometric invariant but it turns out to have arithmetic significance, as
the next theorem will show. To state it, for any field extension k£/Q and n > 1 we denote
by X, (k) the set of all points = € X,, such that all coordinates of = belong to k (one says
that “z is defined over £”).

THEOREM 5.5.1 (Faltings; Frey). Let d > 1 be an integer. Suppose that X, is con-
nected and that the gonality v of X,, is = 2d. Then the union

U Xak)

k/Q
[k:Q]<d

1s finite. In other words, there are only finitely many x € X,, such that x is defined over
an extension k/Q of degree < d.

In particular, there exist only finitely many algebraic numbers t € X which are of the
form t = m,(z) for some x € X,, defined over k with [k : Q] < d.

REMARK 5.5.2. (1) To be precise, we have specialized to the current situation and
notation the actual result of Faltings and Frey, which is more general. The basic ingredient
of the proof is a deep theorem of Faltings [37], from which Frey deduces the above
result [40] (see also the paper [2] of Abramovich and Voloch).

(2) Tt is easy to see that if X,, has gonality d, then it will have infinitely points with
coordinates in fields of degree < d over Q. For instance, suppose that X, is given by a
so-called superelliptic equation y¢ = f(z), with d > 2 and f € Q[X] non-constant. The
map X,, — C defined by (z,y) — = has degree d, since the pre-images of any = € C are
the roots of the equation y? = f(z), and there are exactly d of them for most values of
x. So the gonality of X, is at most d. But for the same reason, any choice of z € Q
such that f(z) # 0 will give rise to d elements (z,y) € X, (Q(/x)). Since Q(/f(z)) is
an extension of degree < d, we see that X, has infinitely many points in extensions of
degree < d.

The very deep content of the theorem is that this elementary remark “almost” ac-
counts for all cases where an algebraic curve like X,, has infinitely many points of small
degree.

To apply the theorem of Faltings—Frey, one needs to have growth of gonality. For
this, we will use expansion. The fundamental group G of X = C={sy,...,s.} is a
free group with k generators (see, e.g., [10, Ch. 4, Exemple 3, p. 419]). In the general
setting described above, the covering X,, — X is not necessarily a Galois covering, but
by considering the Galois closure Y,, — X and its Galois group over X, we obtain a
sequence of finite groups G,, = Gal(Y,,/X) and of subgroups Gal(Y,,/X,,) C G,, such that
|G, : H,] = deg(X,, — X), each of which is a quotient of the fundamental group G.
These families of groups satisfy a generalization of Theorem 5.4.3:

THEOREM 5.5.3 (Ellenberg, Hall, Kowalski). Suppose that there exists a finite sym-
metric generating set S of G such that the family of Schreier graphs (A(H,\Gp, S))n is
an expander family. Then we have

'Y(Xn) > [Gn : Hn]
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for all n, where the implied constant depends only on X and S.

Combining this growth bound with the last statement in the theorem of Faltings and
Frey, we deduce:

COROLLARY 5.5.4. Suppose that there exists a finite symmetric generating set S of
G such that the family of Schreier graphs (A(H,\G, S))n is an expander family. Then,
for all d > 1, and for all n large enough depending on d, there exist only finitely many
algebraic numbers t € X which are of the form t = m,(x) for some x € X,, defined over

k/Q with [k: Q] < d.

REMARK 5.5.5. (1) In fact, inspection of the proof of Theorem 5.5.3 shows that for
many applications (including those we will present in Examples 5.5.6 and 5.5.9 below),
the expansion condition on the family of Cayley graphs may be relaxed to the weaker
one that they form an esperantist family, in the sense of Definition 3.5.5. Although
there is currently no “natural” application (in the context of this section) where this
condition holds without the family being an expander, it is worth noting that it is often
significantly easier to prove that a family is esperantist than that it is to prove that it
forms an expander. For instance, in the context of Chapter 6, the esperantist condition
corresponds to Helfgott’s Growth Theorem 6.6.1, which is the first step in the proof of
the Bourgain—-Gamburd Theorem 6.1.1. So, for many diophantine applications, one does
not require the more difficult steps of the expansion proofs.

(2) M. Orr [91, Th. 1.4] has recently derived other arithmetic consequences from the
growth of gonality in suitable families that do not involve Theorem 5.5.1.

We will conclude this section with two illustrative applications.

ExXAMPLE 5.5.6. The following concrete example already exhibits quite well some of
the general features of this topic. Before beginning, it is also worth pointing out that in
this special case, there are more direct approaches to the growth of gonality, using the
theory of modular curves and work of Abramovich [1], Zograf [121] and Poonen [96].

Let X = C—{0,1}. For t € X, we denote by E; the Legendre elliptic curve with
affine equation

y?* =x(x —1)(z —t)

(we again recommend [105] for an introduction to elliptic curves). Recall that the set of
points of F;, together with a point at infinity (that we denote simply oo, although one
should think that it depends on t), is an abelian group. One knows that for each integer
n, the set E;[n] of solutions (x,y) € E; of the equation n(x,y) = 0 is a finite group
isomorphic to (Z/nZ)?* (these points are called n-torsion points on Ey; the reason for this
isomorphism is that the whole groupe of C-valued solutions is isomorphic to (R/Z)?,
where the n-torsion points are of the form (a/n,b/n) for a and b modulo n). Moreover,
because the formulas for the addition of points of E; are rational functions with rational
coefficients, the solutions (z,y) € E;[n| have algebraic coordinates. One can deduce that
putting
X =A{(t, (z,9)) | (z,y) € Ey[n]}

and defining 7, (¢, (x,y)) = t, one obtains coverings 7,: X,, — X of the type described
in the beginning of this section. The fiber 7, (¢) over ¢ is then Ey[n].

The type of conclusions that one can hope to get from Theorem 5.5.1 in that case is
that, for most choices of ¢, solving the equation n(z,y) = 0 in E; will require introduc-
ing new algebraic numbers that generate a high-degree extension of Q(¢). This is not
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unexpected, since a priori the relevant equation is of degree n?, but one must exclude
“miracles” where this equation would factor and reduce to much simpler ones.

We can easily understand some exceptions in that special case. Indeed, it is a standard
fact that (z,y) € Ey[2] if and only if either (z,y) = oo (which is in E;(Q)) or y = 0. So
X, is simply a (disconnected) product

Xo = X x (Z/2Z)>

with E;[2] = {(0,0),(1,0),(¢,0),00}. In this case, solving 2(x,y) = 0 requires no ex-
tension of the field Q(t) containing the coefficient ¢t. However, if one writes down the
equations for (z,y) € E;[3], for instance, one doesn’t see any obvious solution. In fact,
one can show (this is a theorem of Igusa) that X, is connected if n is odd, and that the
Galois group of the Galois closure Y,, — X of the covering X,, — X is SLy(Z/nZ).

We now want to apply Theorem 5.5.3. We first check for which subfamilies of the
coverings (X, — X) the result is applicable. If n is odd, we just mentioned that the
Galois group of the Galois closure of X, is G, = SLy(Z/nZ). It turns out that, in this
case (and many similar situations), there exists a single infinite Galois covering ¥ — X
with Galois group a finite index subgroup I' of SLy(Z) such that each Y, arises as the
covering associated to the normal subgroup

ker(I' = SLy(Z/nZ)) C T

(the kernel of reduction modulo n). If we pick a finite symmetric generating set S of I'
and consider the Cayley graphs of G, = SLy(Z/nZ) with respect to the image of S, then:

(1) Taking all odd prime values of n, we are in the situation of the Bourgain—
Gamburd Theorem 6.1.1 (proved in Chapter 6), and therefore the corresponding
family is an expander.

(2) If we take all odd squarefree values of n, then we can appeal to the Bourgain—
Gamburd-Sarnak Theorem (the case G = SLy of Theorem 4.3.8) instead, and
have the same conclusion.

(3) Finally, taking all n odd, we are in the situation of the Bourgain—Varji The-
orem (the case G = SLy of the final statement of Theorem 4.3.8), hence the
corresponding family is again an expander.

We’ve mentioned all three cases, although of course the last encompasses the other,
because the analogue of the Bourgain—Varji Theorem might not be known in other sit-
uations, and sometimes it is not needed for interesting applications, as we will now see.

We apply Theorem 5.5.3 first to the family (X,, — X), oqa- This shows that the
gonality of X, tends for infinity. By the Faltings—Frey Theorem, we conclude that if n is
large enough, the set

[k:Ql<d

is finite. In other words, having fixed d, if n > 1 is large enough in terms of d, there are
only finitely many Legendre curves F; with [Q(t) : Q] < d such that F;(Q(¢)) contains
the n-torsion points of E;. A finer argument (see [34, Th. 7]) shows that in fact the same
conclusion holds for those ¢ where E;(Q(t)) contains a single non-zero n-torsion point.

We now discuss an even more interesting application of these results. We recall that
an endomorphism u of an elliptic curve E is a group morphism E — FE that is also
algebraic. In particular, the endomorphisms (x,y) — n(x,y) of multiplication by n € Z
are always of this type. Elliptic curves over a field of characteristic zero are of two kinds:
those curves E that have no other endomorphisms than multiplication by integers, and
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those that do. These last special curves are called “curves with complex multiplication”,
or CM curves for short.

The CM curves are indeed extremely special. If we restrict to the Legendre curves
E}, it is not difficult to prove that any ¢ for which E; has CM is algebraic. One example
is

E o y=z@-Dx+1) =22
(where an “extra” endomorphism, if we take the base field to contain i in addition to Q,
18 (*Tuy) = (—LE,Zy))

A fascinating problem with a long history, although in the disguise of counting imag-
inary quadratic fields with bounded class numbers, is to try to count how many CM
curves F; there are with Q(¢t) fixed (e.g., with ¢t € Q) or with [Q(¢) : Q] bounded. (A
wonderful discussion of this problem under many aspects is in the book [30] of Cox).

The key observation is that, for any n, the Galois action on torsion points (z,y) €
Ei[n] must commute with any endomorphism of E; that is defined over Q(t). If the curve
has CM, then this becomes a strong restriction on the possible Galois group, hence it
implies that computing torsion points is “not as complicated” as it is for curves without
CM.

Following this idea, one can construct from the family (Y;, — X) some other auxiliary
families of coverings (o, : Z,, — X) with the property that, if £, has CM, then it follows
that t = o, (x) for some = € Z,(Q(¢)). Using expansion, one can prove again that the
gonality of Z,, is increasing for n odd. Hence, as before, if we fix d > 1, then the set

U on(Zn(k))

[k:Ql<d

is finite if n is large enough. Picking one such n (depending on d), the previous observation
allows us to conclude:

COROLLARY 5.5.7. Let d > 1 be an integer. The set of t € Q with [Q(t) : Q] < d
such that B, has CM 1is finite.

Observe that, in this application, the final conclusion does not mention any family of
coverings: these only played an auxiliary role. Moreover, since we are free to select n as
we wish, we may take for instance a large enough prime, which means that the conclusion
only depends on the (somewhat) easier Bourgain-Gamburd Theorem, and doesn’t require
its extension to squarefree n or to all (odd) n.

Here is a final re-interpretation of this conclusion. The theory of Complex Multipli-
cation (see [30, Ch. 3]) is actually very precise concerning the fields k£/Q such that there
is some Legendre curve F; with CM and t € k. In particular, this theory implies that
[Q(t) : Q] is bounded in terms of the class number of the endomorphism ring of F;, which
one can show is a finite index subring of the ring of integers in an imaginary quadratic
field. Conversely, for any imaginary quadratic field F/Q, there exists a Legendre curve
E; with CM by E, and with [Q(?) : Q] bounded (explicitly) in terms of the class number
of E. In particular, we observe that Corollary 5.5.7 proves that if we fix some integer
d > 1, then there can only be finitely many imaginary quadratic extensions of Q with
class number < d (since each of these would give rise to at least one Legendre curve E;
with CM and [Q(¢) : Q] < d.)

Thus we have deduced a famous result of Deuring and Heilbronn, first conjectured by
Gauss:

THEOREM 5.5.8 (Deuring, Heilbronn). As the absolute value of the discriminant tends
to infinity, the class number of an imaginary quadratic field tends to infinity.
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We refer, e.g., to [58, p. 174, Ch. 22, Ch. 23] for the derivation of the “classical”
proof of this result, based on Dirichlet’s Class Number Formula and analytic properties
of Dirichlet L-functions, and for further study of the (still fascinating) problem of making
the statement effective, namely to give an effective “explicit” lower bound for the class
number of an imaginary quadratic field with discriminant d. Whereas the Generalized
Riemann Hypothesis swiftly implies that the class number is roughly of size |d|'/2, the
best known result (due to Goldfeld and Gross—Zagier, see, e.g., [58, Ch. 23]) is rather
less impressive, since it is of size merely log |d| (or even a bit smaller!). This is also closely
related to the Siegel-Walfisz Theorem 5.3.8.

EXAMPLE 5.5.9. Our final example (see [34, Th. 6]) is still related to Legendre
curves, but we present it separately because now (in contrast to what was stated at the
beginning of Example 5.5.6) there will be no way to avoid using expansion properties of
Cayley graphs of the type proved by Helfgott, Bourgain and Gamburd (and others).

We have seen that, to construct the torsion points Fi[n] of order n in a Legendre
curve with ¢ algebraic, one needs to solve polynomial equations of large degree. We can
now ask if, for two Legendre curves, these equations are “the same”. More precisely,
how often can one find ¢; # t3 in the same number field k/Q such that F; [n] and E,[n]
are isomorphic as finite abelian groups with the action of the Galois group of k? Note
that this would in particular mean that the coordinates of n-torsion points of E;, can be
expressed in terms of those of £}, without introducing further extensions.

For concreteness, we consider the specific case where to = 2t;. Let Y = X — {1/2} =
C — {0,1,1/2}. One can construct a family of finite coverings 7,: T,, — Y such that,
for any t € k, if Ey[n] and Ey[n| are isomorphic, then there exists x € T,,(k) such that
t = 7,(x). The coverings T,, — Y arise as quotients of an infinite covering 7' — Y, whose
Galois group was shown by Nori to be an infinite index subgroup of SLy(Z) x SLs(Z),
although it is Zariski-dense in SLy(C) x SLy(C).

It is then from the most general work of Salehi-Golsefidy and Varju [99](see Theo-
rem 4.3.8) that we deduce that Theorem 5.5.3 is applicable to the family (7; — Y'), where
¢ runs over large enough primes. The arithmetic conclusion is the following:

COROLLARY 5.5.10. For any integer d > 1, there exists ¢y such that if £ > ly is a
prime number, then there are only finitely many t with [Q(t) : Q] < d such that E[l] and
Exy[l) are isomorphic as finite groups with Galois action.

Note that if ¢ = 2, then F;[¢] and E9[¢] are always isomorphic (since F;[2] is contained
in £:(Q(t)), the Galois group acts trivially in that case).
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CHAPTER 6

Expanders from SLy(F),)

6.1. Introduction

In this chapter, we set out to prove Theorem 4.3.2 on expansion of Cayley graphs of
SL,,(F,), in the special case m = 2 (which is due to Bourgain and Gamburd [12]). We
recall and rephrase the statement in a convenient way:

THEOREM 6.1.1 (Expansion in subgroups of SLy(Z)). Let S C SLo(Z) be any finite
symmetric subset and let G be the subgroup generated by S. For prime numbers p, let
I, = C(SLy(F,),S) be the Cayley graph of the finite group SLo(F),) with respect to the
reduction modulo p of the set S. Then (I'y)psp, is an expander family if and only if T, is
connected for all p large enough.

Although the arguments of the proof are, to a very large extent, elementary, they are
quite subtle and involved. In the first section, we present the strategy and state some
group-theoretic properties of SLy(F,) which underlie the whole argument. Originally, the
work of Bourgain and Gamburd was spurred by Helfgott’s growth theorem (see Theo-
rem 6.6.1 below, which implies Theorem 4.3.5) for the same groups (which suffices to
show the weaker esperantist property). However, we present those two steps backwards:
we explain first how Bourgain and Gamburd reduced the expansion property to Helfgott’s
theorem, and then prove the latter. Our justification for this is simply that this seems to
the author to involve the gentlest learning curve.

As we stated in Section 4.3, Theorem 6.1.1 as well as Theorem 6.6.1 have been consid-
erably generalized in recent years. We refer to Tao’s book [109] for a complete account
of the proof of much more general results.

REMARK 6.1.2. (1) Both Helfgott’s Theorem and the Bourgain-Gamburd method
are completely effective and explicit, and one can use them to compute actual numerical
bounds for the spectral gap of an explicitly given subgroup. This requires rather strenuous
and tedious bookkeeping however; the reader may check in the paper [70] the quality of
the resulting bounds.

(2) The proof involves a number of properties of the groups SLo(F,). All these can
be proved elementarily, but the full details are quite long, and we have chosen not to
include all of them. Roughly speaking, we will prove most of what is needed to the
growth theorem, but only state (with proper references) the results used in the Bourgain—
Gamburd argument. This compromise is of course somewhat arbitrary...

By convention, throughout this chapter, when we consider Cayley graphs C(G, S),
we assume that S is not empty (so that in particular the Cayley graph has no isolated
vertices, and we may speak of its Markov operator).

6.2. Preliminaries and strategy

Theorem 6.1.1 will be proved using the spectral definition of expanders, and in fact by
appealing to ideas involving random walks. The fundamental idea is to try to detect the

150



spectral gap by looking at the spectral decomposition of a certain specific quantity built
using the Markov operator. The following choice turns out to be very efficient (maybe
because of its simplicity from the spectral point of view?)

LEMMA 6.2.1 (Counting cycles). Let I' = (V, E,ep) be a finite non-empty connected
graph without isolated vertices. Let M be the Markov operator of I' and let (X, )n=0 be a
random walk on I'. For any integer m > 0, we have

Tr(M™) => P(X,, =z | Xo =x).
zeV

In particular, if I' = C(G, S) is a Cayley graph and the random walk starts at Xy = 1,
we have

é Te(M™) = P(X,, = 1),

the probability of returning to the identity after m steps.

(6.1)

PROOF. For the sake of variety, we use a relatively non-standard proof (the reader is
invited to do this more straightforwardly!). Let (p;) be an orthonormal basis of eigen-
functions of M in L*(T'), with My; = A\;jp;. Then the trace of M™ is equal to the sum of
the A7". By orthonormality, we can write

ZA’”—Z%%)W—Z( > val(@)lgi(e) ) AT,

zeV

where N is the sum of the valencies, as in Definition 3.2.11.
After exchanging the sums, the inner summand is the diagonal value g(x, ) of the

function
val
9(z, ZA’”

But, for any z € V, the expression

Vajl\([a:) Z o

i
is the spectral expansion in the basis (¢;) of the characteristic function §, of the single

point x € V. Since the ¢; are eigenfunctions of M with eigenvalue \;, linearity implies
that

Mméx _ Val Z )\m

Evaluating this expression at x, we deduce that
an = (M™5,)(x).
eV

By the basic property of the Markov operator (Lemma 3.2.16), we know that
(M™8,)(x) = P(X[Y) = x),

where (X,gf )) refers to a random walk started at z. By the Markov property, this is the
same as P(X,, = x| Xo = z) for an arbitrary random walk, and hence

ZA?:ZP(Xm:x\XO:x).

zeV
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When I is a Cayley graph, the probability P(X,, = = | Xy = x) is independent of the
starting point x, by homogeneity. Hence, selecting x = 1, we get

1
P(X,, =1) :@Z)\T

for a random walk starting at Xy = 1. U

EXAMPLE 6.2.2. Let ' = (G, S) be a Cayley graph, and consider the random walk
starting at the identity, i.e., Xy = 1. Since the steps of this random walk are obtained
by multiplication with a generator s € .S which is uniformly chosen, we see that we have
a concrete combinatorial description

1 1
—Tr(M™)=P(X,,=1) = ——{(s1,...,8m) €S™ | s1---8m = 1},
|G| S|
which is the number of “relations” in G of length m when presenting the group using the
generators from S.

Using the expression of the trace as a sum of eigenvalues, and the non-negativity of
squares of real numbers, this lemma leads to the following corollary:

COROLLARY 6.2.3. Let I' = C(G, S) be a finite connected Cayley graph with Markov
operator M, and let (X,,)n>0 be a random walk on T' with Xo = 1 fized. Let A C [—1,1]
be the eigenvalues of M, with multiplicity n(\) > 1 for A € A. For any subset Ay C A
and for any integer m > 0, we have

=) (WA < P( Xy = 1),

with equality if A = A;.

This gives an upper bound for any eigenvalue A\, and in particular for the equidis-
tribution radius or, provided one can usefully estimate P(Xy,, = 1). The latter is the
trickiest part, and the argument would not work if the multiplicities n()) did not bring
a little help. However, they do for groups which are “complicated”, in a certain specific
sense, for the following simple reason: the group G, through its action on its Cayley
graphs, also act on each eigenspace of M, and can not have invariant vectors except for
the 1-eigenspace.

PROPOSITION 6.2.4 (Representation of G on L*(G)). Let G be a finite group, S C G
a finite symmetric generating set.

(1) The group G acts by linear automorphisms on L*(G) by means of the left-reqular
representation

reg(g)¢(x) = p(g~'2)
for all x € G and g € G. This is a unitary representation
reg : G — U(L*(Q)).
(2) The regular representation commutes with the Markov operator of C(G,S), i.e.,

M (reg(g)p) = reg(g) (M)

for every g € G and p € L*(G). In particular, each eigenspace ker(M — \) C L*(G)
1s a subrepresentation of the reqular representation. This subrepresentation contains an
invariant vector, i.e., some non-zero @ € L*(G) such that reg(g)p = ¢ for all g € G, if
and only if A =1.
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PROOF. The first part is a formal computation, which we leave to the reader. The
beginning of Part (2) is due to the fact that the regular representation involves multipli-
cation on the left, while we walk on C(G, S) by multiplying on the right with elements of
S, and the two sides of multiplication commute. Precisely, we have

M(reg(9)¢)(x) = g7 ng 'zs) = reg(g)(Me)().

ses
From this, the stability of ker(M — X) is easy: if My = Ap, we have also

M (reg(g)p) = reg(g)(Mp) = reg(g)(Ap) = Areg(g)ep,

i.e., reg(g)p € ker(M — \) for all g € G, as claimed. Now if ¢ is any non-zero function
invariant under the action of G, we get

p(x) = (reg(z)@)(1) = (1)
for all z, which means that ¢ is constant. But then My = ¢, so this only happens when
A=1. O

The innocuous-looking corollary is the following:

COROLLARY 6.2.5 (Bounding or from return probability). Let G be a finite group,
and define d(G) to be the minimal dimension of a non-trivial unitary representation of
G. Let ' = C(G, S) be a finite connected Cayley graph with Markov operator M, and let
(Xn)ns0 be a random walk on T with Xg = 1 fized. Then

o < (% P(Xgm _ 1))1/2m

for all m > 0.

PROOF. Indeed, gor is an eigenvalue # 1 of M, and hence the representation of G on
the or-eigenspace of M is non-trivial. Thus the multiplicity of A as an eigenvalue is at
least equal to d(G), and we can apply the previous corollary with A; = {or}. O

The point of this result is that there exist groups for which d(G) is indeed rather large
in comparison with their size. We will apply this, in Section 6.4, to one such family, and
we state here the corresponding result (for a proof, see Proposition B.2.1, (3)):

THEOREM 6.2.6 (Frobenius). Let F, be a finite field with q elements. If q is odd, we
have .
A(SLu(F,)) = T5—.

In particular, since | SLo(F,)| = q(¢ — 1)(¢ + 1), we have

d(SLy(Fy)) ~ | SLa(Fy)['/?

as q — +oo.

This will be absolutely crucial for the Bourgain-Gamburd theorem. It should be
noted that this property had already been used in situations involving spectral gaps for
the hyperbolic Laplace operator. This goes back (although one must pay close attention
to this paper to detect it!) to a work of Huxley [56, §4], and was first applied by
Sarnak and Xue [100] in contexts where other techniques to prove spectral gaps for the
Riemannian Laplace operator (specifically, Fourier expansions around cusps and estimates
for Kloosterman sums) were not available. Another very relevant application is found in
Gamburd’s thesis [43]. In fact, we will use again this property of SLy(F,) at a further
step, in order to exploit Gowers’s notion of quasi-random groups (see Section 6.5).
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REMARK 6.2.7. Note that d(G) # 1 implies in particular that there can not be any
surjective homomorphism G — {%1}, and therefore that any Cayley graph of G is
non-bipartite (by Proposition 2.3.6).

The corollary leads to expander-quality bounds in the following situation: if we have
(6.2) P(Xy, = 1) < |G|,
for a fixed ¢ > 0, when m is relatively small, of size m < clog |G|, then we get
elog |G| — log d(G))
<
er eXp( 2clog |G|

If, as happens for G = SLy(F,), the group is such that logd(G) > dlog|G| with a
fixed d > 0, and if one can select ¢ > 0 so that the bound (6.2) holds with e arbitrarily
small, in particular € < d, this leads to a uniform upper-bound for pr, namely

d—e¢
Qa<Q=eXp<— ><1~
2c
Here is an intermediate summary of this discussion:
PROPOSITION 6.2.8. Ford > 0, ¢ > 0 and ¢ > 0, let G1(d,e,c) be the family of all
finite connected Cayley graphs C(G, S) where d(G) > |G|¢ and
P(X,, =1) < |G|
for some m < clog |G|. Then for any € < d and any graph I € G1(d, ¢, ¢), the equidistri-
bution radius satisfies
d—ce
or < exp<— )

2c
In particular, if 0 < ¢ < d and ¢ > 0 are such that the family S1(d,e,c) contains
graphs C(G, S) with arbitrarily large vertex sets G- and bounded generating sets S, these
form an expander famaly.

We may now ask two questions: What have we gained in attacking the problem this
way? And is there a reasonable chance to make this work?

The first answer is that we have reduced the question of proving the asymptotic
formula for P(X5,, = 1), which would follow from a bound on the equidistribution radius,
to that of proving an upper bound, roughly of the right order of magnitude, for the same
quantity. Indeed, we know that P(Xy,, = 1) converges to 1/|G| as m — +oo (or 2/|G| if
we want to keep track of the bipartite case) and in view of the effective equidistribution
statement, the probability should be already of the right order of magnitude when m is
a fixed (possibly large) multiple of log |G| (see Example 3.2.30).

It may be helpful to keep in mind the concrete interpretation of the probability
P (X5, = 1): we want to prove that

1 - €
g {lon o 92m) € 877 | sy = 1}l < 167

for m of size clog|G|.
In effect, the result of Bourgain-Gamburd can then be stated as follows:

THEOREM 6.2.9 (Bourgain-Gamburd). Fiz S C Slo(Z) a finite symmetric subset
such that the projection of S modulo p generates SLy(F,) for p = po. Then, for any
e > 0, there exists ¢ > 0, depending on S and &, such that

C(SLy(F,),S) € Gi(5.¢,¢)

for all p > po.
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6.3. The Bourgain-Gamburd argument

This section contains the great new ingredient discovered by Bourgain and Gamburd
that out turns to open the door to implementing the general strategy discussed in the
previous section. This is called the “L?-flattening lemma” by Bourgain, Gamburd and
Sarnak.

In rough outline — and probabilistic language —, the idea is to show that if a SLo(F),)-
valued symmetrically distributed random variable X is not too concentrated, but also not
very uniformly distributed on SLy(F,), then a product of two independent “copies” of
X will be significantly more uniformly distributed, unless there are obvious reasons why
this should fail to hold. These exceptional possibilities can then be handled separately.

Applying this to some suitable step Xj of the random walk, the result of Bourgain-
Gamburd leads to successive great improvements of the uniformity of the distribution for
Xok, Xag, ..., Xajp, until the assumptions of the lemma fail. In that situation, it will be
seen that m = 27k is of size < log |G|, and that P(X,, = 1) satisfies (6.2), and one can
conclude.

To begin, we introduce an invariant which measures the qualitative property of con-
centration and uniformity mentioned in the informal description above.

DEFINITION 6.3.1 (Return probabilities). Let G be a finite group and let X be a
G-valued random variable which is symmetrically distributed, i.e.,

P(X=g)=P(X =g
for all g € G. The return probability rp(X) is defined as
rp(X) = P(X1 Xy = 1),

where (X, X;) are independent random variables with the same distribution as X. Equiv-
alently, we have
1p(X) =) P(X =yg)*.
geG
If X, Y are two G-valued random variables, we denote

rp* (X, Y) = max(rp(X),rp(Y)).

EXAMPLE 6.3.2 (Uniform measures). If A C G is any subset and X is uniformly
distributed on A (equivalently, if we consider the measure v given by

S ifge A
o) = 1A !
(9) { 0 otherwise

for g € GG) then we have rp(X) = ‘7}|.

We will start by proving a general inequality which follows from the method of Bour-
gain and Gamburd, but still applies to general Cayley graphs (see Theorem 6.3.5 be-
low, which it would be awkward to state now). This provides an approach to estimate
rp(X1X2) in terms of rpT (X7, Xy) for fairly general independent symmetric G-valued
random variables X; and X5. Only afterwards will we use special features of the groups
SLy(F,).

Thus let X; and X5 be symmetrically-distributed and independent. (The original
method of Bourgain and Gamburd corresponds to situations where X; and X, are iden-
tically distributed; we then have rp™ (X1, X3) = rp(X;1) = rp(X2)).
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By definition, we have

p(X1Xy) = ZP<X1X2 = 9)2-

geG

To estimate this, we observe that it is partly the lack of uniformity of the distribution
of the random variables which makes it difficult to understand what happens. To get
some control on this lack of uniformity, a common strategy in analysis is to decompose
the range of values of the density functions

into intervals where their variation is within by a fixed (multiplicative) factor. Because
we only attempt to estimate rp(X;X5) (and not to find an asymptotic formula), losing
control of such a fixed factor is typically not a catastrophic loss.

It is most usual to consider dyadic intervals, i.e., intervals of the form ]a,2a]. One
also wishes to avoid considering too many dyadic intervals, because they will be handled
separately, and one must be able to afford losing a factor equal to the number of intervals.
This means one should treat separately the very small values of the densities. We therefore
consider a parameter I > 1, to be chosen later, and decompose

minP(X = z),maxP(X =) C [0,1] =Jo U, U---UT;
where J; is, for 0 < i < I, the dyadic interval
Ji :]2_i_17 2_i]>

and the final complementary interval is J; = [0,27], to account for the small values.
This gives corresponding partitions of GG in subsets

—{xEG | v(x) =P(X; =x) € J;},
={zeG | nx)=PXy,=1) €T},
about which we note right now that, for 0 < ¢ < I, we have a rough size estimate
(6.3) A4l <27, =12
Note also that

Al |G
2]

P(XleAU ZPXl—x\

:BEAl I

and similarly P(X, € Ay;) < |G|27!. Using the partition above and the definition of
rp(X;X3), we obtain

p(X1Xy) = Z( Z (X1Xo=9,X1€ A1y, Xo € A2,j))2

geG 0<i,j<I
2
< 8|GP272 + 22( Y PXiXo=g, X1 €Ay, Xp€ A2,j)>
9eG 0<ij<I

< 23721‘G’3 + 2[2 Z ZP(XlXQ = g,X1 € Al,i; X2 € AQJ)2

0<i,j<I geG
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by the Cauchy-Schwarz inequality. Furthermore, the inner sums in the second term, say
B(Al,ia Ag’j) are given by

B(Ai;, Asj) = ZP(Xle =g, X1 € Ay, X, € Ay;)?
geG

= Z( Y PXi=12)P(X;= y)>2

9€G  (zy)€A1,ix Az
Y=g

_ Z vi(@1)vi(z2)va(y1)va(ye)

x1,22€A1 4,y1,y2€ A2 ;
T1Y1=T2Y2

<27 (w1, 22,41, 12) € Aiz X A%,j | 11 = T2y},
using the independence of X; and X5 and the dyadic decomposition. The last quantity
has a name, going back to Gowers at least:

DEFINITION 6.3.3 (Multiplicative energy). Let G be a finite group and A, B subsets
of G. The multiplicative energy E(A, B) is given by

E(A,B) = [{(z1,22,y1, %) € A x B? | t1y1 = wap},
and the normalized multiplicative energy is either 0 if A or B is empty, and otherwise is
given by
|E(A, B)|
(1Al1B])?2
It may not be obvious that the normalization is the “correct” one, but this will become
clear very soon. In any case, for the moment, we have shown that

rp(X1X,) < 2°7H|GP + 21 Z 22 B (A, Ayy)

0<i,j<I

e(A, B) =

We now want to insert, for comparison, the return probability rp* (X7, X5) itself in
the right-hand side. This is done in different ways, depending on the size of the subsets
involved; the “very small” and “very large” subsets can be handled with rather easy
bounds, and we can concentrate on the “medium” range. Precisely, we have the following
lemma:

LEMMA 6.3.4. (1) For any finite group G, and any subsets A, B C G, we have
(6.4) E(A, B) < min(|AP*|B|, |A[|B]?).
(2) With notation as above, for alli and j, we have
272 E(A,, Agj) < 2'pT (X1, Xa)e(Ary, Agj),
and for all o« > 1, we have
9~2(i+7) E(A1;,As;) < a trpt (X7, Xy),
unless
e 3 Cha
(3) If |A1i| = a7 G| for some a > 1, then
22N B(Ay,, Agy) < 2%|GT
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ProoOF. (1) follows from the definition
E(A,B) = [{(z1, 22,91, 92) € A? x B? | Z1y1 = T2ya},

since (x1, 41, X2, Yy2) is determined uniquely by (x1,z2,y1), or by (z2,y1,y2); the former
means that E(A, B) < |AJ?|B|, and the second gives E(A, B) < |A||BJ?.

(2) This is in some sense the crucial point of the whole argument, and yet it is
surprisingly simple. We remark that

rpt (X7, X5) = max(rp(X;), rp(X3))
> (30 (P = g7 +P(X = %)

geG

S (M sy o LOALA?
2 4

92+2i | 92+2j 9i+j

for any choice of ¢ and j. Hence we get
22 E (Alz A2J) = 27204) e(A Z7A2])(|A1 ’L||A21|)3/2

AiillAs
< A (X, Xae( A Ay ) il 20l
< 16rp™ (X1, Xo)e(Ar, Asj)
by (6.3), which was the first goal.
If instead we assume that 2720F) E(A;;, Ay ;) > a~lrpT (X1, Xz), then we write sim-

ply
11 Ag]

92425’

2 2| Ay 1P| Ag | = 272D B (A, Asy) = ap(Xs) 2 a
and get the first inequality of (6.5), the second being obtained symmetrically.

(3) This is also elementary: using (6.5) twice, we have
|Avill Az

92i+2j

2” 2(i+7) E(Al 27A2]) NS < 27i+3 g 24‘141,1"71

and hence the assumption leads directly to
2- H_] (Al Z,AQJ) 24Oé|G|_1.
O

We refer to Lemma A.1.3 in Appendix A for some other elementary properties of the
multiplicative energy.
We will now fix some parameters «, 5 > 1, and define

(6.6) Qo=1{(i,7) | 0<i,j <1, |Al<27a b or|Ay;] <27 la™'},
(6.7) Qs ={(i,4) | 0<i<I, |Ai| =BG},

and denote by P or P, 3 the complement of the union of these two sets. Thus P corre-
sponds intuitively (for suitable values of the parameters) to those (4, 7) for which trivial
estimates are not enough to obtain a useful bound on rp(X;X5).

For (i,7) € Qa, the second part of the lemma gives us

2720+ B E(Ay;, Asj) < a?rpt (X, Xy),
and for (i,7) € @ﬁ, the third part gives
22 B(Ay 4, Asy) < 2°B|G) 7,
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and thus we have now shown that
rp(X1Xp) < 227H|GP + 2'810 G 4 20 Pep(X) I
—+ 25I‘p+(X1, X2)12 Z 6(141’7;, AQ’j)7

(i,9)eP

where we just estimated the size of (), and @5 by I?. We now select

2log 2|G|
[= 2285 <3 ,
2022 < stogtalcl)

and hence obtain a first basic inequality:

THEOREM 6.3.5 (Towards L?-flattening). Let G be a finite group, X; and X, two
symmetric independent G-valued random variables. With notation as above, for any «,
B> 1, we have

(log 3|G|)* 8

(6.8) rp(X1Xs) < &

—+ rp+(X1, XQ)(IOg 3|GD4{$ + Z e(Al,h AQ,j)}y
(i,j)eP
where the implied constant is absolute.

Intuitively, 8 will be a small power of |G|, and the first term here is then close to
|G|71. Tt is then essentially optimal, and can neither be improved or removed.

So if we want to understand how to use this inequality to obtain an improvement in
the return probability for X; X, in terms of rp(X;) and rp(X3), with the parameters «
and [ at our disposal, we have to show that e(A;;, A ;) is rather small when (i, j) € P.

The next lemma explains quite clearly what is at stake. It is not needed for the actual
Bourgain-Gamburd argument (we will need stronger tools), but is certainly instructive
in a first reading.

LEMMA 6.3.6 (Extreme of the normalized energy). Let G be a finite group and A,
B C G non-empty subsets. We have e(A, B) < 1, with equality if and only if there ezists
a subgroup H C G, and elements x, y € G such that

A==zxH, B = Hy.
Moreover, if e(A, B) > a~! with a > 1, we have
(6.9) a Al < |B| < a?Al
PROOF. Let a = |A] and b = |B| for simplicity. We already know that
E(A, B) < min(a®b, ab?),
(by (6.4)), and to deduce e(A, B) < 1, we observe that
(6.10) min(a?b, ab?) < (ab)®/?,

if need be by considering the cases a < b and b < a separately (for example, in the first
case, we have

min(a?b, ab?) = a*b = a*?a"/*b < (ab)*/?
and the other case is symmetric.)
We now prove (6.9). If e(A, B) > a™!, with a > 1, and if b < a, we deduce

a1(ab)?? < E(A, B) < min(ab?®, a*b) = ab?,
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so that
a?a<b<a< a2a,
which is (6.9) in that case. Of course, assuming b < a leads to the same result.

We now attempt to characterize the sets with e(A, B) = 1. One direction is clear: if
H C G is a subgroup and A = xH, B = Hy, we have

{(@1, 20, y1,12) € A* x B? | z1y1 = xoyo} = {(h1, ho, hs, hy) € H* | xhihsy = xhohay}

which contains |H|* = (JA||B|)*? elements.
For the converse, we note first that (6.9) with oo = 1 shows that a = b if e(A, B) = 1.
Then we define what will turn out to be the necessary subgroup H, namely

H={geG | Ag= A}

(which is indeed a subgroup of G). Fixing a single element x; € A, we get x1h € A for
all h € H, ie., ;1H C A, and in particular |H| < a. We will now prove that b < |H]:
since |[E(A, B)| = ab?, we see that for all z; in A and y;, y» € B, the element

T1Y1Ys

must also be in A. Since z; is arbitrary, this means that y,3, ' € H, hence that y; € Hys.
Taking y5 to be fixed and varying ¥, we obtain B C Hys.
This gives therefore
|H| <a=b< |Hy|=|H|
so there must be equality |H| = a
inclusions we used, i.e.,

= b, and then there must also be equalities in the

le:Aa HyZZBu

which was our desired conclusion. O

Comparing this statement with the inequality (6.8), we can see that each term
e(A1;, Az ;) in the sum on the right-hand side over ¢ and j is at most 1. We can easily
understand when one of them is equal to 1, by using the lemma, and the reader may also
want to first solve the next exercise.

EXERCISE 6.3.7 (Baby case). Show that, with notation as in (6.8), there exists an
(explicit) absolute constant 6 > 0 such that, if there exists (4, j) € P with e(A4;,, A;2) = 1,
there also exists a subgroup H C G and x € G for which

P(X € 2H) > 4a™ .
Show that H is a proper subgroup of GG unless
rp(X) < 4|G|7h

If we assume that « is a small power of |G|, this means that if there is a term in (6.8)
with e(Ay;, Aj2) = 1, and if X is not very uniformly distributed, the random variable X
has a rather large probability of being in a proper subgroup.

However, simply knowing that each term in (6.8) is less than 1 is not particularly
useful,! and we want a significantly better estimate on e(Ay;, Asj). Precisely, we are
looking for a structural understanding of pairs of sets A, B C G such that e(A, B) > o™}
with « as large as possible (as a function of |G|). The ideal goal is that one should be able
to describe such sets in terms similar to the characterization of the condition e(A4, B) = 1,
i.e., in terms of cosets of a common subgroup.

1 Because it is not difficult to check that rp(X;X») < rp(X) anyway.
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One can indeed do this for many groups, such as SLy(F,). More precisely, the argu-
ment involves two steps. In the first one, which still applies to all finite groups G, one
shows how to control sets with e(A, B) rather large in terms of certain subsets H C G
which are called approrimate subgroups, and which play the role of the subgroup H in
the case e(A, B) = 1.

In the second step, which is much more involved, we must classify approximate sub-
groups for certain families of finite groups G. For the groups SLy(F,), such a classification
is equivalent to Helfgott’s theorem, which informally will show that all approximate sub-
groups of SLy(F),) are essentially controlled by actual subgroups. Such a classification has
now been established in much greater generality (indeed, in some sense, in full generality,

by work of Breuillard, Green and Tao [17], although that general result is less precise
than Helfgott’s Theorem in the specific context of SLy(F))).
We start with defining approximate subgroups, following Tao (see [108, Def. 3.8]).

DEFINITION 6.3.8 (Approximate subgroup). Let G be a finite group and a@ > 1. A
non-empty subset H C G is an a-approximate subgroup if 1 € H, H = H™! and there
exists a symmetric subset X C G of order at most o such that

(6.11) H-HC X-H,
which implies also H-H C H- X. The tripling constant of H is defined by

H-H-H
trp(H) = ==

REMARK 6.3.9. (1) Early works concerning approximate subgroups sometimes include
further conditions. For instance, in [108, Def. 3.8], it is also asked that X C H - H, and
in [110], it is further necessary that X - H C H - X - X. These two conditions are now
thought to be extraneous. In any case, they do not play any role in the proof of the next
result.

(2) By (6.11) we have an immediate bound for the tripling constant:

H-HHC(X-H-HC(X-X)-H
leads to
trp(H) < [X|* < o®.
However, if one is concerned with explicit upper bounds, one may well know a better
bound than this, as in the next theorem.

We now state the generalization of Lemma 6.3.6 where the condition e(A, B) =1 is
relaxed.

THEOREM 6.3.10 (Sets with large multiplicative energy). Let G be a finite group and
a > 1. If A and B are subsets of G such that e(A, B) > a~t, there exist constants
B1, B, B3 = 1, such that B; < cia® for some constants ¢y, co > 0, and there ezist a
Br-approximate subgroup H C G and elements x, y € G with

H| < BolA| < B20”|B],

1 1
|[AnzHl > —[|A],  [BNHy| > [B],
P Bs
trp(H) < Bs.
This is proved by Tao in [108, Th. 5.4, (i) implies (iv)] and quoted in [110, Th.

2.48]. We give a proof in Appendix A (see A.3.7), with explicit values of the constants
(see also [70, Th. 2.1, Appendix A]).
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EXERCISE 6.3.11. (1) Show that a l-approximate subgroup of G is just a subgroup.
(2) Let G = Z/mZ where m > 1 is an integer, and let H C G be the reduction modulo
m of the integers

—k,—k+1,...,-1,0,1,....k—1,k

for some k£ < m/2. Show that H is a 2-approximate subgroup of G. (The point of this
example is that if k£ is very small compared with m, then H is not “close” to an ordinary
subgroup.)

(3) [Helfgott] Let p be a prime number, k < p/2 an integer and fix two elements 7,
s € F,. Let

r" Y
H:{ 0 s" z | z,y,z € Fy, —k<n</{:}CSL3(FP).
0 0 (rs)™

Show that H is an a-approximate subgroup of SL3(F,) for some a independent of p
and k.

We can now combine Theorem 6.3.10 with the Bourgain-Gamburd inequality, while
still remaining at a level of great generality. We define for this purpose a type of groups
where approximate subgroups are under control (this is not a standard definition, but it
will turn out to be convenient.)

DEFINITION 6.3.12. For § > 0, a finite group G is d-flourishing if any symmetric
subset H C G, containing 1, which generates G' and has tripling constant trp(H) < |H|°
satisfies

H-H-H=G.

One could use variants of this definition, but it will be convenient. The motivation
is, historically, one of opportunity: the theorem of Helfgott that we already mentioned,
and which will be proved in Section 6.6, can be stated as follows: there exists 6 > 0,
an absolute constant, such that SLy(F,) is d-flourishing for all primes p. The following
exercise gives some useful basic insight on the nature of this property.

EXERCISE 6.3.13. (1) Show that there exists no 6 > 0 such that Z/pZ is o-flourishing
for all primes p.

(2) Show that if G is J-flourishing, there exists some explicit 4; > 0 (depending on J)
such that any symmetric generating subset H containing 1 of size |H| > |G|'~% satisfies
H-H-H=G.

(3) Show that if G is o-flourishing, there exists A > 0, depending only on §, such that

diam(C(G, 9)) < (log|G))*
for any symmetric generating set S of G.
We now establish a general form of L?-flattening.

THEOREM 6.3.14 (L?-flattening conditions). Let G be a finite group which is §-
flourishing for some § with 0 < § < 1. Let X1, Xy be G-valued independent symmetric
random variables. Let 0 < v < 1 be given, and assume that

(6.12) P(X, € zH) < |G|

for all proper subgroups H C G and x € G.
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Then for any € > 0, there exists 0y > 0, depending only on €, 6 and vy, such that
I‘p—*— <X17 X2>
|G |G

where the implied constant depends only on (g,9,7).

(X7 Xs) <

REMARK 6.3.15. If X; and X, are identically distributed, we obtain the case which
was considered by Bourgain and Gamburd.

PROOF. Fix some ¢ > 0. We apply (6.8) with a = |G| ~¢, for some §; > 0 to be
chosen later, keeping (3 free for the moment. We obtain

(X1 Xs) < {|G|_1+€ +rpt (X1, X0)|G] 7% + 1pT (X1, Xo) Z G(Al,z‘;Azj)}
(i,5)eP
where the implied constant depends only on ¢.
Let then
R=R,={(i,j) € P | e(A1;,As;) > a '} C P,
so that the contribution of those (i, 7) € P which are not in R,, together with the middle
term, can be bounded by
< |G|_61+6rp+(X17 XQ):

where the implied constant depends only on ¢.

This is of the right shape. We will now analyze the set R, and show that it is empty
when 4; is chosen small enough, and [ is well-chosen. By Theorem 6.3.10, for each
(i,7) € R, there exists a fj-approximate subgroup H; ; and elements (z;,y;) € Ay; X As;
such that

IHij| < Ba| Al | A NaHg ;| = 85 Al |Aa; N Hi 5] = B3 Azl
and with tripling constant bounded by (4, where
B < a1|G|**

for some absolute constants c;, ca > 0. We then note first that if H;; denotes the
“ordinary” subgroup generated by H; ;, we have

P(X € ;H;;) > P(X € z;H;)

1A 1 1

>P(X €A ,;NxH;;) > > |G| (1+e2)or”

7 By 2171 T 4B5a

with an absolute implied constant, using the fact that elements of P are not in the
set (6.6). If §; is small enough that

(613) (1 -+ C2)51 <7,

and if |G| is large enough, this is not compatible with (6.12), and hence, for such a choice
of 01, we deduce that each H;; (if any!) generates the group G.

We next observe that H; ; can not be extremely small, which will allow us to relate
the tripling constant to the size of H; ; instead of that of G. Indeed, we have

Hij| = |ziHi; N AL > 53_1|A1,z‘|7

on the one hand, and by applying (6.12) with H = 1, we can see that A;; is not too
small, namely

P(X e A,

_ I6I1Awl _ |G
maxgeq P(X = g)

|A1,i| = Z |G|7P(X € Al,i) = 9i+1 = Aoy
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using again the definition of P.
This gives the lower bound
G
Hyi| > —— G
il > 1> 1]
with 71 = v — §1(1 + ¢o) (which is > 0 by (6.13)), for some absolute implied constant.
This leads to control of the tripling constant, namely

trp(Hiy) < i < |G| < [Hy |20

where the implied constant depends on v and 6.
Since we assumed that G is d-flourishing, we see from Definition 6.3.12 that if 4, is
such that

) 4}
(6.14) @h_ 2%
" Y= (1+c2)d
and again if |G| is large enough, the approximate subgroup H; ; must in fact be very large,
specifically it must satisfy

Hi,j ' Hi,j ' Hi,j - G’

and in particular
[Hij-Hij - Higl 1G]

H, | >
Figl > P Ba
Then we get
His| _ 1G] 1220
A12A12H$ZHZ>—J>—>>G €201
| 17| | ) I = 62 /5254 | |

where the implied constant is absolute. If we now select 8 = M|G|?**° for M large
enough, this implies that (i,j) € CNQB. Since P is also in the complement of (6.7), this
means that R is empty for these parameters.

We now conclude that for any € > 0 and any §; > 0 small enough so that (6.13)
and (6.14) are satisfied, we have

rp(X1Xp) < |G| 4G p (X, X),

where the implied constant depends on ¢, §; and 7. Fixing §; small enough, we make
the first exponent as close to —1 as possible; then the second is of the form —dy, where
09 > 0. Thus, renaming the constants, we obtain the conclusion as stated. U

In order to apply this theorem iteratively, we need also the following simple observa-
tion of “increase of uniformity”.

LEMMA 6.3.16 (Uniformity can only increase). Let G be a finite group, S a symmetric
generating set, and let (X)) be the corresponding random walk on C(G,S). For anyn > 1
and m = n we have rp(X,,) < rp(X,).

PROOF. By the spectral interpretation (6.1) of the return probability, we have
1 1

p(Xo) = P(Xop =1) = €] Te(M*™),  1p(Xa,) =P(Xy, =1) = €] Te(M*")
were M is the Markov operator. Since all eigenvalues of M? are non-negative and < 1,
it follows that

Tr(M*™) < Tr(M*")
for m > n, as desired. OJ
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We can summarize the conclusion of all this section as follows, in the spirit of Propo-
sition 6.2.8.

COROLLARY 6.3.17 (The Bourgain-Gamburd expansion criterion). Let ¢ = (¢, d, d,7)
be a tuple of positive real numbers, and let Go(c) be the family of all finite connected
Cayley graphs C(G,S) for which the following conditions hold:

(1) We have d(G) > |G|%;

(2) The group G is d-flourishing;

(3) For the random walk (X,,) on G with Xo = 1, we have that

P(Xo € eH) < |G|

for some k < clog |G| and all x € G and proper subgroups H C G.
Then, if ¢ is such that G2(c) contains graphs C(G,S) with arbitrarily large vertez sets
G and bounded generating sets S, these form an expander family.

The idea in this corollary is that ¢ > 0 will be rather small, and Condition (3) means
that, after k steps, the random walk on C(G, S) has begun spreading out, and escaping
from proper subgroups, at least to some extent. In view of Proposition 6.2.8, the content
of this corollary is therefore that these two conditions imply that, after < mlog |G| steps,
for some large m, the random walk will become “almost” uniform, allowing us to apply
Corollary 6.2.5.

PRrOOF. Let I' = C(G, S) be a graph in Gy(c). We apply Theorem 6.3.14 with 0 <
e < d, say € = d/2. Let §; be such that the L>-flattening inequality holds for this value,

so that
1 pt (Y1, Y3)
|G- |G >
for random variables Y7, Y5 which satisfy the assumptions of this theorem.

Let k = |clog|G|] be given by (3). We apply the theorem to Y} = Xy, and Yy =
Xoi+n,Y; ! for 5 > 0. These are indeed independent and symmetric random variables,
and Conditions (2) and (3) imply that we can apply Theorem 6.3.14 to these random
variables for any j > 2. Since Y; and Y; are identically distributed, we have

rp*(¥1,Y2) = 1p(Y1) = 1p(Xai,).
Thus, applying the theorem, we obtain by induction
rp(Xaik) < 1p(X3)| G772 < G702

p(Y1Ys) < max(

when j is such that
G402 > G2,
and for larger j, we get
rp(Xos) < G712,
where the implied constants depend only on (d,v). In particular, we obtain this last
inequality for
1
<« L
J 5
which, by the “cycle-counting” Corollary (6.2.5), gives
or < (|G""rp(Xoip,)) /') < exp(—cd)
for some constant ¢ > 0 which is independent of I' € G5(c). This proves the theorem. O
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6.4. Implementing the Bourgain-Gamburd argument

Theorem 6.1.1 will now be proved by applying the criterion of Corollary 6.3.17. Thus
we will consider the groups G, = SLy(F,) for p prime, for which Condition (1) of the
Bourgain-Gamburd criterion (which is purely a group-theoretic property) is known: this
is Theorem 6.2.6 of Frobenius, which gives the value § = 1/3. Condition (2) is a much
more delicate matter: it is Helfgott’s Theorem, which is proved in Section 6.6. However,
it is still purely a property of the groups SLy(F,).

Condition (3), on the other hand, involves the choice of generating sets. The symmet-
ric generating sets S, in Theorem 6.1.1 are assumed to be obtained by reduction modulo
p of a fixed symmetric subset S C SLy(Z). What makes this situation special, and in
particular makes it possible to check Condition (3) of the criterion, is the following special
case: if S C SLo(Z) generates a free group, the first steps of the random walks modulo
p (up to a small multiple of log|G,|) are “the same” as those of a random walk on an
infinite regular tree. We can then “see” the probabilities P(X; = ¢) that we need to
estimate at the level of this tree, where they are easier to analyze.

Since we work with symmetric sets in groups, the following definition will be useful:

DEFINITION 6.4.1. Let G be a group and S a symmetric generating set of G. We
say that G is freely generated by S if S has even cardinality and S is the disjoint union
S =T UT™!, where T generates a free group. In particular, G is then a free group on
|T| generators.

We begin with a classical proposition, whose idea goes back to Margulis. For the
statement, we will use the norm

B [(gv, w)|
gl = max —=——
vw0 [Jv]|||w|

of matrices, as recalled in Appendix C.

ProOPOSITION 6.4.2 (Large girth for finite Cayley graphs). Let S C SLy(Z) be a

symmetric set, and let I' = C(G,S) be the corresponding Cayley graph. Let 7 > 0 be
defined by

-1 _
(6.15) T = logI?EanHsH > 0,

which depends only on S.

(1) For all primes p and all v < Tlog(p/2), where G, = SLy(F,), the subgraph T',
induced by the ball of radius r in I' maps injectively to C(G,, S).

(2) If G is freely generated by S, in particular 1 ¢ S, the Cayley graph C(Gp,S)
contains no cycle of length < 271log(p/2), i.e., its girth is at least equal to 27 log(p/2).

PROOF. The main point is that if all coordinates of two matrices ¢y, go € SLo(Z) are
less than p/2 in absolute value, a congruence g; = g (mod p) is equivalent to the equality
g1 = g2. And because G is freely generated by S, knowing a matrix in G is equivalent to
knowing its expression as a word in the generators in S.

Thus, let  be an element in the ball of radius r centered at the origin. By definition,
x can be expressed as

T =51"""Sm
with m < r and s; € S. Using the elementary properties (C.1) and (C.2) of the norm,
we get
max |z, < |z < [lsi]l - [lsmll < ™7 < e

’
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Applying the beginning remark and this fact to two elements = and y in B4(r), for r
such that e’/™ < £, it follows that x = y (mod p) implies # = y, which is (1).

Then (2) follows because any embedding of a cycle v : C,, — C(G),S) such that
7(0) = 1 and such that

d(1,7(i)) < m/2 < 7log(p/2)

for all 7 can be lifted to the cycle (of the same length) with image in the Cayley graph of
G with respect to S, and if S generates freely GG, the latter graph is a tree. Thus a cycle
of length m = girth(C(G,, S)) must satisfy m/2 > 7log(p/2). O

We can now check Condition (3) in the Bourgain-Gamburd criterion, first for cosets
of the trivial subgroup, i.e., for the probability that X,, be a fixed element when n is of
size clogp for some fixed (but small) ¢ > 0.

COROLLARY 6.4.3 (Decay of probabilities). Let S C SLo(Z) be a symmetric set, G
the subgroup generated by S. Assume that S freely generates G in the sense of Def-
inition 0.4.1. Let p be a prime such that the reduction S, of S modulo p generates
Gp = SLy(F,), and let (X,,) be the random walk on C(Gp, S,) with Xo = 1.

There exists v > 0, depending only on S, such that for any prime p large enough and
any x € SLo(F,), we have
(6.16) P(X, =x) <|Gp|™”
for some

n = 7log(p/2),
where T is defined in Proposition 6.4.2.

PROOF. There exists ¥ € G such that  reduces to x modulo p and 7z is at the same
distance to 1 as z, and by Proposition 6.4.2, (2), we have

P(X, =1)=P(X, =7),

for n < 7log(p/2), where (X,,) is the random walk starting at 1 on the infinite |S|-regular
tree C(G, .S). By Proposition 3.2.31, we have

S~ _ : 1S
PX,=2)<r " with r= ———,
( ) 24/|5] —1
for all n > 1 and all ¥ € G. For p large enough, and n of size (say) %Tlogp,this implies
P(X, =) < |G|
where v > 0 depends only on S. (|
In order to deal with cosets of other proper subgroups of SLy(F,), we will exploit
the fact that those subgroups are very well understood, and in particular, there is no
proper subgroup that is “both big and complicated”. Precisely, by Corollary B.2.3 in
Appendix B, we see that if p > 5 and H C SLy(F,) is a proper subgroup, one of the
following two properties holds:
(1) The order of H is at most 120;
(2) For all (z1,x9,x3,24) € H, we have
(617) [[1’1, Ig], [ZE3, 174]] =1.
The first ones are “small”: if H is of this type and (6.16) holds, we get
P(X € zH) < 120|G,| 7
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immediately. The second are, from the group-theoretic point of view, not very compli-
cated (their commutator subgroups are abelian). We handle them (as was done in [12])
at the level of the free group generated by S, although it is also possible to keep attention
focused to the finite groups SLy(F),) (indeed, for groups which are more complicated than
SLs, there exist proper “complicated” subgroups, and this second option is then most
natural.) Precisely, we have the following ad-hoc lemma:

PROPOSITION 6.4.4. Let k > 2 be an integer and let W C F}, be a subset of the free
group on k generators (ai, ..., ax) such that

(6.18) [[z1, 2], [x3, 24]] = 1
for all (z1,x9,x3,24) € W. Then for any m > 1, we have

Hx e W | dp(1,2) <m}| < (4m+1)(8m + 1) < 45m?,
where T is the (2k)-regular tree C(Fy, S) where S = {a'}.

PROOF. The basic fact we need is that the condition [z,y] = 1 is very restrictive
in Fy: precisely, for a fixed x # 1, we have [z,y] = 1 if and only if y belongs to the
centralizer C, (z) of  in Fy, which is an infinite cyclic group by Proposition B.1.1, (3).
Let z be a generator of this cyclic group. We find

(6.19) Hy € Bi(m) | [z,y] =1} ={h €Z | dr,(1,2") <m}| <2m + 1

since (Proposition B.1.1, (5)), we have dr(1, z") > |h|.

Now we come back to a set W verifying the assumption (6.18), which we assume to
be not reduced to 1, and we denote W,,, = W N By(m), the set we want to estimate. If
[z,y] =1 for all x, y € W,,, taking a fixed  # 1 in W,,,, we get W,,, C Cp, (z) N By(m),
and (6.19) gives the result.

Otherwise, fix o and yy in W,, such that a = [z, yo] # 1. Then, for all y in W, we
have [a, [zo,y]] = 1. Noting that dr(1, [zo,y]) < 4m, it follows again from the above that
the number of possible values of [xg, y] is at most 8m + 1 for y € W,,.

Now for one such value b = [xg,y], we consider how many y; € W,, may satisfy
[20, 1] = b. We have [xg,y] = [0, 1] if and only if p(yy; ') = yy; !, where ¢(y) = zoyzy '
denotes the inner automorphism of conjugation by zo. Hence y; satisfies [z, y1] = b if
and only if p(yy; ') = yy; ', which is equivalent to yy; ' € C, (o). Taking a generator z
of this centralizer again (note zy # 1), we get

{1 € Bi(m) | [wo,11] = [20, 4]} = {h € Z | y2" € Bi(m)}|
<HheZ | 2" eBi(2m)}| <4m+1,
since
dT(la Zh) = dT(y7yzh) < dT(lay) + dT(lvyzh) < 2m
for h € Z such that y2" is in B (m).
Hence we have |W,,| < (4m + 1)(8m + 1) in that case, which proves the result. [
Using Corollary 6.4.3, we finally verify fully Condition (3) in Corollary 6.3.17:

COROLLARY 6.4.5 (Decay of probabilities, II). Let S C SLy(Z) be a symmetric set,
G the subgroup generated by S. Assume that S freely generates G. Let p be a prime such
that the reduction S, of S modulo p generates G, = SLy(F,), and let (X,,) be the random
walk on C(Gy, S,) with X, = 1.
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There exist ¢ > 0 and vy > 0 such that for any prime p large enough, any x € SLy(F),)
and any proper subgroup H C SLy(F,), we have

(6.20) P(X, € zH) < |G|

for some

n < clog |Gyl
ProoFr. We start by noting that, for all z € G, and H C G,,, we have

P(Xy, € H) = Y P(X,=gand X' Xy, € H)
g€Gyp
> P(X,=zh)P(h™'a7'X, € H)
heH

because X, !Xy, is independent of, and has the same distribution as, X, (Proposi-
tion 3.2.9). Since
P(h'z7'X, € H)=P(X, € zH),
this gives
P(Xy, € H) > P(X, € 2H) Y P(X, = zh) = P(X, € zH)’,
heH

which means that it is enough to give an upper bound for P(Xy, € H) to get one for
P(X, € zH).

Consider first the case where H is “big”, but (6.17) holds for H. Let H C G be the

pre-image of H under reduction modulo p. If 2n < 7log(p/2), then as in the proof of
Corollary 6.4.3, we get

P(Xo, € H) = P(X,, € H).
Provided n also satisfies the stronger condition n < m = =7 log(p/2), any commuta-
tor
[[21, %2], 23, 74]]

with z; € H N By(n) is an element at distance at most 7log(p/2) from 1 in the tree
C(G, S), which reduces to the identity modulo p by (6.17), and therefore must be itself

equal to 1. In other words, we can apply Proposition 6.4.4 to W = HnN B1(m) to deduce
the upper bound

|H N By(m)] < 45m?.
We now take
n= %LT log(p/2)],
and we derive B
P(Xy, € H) < |HN By (m)|r=2" < 45m?|G,| /16
where 7 is as in Corollary 6.4.3, and hence

P(X, € zH) < |G,| /™

provided p is large enough, which gives the conclusion in that case.
On the other hand, if H is “small”, i.e., if |H| < 120, then for the same value of n we
get
P(X, € zH) < 120|G,|™”
by Corollary 6.4.3, and this gives again the desired result for p large enough. U
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We can now summarize what we have obtained concerning the Bourgain-Gamburd
criterion (Corollary 6.3.17) in the situation of Corollary 6.4.5 for G, = SLy(F,). This
will finally prove Theorem 6.1.1.

(1) We have

for p > 3. In particular, d(G,) = |G,|? for any d < 1/3 provided p is large enough.

(2) The next section will show that these groups are d-flourishing for some § > 0
independent of p.

(3) For the random walk (X,,) on G, with X, = 1 (associated to the generating set
Sp), we have

P(Xo, € zH) < |G|
when
k < clog |Gyl

for some ¢ > 0, v > 0 and p large enough.
We conclude that, if S C SLy(Z) freely generates a free subgroup of rank > 2 and ~
is defined as above, then for ¢ defined by

g = (67 d7 57 7)

for any d < 1/3, the family Go(c) contains all but finitely many Cayley graphs of SLy(F,)
with respect to S modulo p. In particular, we then deduce from Corollary 6.3.17 that
these families are expander families, and we can even write down an explicit value for the
spectral gap (for p large enough). This proves Theorem 6.1.1 for these sets S.

We can now finally explain the classical tool which is used to reduce the full statement
of Theorem 6.1.1 to this first case.

LEMMA 6.4.6. Let S C SLy(Z) be any finite symmetric subset and let G be the sub-
group generated by S. If the reduction of S modulo p generates SLy(F,) for all primes
p large enough, then there exists a symmetric generating set S; = {slil, 32i1} C G which
freely generates a free subgroup Gi C G of rank 2. Moreover, for p large enough, S,
modulo also generates SLa(F),).

Proor. This is a special case of a very general fact (often referred to as the “Tits
alternative”) about subgroups of linear groups. There is however a very simple argument
in this case. We consider

G=aGnNT(2),
where
['(2) = ker(SLo(Z) — SL(Z/27)).

By Proposition B.1.3, (3), the subgroup I'(2) of SLy(Z) is a free group of rank 2,
hence the intersection G is a free group (as a subgroup of the free group I'(2), see Propo-
sition B.1.1 (1)). It cannot be of rank 1 (or 0) because it is of finite index in G, and
hence (by the assumption on G) still surjects to SLy(F,) modulo all primes which are
large enough. Even if it were not of rank 2, one can take two arbitrary elements in a free
generating set of é, and the subgroup G they generate. U

Using this, for a given S C SLg(Z), we construct the free subgroup G; generated by
S; = {s7',55'}. We are simply going to compare the expansion for the Cayley graphs of
SLy(F,) with respect to S and to S;.
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For p large enough so that G, = SLy(F,) is generated both by S modulo p and S,
modulo p, we have

d(:C, y) < Cdl (ma y)

where d; (-, -) is the distance in the Cayley graph I'y = C(G,, S1), and d(-, -) the distance
in I'y = C(G), S) and C' is the maximum of the word length of s;, so with respect to
S. Hence, by Lemma 3.1.17 (applied to I'; and I'y with f the identity), the expansion
constants satisfy

h(C(Gy, 8)) = h(T2) > w™ h(€(Gy, S1))

with
LC]

w=4) [P
j=1

In particular, if Theorem 6.1.1 holds for GGy, it will also hold for G.
EXAMPLE 6.4.7 (The Lubotzky group). The group L generated by

5= {((1) ji?)) ) <i13 (1))} < SLa(2)

is a free group on 2 generators, and is of infinite index in SLy(Z) (see Proposition B.1.3
in Appendix B). For all p # 3, the reduction of S modulo p generates SLo(F,), by
Proposition B.2.1, (2).

6.5. Quasi-random groups

Our next goal is the prove that the groups SLy(F,) satisfy Condition (2) of the
Bourgain-Gamburd criterion: they are J-flourishing for some § > 0 independent of p.
The first step, however, will be to prove a weaker property (which would also follow
from d-flourishing) which turns out to be more accessible and useful to simplify the final
arguments. This result is due to Gowers [46] and Nikolov-Pyber [90]:

THEOREM 6.5.1 (Gowers; Nikolov-Pyber). Let p > 3 be prime, and let H C SLy(F,)
be an arbitrary subset such that

[H| > 2| SLa(F,) .
Then we have H - H - H = SLy(F)).

This should be compared with Exercise 6.3.13, (2), which shows that if SLy(F,) is to
be d-flourishing, such a property must hold (possibly with an exponent closer to 1 than
8/9.)

In fact, a similar property can be stated for all finite groups, although it is only of
special interest when the invariant d(G) is relatively large.

THEOREM 6.5.2. Let G be a finite group, and let A, B, C' C G be any subsets of G
such that

[A[|B[C] 1
G 7 d(G)
Then we have
A-B-C=4@G.

In particular, if |A| > |G|/d(G)'3, then we have A-A-A=G.
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Applying the theorem of Frobenius (Theorem 6.2.6), we see that Theorem 6.5.1 is a
corollary of this general fact.
In some sense, Theorem 6.5.2 can be seen as a “triple product” version of the following

well-known fact: if A is a subset of G such that |A| > |G|/2, then A-A = G. The latter
is proved by a nice trick: if z € G is any element, we have

Al + [2A7H| = 2|A] > |G,

and hence the sets A and zA~! can not be disjoint. Picking a € A such that a € zA7!,
we can write a = xb~! with b € A, and therefore x = ab € A - A.

In fact, the proof of Theorem 6.5.2 will begin by proving a weaker-looking result (this
is the idea of “quasirandom groups” of Gowers), and then using a similarly clever trick
of Nikolov-Pyber, will use this to conclude.

PROPOSITION 6.5.3 (Gowers). Let G be a finite group, and let A, B, C C G be any
subsets of G such that

ABlc] | 1
GIP 7 d(G)

Then we have
(A-B)nC #0.

Let us see quickly how to prove the theorem from this. Given A, B and C as in the
statement and x € (G, we consider the subsets
Al = B_l7 B1 = A_l,I, Cl =C.
We have
[AdIBi|C ] _ AfBlIC] 1
G[? GP 7 d(G)’
and hence A; - ByNCy = B~ - (A7) N C # (. Thus there exists (a,b,c) € A x B x C
with

c=bta1x,
ororx=abce A-B-C.

PrROOF OF PROPOSITION 6.5.3. The idea is to consider the function on G defined
by
[CNgB|
w@)z—jar—=w40ﬂ93%
(where p is the uniform probability measure on G) and to show that it is non-zero on a
“large” set by estimating its variance

1 2
V=0 (elg) — (0, 1))
|G = ( )
Indeed, by positivity, the set X = {z | ¢(z) = 0} satisfies

RS 2
A Ue, 1)<V,
|G|

hence any set A which is large enough in the sense that

V
p(A) > ———;
({p, 1))
can not be contained in X, i.e., there exists ¢ € A with C' N ¢gB # (), which means
CNAB# 0.

(6.21)
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We begin by computing the average (@, 1), which is easy: we have
1 1
(o, 1) = G2 Z Z 1= G2 Z Z 1= p(B)p(C).
geG xzeCngB zeC zegB

To bound the variance, we start by writing ¢ = T'(d¢) where d¢ is the characteristic
function of C' and T is the linear operator defined by

1
(T0)9) = 1 > (gx).

zeB
We denote pg = ¢ — (p, 1) = Téc where
dc = dc — p(C),

so that d¢ is in the subspace L%(G) of functions of average 0. We note that T acts on
L%(G). We have

V = leoll® = 13|l = (T"Toc,0c) < Nlloc|,

where \? > 0 is the largest eigenvalue of the positive self-adjoint operator T*T" acting on
L3(G). The norm of §¢ is easy to compute: we have

l6c* < dell* = w(C)(1 = u(C)) < u(C).

We are therefore reduced to estimating from above the eigenvalue A\?. This allows us to
bring in representation theory, because T, and T, = T*T, commute with the left-regular
representation reg defined in Proposition 6.2.4, i.e., we have

reg(z)(To)) = Ty(reg(z)1)

for all v» € L*(G) and x € G. As a consequence (and exactly as in Proposition 6.2.4,
(2)), the A\?-eigenspace (say W) of Ty is a subrepresentation of G. Since it is orthogonal
to the space of constant functions, this subrepresentation does not contain an invariant
vector, and hence the dimension of W is at least d(G).

As we did in the proof of Corollary 6.2.5, we now use this multiplicity and positivity
to deduce that

N(G) < THT) = (7 3 Tolaega™'y) = (B).

where reg’(g) is the right-regular representation operator
reg'(g)v(x) = W(xg),
which has trace 0 if g # 1, and |G| otherwise.? We have therefore obtained

aix g2 MB)u(C)
V<N oe|” < TAG)

and the condition (6.21) which ensures that C'N AB # () is implied by

uBpe) 11
dG) (e wBu0)dG)’

which is the statement of Proposition 6.5.3. U

n(A) =

2 Compute the trace using the basis of L2(G) of characteristic functions.
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6.6. Growth of generating subsets of SLy(F,)

Finally, in the remaining sections, we will prove Helfgott’s growth theorem [52]:

THEOREM 6.6.1 (Helfgott). There exists a constant 6 > 0 such that for any prime p
and any subset H C SLo(F,) which generates SLy(F),), we have either

[H - H-H| > [H['",

or

H-H-H=SLy(F,).

REMARK 6.6.2. (1) In [70, Th. 1.2], we showed that one can take § = 1/3024, and a
recent preprint of Rudnev and Shkredov [98] improves this very significantly to 1/40. It
is an interesting problem to determine what might be the best possible value of ¢ (and
the analogue for other groups). Button and Roney-Dougal [23] have shown that 6 must
be > #(log(7)/log(2) —1) = 0.301..., and their argument suggests that this might be
the correct value.

(2) Exercise 6.6.6 gives examples to show that the analogue statement fails if H-H - H
is replaced by H - H.

The interpretation of this theorem is usually that a subset H C SLy(F,) “grows”
significantly under product, in the sense that

trp(H) > |H|5,

unless it can not grow for relatively obvious reasons: either H is contained in a proper
subgroup, or it is already so large that the triple product is all of SLy(F,).

The argument that we present is essentially the one sketched by Pyber and Szabd
in [97, §1.1], which is expanded in their paper to cover much more general situations. It
is in many ways similar related to the reasoning of Breuillard, Green and Tao [16], and
many ingredients are already visible in Helfgott’s original paper [52].

We start, however, with some discussion of possible motivations for the proof and the
ideas involved. Suppose you just wondered whether a statement like Theorem 6.6.1 holds
or not, or suppose you didn’t believe in it and wanted to find a counterexample. The
following might be a plausible line of argument: a set H which does not grow at all in a
finite group G is any proper subgroup. Of course, this is the reason why the statement of
the theorem applies only to generating sets H, but suppose H is a subgroup of SLy(F,)
together with just one extra element (chosen — we assume this is possible — so that one
obtains a generating set). Does such a set “grow”? To be specific, take

H:hU{G D|teF&

where h is any fixed matrix in SLy(F,) with bottom-left coefficient non-zero, so |H| =
p + 1. What can one say about the size of H - H - H? Why should it be significantly
larger than |H|?

The naive idea is that one can, at least, write down many elements which are products
of few elements of H and which “look different”: in a non-abelian group, especially one
which is rather complicated, there are often no obvious coincidences in the group of the
values of “words” written using different generators. Here is an illustration of this idea,
which we select because it is elementary, and yet closely related to ideas found later in
the proof (indeed, we will use this statement at the end.)

174



PROPOSITION 6.6.3 (Non-concentration example). Let p be a prime number and let

U:{G D|teﬂ}c8b@ﬁ

For any symmetric subset H of SLy(F,) not contained in the subgroup B of upper-
triangular matrices, in particular for any symmetric generating set H of SLo(F,), we
have

UNH|<2/H®|Y3
where H®) = H-H - H - H - H is the 5-fold product set.

Such an inequality naturally leads to growth results: if U contains most of H (as
in the example above!), it follows that the 5-fold product set must be much larger. In
particular, in the example, we get

1
HO® > —p?
(=] = 5p%,
which shows that such a set is, in fact, rather fast-growing! (Since |[H®)| > 1| SL,(F,)|,
the ten-fold product set will be all of SLy(F,)).

Proor. We try to implement this idea of making many products which look different,
and in particular seem to escape from U. For this, we first observe that since H is not
contained in the subgroup

B:{(g a[il) | a €, ber}

of upper-triangular matrices, there exists h € H of the form

= (0 0)

with ¢ # 0. Since H is symmetric, we also have h™! € H.
Now consider U* = U =1, and define a map

" { U* x U*x U* — SLy(F,)

—1
(ul,UQ, U3) — UthQh Uus

(6.22)

If we restrict ¢ to (U* N H)3, we see that ((U* N H)*) € H®. So we can estimate
the size of U* N H by summing according to the values of ¥, namely
UrnHP = > W @0 U NH).
z€y((U*NH)?)

Here is the crucial point: for each z € SLy(F,), the inverse image 1~ *(z) is either
empty or a single point (note that this is intuitively not un-reasonable, because the size
of the domain of ¢ is about the same as the size of SLy(F,).) Using this, we get

U N HP < [p((U* N H)?)| < |HO),
and then we add again the element 1 € U N H to get
UNH|=1+|U*NH| <1+ |HOM <2H®|3,

finishing the proof.
To check the claim, we compute... Precisely, if

UZ—(O 1)€U,
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a matrix multiplication leads to

1— t1t202 —toac x
w(u17u27u3> - < —tQCQ %/

and in order for this to be a fixed matrix x € SLy(F,,), we see that t5 (i.e., uz) is uniquely
determined (since ¢ # 0). Moreover, since uy is in U*, we have ¢ty # 0 (we defined 1 using
U* in order to ensure this...) Thus ¢; (i.e. u1) is also uniquely determined, and finally

uz = (urhugh™) '
is uniquely determined, if it exists... U

We now start the proof of Helfgott’s Theorem, following [97]. The point of view
towards SLqo(F),) is that, for the most part, it consists of elements which are diagonalizable
with distinct eigenvalues (though not necessarily with eigenvalues in the field F,, itself).
Such elements produce a certain amount of extra structure: they come in “packets”,
which are the sets of all elements of this type which are diagonalized in the same basis.
As it turns out, sets with small tripling constant tend to be equitably distributed among
such “packets”...

We begin with an important observation, which applies to all finite groups, and goes
back to Ruzsa: to prove that the tripling constant of a generating set H is at least a
small power of |H|, it is enough to prove that the growth ratio after an arbitrary (but
fixed) number of products is of such order of magnitude. Note that Proposition 6.6.3
would suggest strongly that we look for such a relation, since we obtain the growth of
the five-fold product set, not of H - H - H, and we would like to understand the relation
between the two. But before stating Ruzsa’s lemma, we take the opportunity to introduce
more generally the notation for k-fold product sets.

DEFINITION 6.6.4. Let H be a subset of a group G, and let n > 0 be an integer. We
define the n-fold symmetric product set

H™ ={zecG | x=a, - a, for some a; € HUH ' U{1}}.
Note the immediate relations

(HW)=t = g (g™ = gom) — pom) — g grom)

? Y

for n, m > 0.

PROPOSITION 6.6.5 (Ruzsa’s Lemma). Let G be a finite group, and let H C G be a

non-empty symmetric subset.
(1) Denoting a,, = |[H™|/|H|, we have

(6.23) an < a7 ? = trp(H)"?
for alln > 3.
(2) We have trp(H®) < trp(H)* and for k > 3, we have
trp(H™) < trp(H)* 2.

PRrROOF. The first part is proved by induction on n > 3, with the initial case n = 3
being tautological. For the induction step, assuming (6.23) for some n > 3, we use the
triangle inequality for the Ruzsa distance

|A- B~

VIA[lB|
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between non-empty subsets of G’ (Lemma A.1.2 in Appendix A). We denote h,, = |[H™|
for simplicity, and then write

Pt |H(n—1) . H(2)|

hi ha ’
which we express in terms of the Ruzsa distance d(H™~Y, H®) (exploiting the fact that
H and its k-fold product sets are symmetric), namely

i1 = iR 0y exp(d(H™D, H?))
<P hy? exp(d(H Y, HW) + d(HD, H®))))
= hythy 2 by (hhy 2P (heh PRy ')
_ hnfl @
hi hy

using the induction assumption, and completing the proof of (6.23).
For (2), we have

Qnt1 =

_ n—2+1
= Qp_103 < Q5 ;

n hk n [07% ’
Since ap > as for k > 3, we obtain trp(H®) < a3*® for k > 3 by (1), while for
k > 2, we simply use ay > 1 to get trp(H®) < od. O

EXERCISE 6.6.6. This exercise shows that it is crucial in Ruzsa’s Lemma to start with
the 3-fold product set, and not — as one might naively hope — the 2-fold one. Similarly,
Helfgott’s Growth Theorem does not hold for the 2-fold product set.

Let p be a prime, G = SLy(F,) and B the subgroup of upper-triangular matrices.

Denote
0 1
v (—1 0) £ B,
and define H = BU {w,w™'}.

(1) Show that there exists no A > 0 such that
| H(2)|>A
|H|

trp(H) < (

for all p.
(2) Show that Helfgott’s Theorem does not hold if H® is replaced with H® in the
statement.

Our first use of Ruzsa’s Lemma is the following:

LEMMA 6.6.7 (Very small sets grow). Let G be a finite group and let H be a symmetric
generating set of G containing 1. If H® # G, we have |[H®)| > 2'/2|H|.

PROOF. The argument is in fact a bit similar to that in Proposition 6.6.3. If the triple
product set is not all of G, it follows that H®) #£ H®) We fix some z € H®) — H® and
consider the injective map

. | H — G
“Yh = hz

The image of this map is contained in H™® and it is disjoint with H since x ¢ H®.
Hence H®, which contains H and the image of i, satisfies
|HW| > 2|H]|.
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By Ruzsa’s Lemma, we obtain

[HOINY2 e

trp(H)>< ) > 272,
|H|

0

In particular, if |H| is bounded by an absolute constant (say, by 120), and p is not so
small that H®) = G, then there exists § > 0 such that |H®)| > |H|**%. This means that
in proving Helfgott’s Theorem, we do not have to worry about small subsets H.

Combined with Proposition 6.6.5 and with Theorem 6.5.1, this shows that in order to
prove Helfgott’s Theorem 6.6.1, it is enough to exhibit a real number x > 2, an integer
m > 3 and 6 > 0, all being absolute constants, such that for all primes p > x and all
symmetric generating subsets H C SLy(F,), we have either

|[H| > 2| SLy(F,)[*,

or
[HOV| > [H]',
Indeed, if p < z, we also have |H| < z, and the above remark applies. Otherwise, we
get H® = SLy(F,) in the first case, by Theorem 6.5.1, and

HOL (AHN S
=y > Cr )™ 2 e

in the second, by Ruzsa’s Lemma.

We now finish this section by introducing the crucial definitions for the Pyber-Szabd
argument, which will be implemented in the next section. These are, again, quite classical
notions in group theory. One point which is important in the general picture (though we
do not make really essential use of it for our semi-ad-hoc proof) is to introduce the infinite
groups SLy(F,) in addition to SLy(F,). In the remainder of this chapter, we will denote
G, = SLy(F,), and often simply write G, and similarly we denote G = G,, = SLy(F,).

We recall that the Frobenius automorphism o of F,, is the field automorphism x ~ zP.
We will also write 27 instead of o(x).

The Frobenius automorphism has the crucial property that

F,={r€F, | 27 =z},
and more generally that the extension F,» of degree n of F, contained in Fp is
Fpo={reF, |27 =z}

It is also important that o acts on many other objects. For instance, we extend the
definition to ¥}, for any integer n > 1, by acting on each coordinate:

trp(H)

(X1, ..oy )” = (27, ...,27),
in which case we can also write
F)={zeF) | 2° =x}.

The Frobenius also acts on G, by

o [a® b for v — @ b
TN\ @) NPT e d)
Then, we have again the fixed-point property

Gy,={xe€ G, | 27 =z},
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and we can also observe relations like
(xy)® = x%y°, det(z?) = det(x)7,
and if 2 € G, and e € F2, then

o _o

(xe)? = x%€°.

And now we can begin...

DEFINITION 6.6.8 (Regular semisimple elements; maximal tori). Fix a prime number
P and let G = SLQ(FP), G = SLQ(FP)

(1) An element x € G is semisimple if it is diagonalizable (in some basis). It is reqular
semisimple if in addition the eigenvalues «, § of x, which are elements of Fp, are distinct.
For any subset H C G, we write H,, for the set of regular semisimple elements in H.

(2) A mazimal torus T in G is the centralizer of a regular semisimple element z, i.e.,
a subgroup of the form

T = Cc;(l’)

for some x € G,.y. A mazimal torus T in G is a subgroup of the form 7' = T NG, where
T C G is a maximal torus of the infinite group G which is o-invariant, i.e., such that
x? € T for all z € T.

The basic properties of regular semisimple elements, of their centralizers, and of max-
imal tori are stated in the next propositions. The first concerns statements about the
infinite group, whereas the second deals with results about the finite ones. Most of these
extend, with suitable definitions, to much more general groups.

PROPOSITION 6.6.9. Fiz a prime number p and let G = SLy(F,).

(1) A subgroup T C G is a mazimal torus if and only if there exists an ordered basis
(e1,e2) of Ff, such that T is the set of elements x € G which are diagonal with respect to
the basis (eq,es).

(2) A regular semisimple element x € G is contained in a unique maximal torus T,
namely its centralizer T = Cg(z). In particular, if Ty # To are two mazimal tori, we
have

(624) Tl,reg N T2,7’eg = ®7

and TNT? = {£1} if T is a mazimal torus with T? # T.

(3) For any mazimal torus T C G and any y € G, the conjugate subgroup yTy~! is
a maximal torus.

(4) If T C G is a mazimal torus, we have

|aneg| = |T - Tregl < 27

with equality if p is odd.

(5) For any maximal torus T, the normalizer Ng(T) contains T as a subgroup of
index 2.

(6) The congugacy class Cl(g) of a regqular semisimple element g € G is the set of
all z € G such that Tr(x) = Tr(g). The set of elements in G which are not regular
semisimple is the set of all x € G such that Tr(z)* = 4.

To a large extent, this is just linear algebra, but we provide the proofs. Many readers
will probably want to skip them or to find arguments on their own.

3 Regular semisimple elements, for SL3, already appeared in Section 5.3.
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PROOF. (1) Let T be a maximal torus, and x a regular semisimple element such that
T = Cg(z). Let (e1,es) be an ordered basis of eigenvectors of x. Then any y € G which
is diagonal in the basis (e;,e2) commutes with z, hence belongs to T. Conversely, if
y € Cg(x), then y(e;) and y(ey) are eigenvectors of x with the same eigenvalues as e;
and ey respectively. Because z is regular, this means that y(e;) is proportional to ey, and
y(ez) is proportional to ey, which means that y is diagonal in the basis (e1, e2). Hence T
is the subgroup of elements diagonal in the basis (eq, es).

Conversely, let (e1,e) be a fixed basis. Let x in G be an element such that z is
diagonal with different eigenvalues in this basis. Then z is regular semisimple. By the
previous reasoning, its centralizer T = Cg(x) is a maximal torus, and it coincides with
the elements that are diagonal in the basis (ej, €3).

(2) Let x be a regular semisimple element. It is of course contained in its centralizer.
By (1), any maximal torus T that contains z is the set of elements that are diagonal
in some ordered basis (e, e2). The only other bases for which this is true are (e, Ses)
and (Bes, ae;), where o and 3 are non-zero elements of F,, (again because the distinct
eigenvalues pinpoint the basis vectors as proportional to e; or es), and these define the
same maximal torus.

The last assertions follow: for instance, if T is a maximal torus that is not equal to
T, then T NT? only contains diagonalizable elements which are not regular, and only
1 and —1 satisfy this condition.

(3) This is straightforward, for instance because if T = Cg(z), then yTy ! =
Ca(yry™'), and yzy~! has the same eigenvalues as .

(4) If we view T as the group of elements that are diagonal in a basis (eq, e3), then
the set T — T, is the set of elements x of G that are diagonal in that basis, but with
a repeated eigenvalue, say a. Since the determinant of z is equal to 1, we have a? = 1,
hence « is either 1 or —1. There is only one diagonal elements with eigenvalues 1 and
one with eigenvalues —1, so |T — T,,| < 2, with equality if p > 3.

(5) Suppose that T is the group of elements diagonal in the basis (e1,e3). Then a
straightforward computation shows that the normalizer of T is the group of elements
that permute the lines generated by e; and e;. The elements of Ng(T) that are not in
T are of the form

0 a\ _ fa O L (0 1
ot 0) = \o o w, where w = 10

with a € F, which shows that Ng(T)/T is of order 2 (with the coset of w representing
the non-trivial element).

(6) Let g be a regular semisimple element. Any element conjugate to ¢ has the
same trace. Conversely, any element z with trace Tr(g) has characteristic polynomial
X? — Tr(g)X + 1 equal to that of g; since it has distinct roots, the element = has two
distinct eigenvalues equal to those of g. This implies that x is conjugate to g (conjugation
being given by a matrix mapping a basis of eigenvectors of one matrix to a basis of
eigenvectors of the other).

Finally, for any z € G, the characteristic polynomial is X? — Tr(z)X + 1. Therefore
x fails to have distinct roots in F, if and only if the discriminant Tr(z)? — 4 is 0. U

For the finite groups, our arguments will be sometimes more ad-hoc.

PROPOSITION 6.6.10. Fiz a prime number p and let G = SLy(F,), G = SLy(F,). Let
e € F,, be a fived element that is not a square, and fix an element \/e € F 2 with square
€.
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(1) A mazimal torus T C G is either conjugate to the group

(6.25) T, - {(g a01> laeF;},

or to the subgroup

(6.26) T, = {(;‘”g 2) | o —eb? = 1}.

(2) For any mazimal torus T C G and any y € G, the subgroup yTy~ ' is a mazimal
torus of G.

(3) For any mazimal torus T C G, the normalizer Ng(T') contains T as a subgroup
of index 2; it is conjugate to either

(6.27) Na(T,) = {(8 aol) lae Fp} U {(_21 g) lae Fp}

or to

(6.28)  Na(Tps) = {(gb 2) | a? —eb? = 1} U { (_iﬁ _50) | —a?+ef? = 1}
and

(6.29) 2= 1) < [Na(T)| <2(p+1).

REMARK 6.6.11. A maximal torus in SLy(F,) is called split if it is conjugate to the
diagonal subgroup (6.25), and non-split if it is conjugate to the group (6.26).

PROOF. (1) By definition, there exists a maximal torus T C G such that T =TNG
that is invariant under 0. Let (eq, e5) be a basis of F2 such that T is the group of elements
of G diagonal in the basis (e, e3) (Proposition 6.6.9). The image T? of T under the
Frobenius automorphism is then, on the one hand, the group of elements diagonal in the
basis (e],€g), and on the other hand it is equal to T by assumption. We see that there
are two cases: either e is proportional to e; for i = 1, 2, or eJ is proportional to the
other vector e;. These correspond to the two types of maximal tori, as we will now see.

We first assume that there exist ¢t; and ¢ in F; such that ef = t;e; for i =1, 2. The
idea is to search for s; and s in F; such that the vectors f; = s;e; form a new basis of Fg
that has coordinates in F,. This property holds if and only if f7 = f;, which translates
to

sftiei = S;€;.
It will be satisfied provided s7s; ' = t; ', and this equation is solvable because it states
that s; is a solution of the polynomial equation X?~! = ¢! of degree p — 1 > 1.

The group T is still the group of elements diagonal in the basis (fi, fo) € Fy. It is
then elementary that 7" = T N G is the group of elements of G diagonal in this basis,
and that it is conjugate to the split torus 7, the conjugating element being the change
of basis matrix from the canonical basis of F, to the basis (f1, f2).

In the second case, there exist ¢t; and ¢y in F; such that e] = t1e2 and e = tqe;.
Applying o twice, we obtain e‘{2 = t{tye;. By solving the equation P = (t7t5)~! as in
the first case, we find f; = se; such that ff2 = f;. This means now that the coordinates
of fi belong to the quadratic extension F,. of F),. Moreover, f; does not belong to Fg,
and in fact it is not proportional to an element of FZ%: if that were the case, say fi = yf
with f € F?) and y € F;, we would get

s7¢] =l =y f =97y " fr =y y 'se,
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so e would be proportional both to e; and to ey, contradicting the fact that (e, es) is a
basis.
We can therefore write f; = g1 + /g2 where g; € FZQ). Since f; is not proportional to
an element of Ffw the vectors (g1, g2) are linearly independent, and form a basis of Fg.
Let now x € T. Then f; is an eigenvector of z, and the eigenvalue « is also in F.
(since it is a root of a quadratic equation). We write & = a + by/e. The condition
rfi = af; becomes

zg1 +Vexgy = (a+ bvVe) (g1 + gavE) = (agy + bega) + Ve (bgr + ags),
and this implies that the matrix of x with respect to the basis (g1, g2) of Ff, is

a b
(bg ) €T

Hence we have shown that a conjugate of T' (corresponding to the change of basis) is
contained in 7},;. But in fact, it is also easy to see that any element of T},, is diagonalizable
with eigenvalues a+b/e and a—by/ in the basis (e1, e5). This gives the converse inclusion.

(2) This is straightforward using the definition and the corresponding property of
maximal tori in G.

(3) Using (1), we see by direct computations using (6.25) and (6.26) that the normal-
izer of Ty and T, are given by (6.27) or by (6.28), so by (1), the normalizer of a maximal
torus is conjugate to one of these. We then see that Ng(T')/T ~ Z/2Z in all cases.

To compute the size of Ng(T'), it suffices to compute the size of T itself since | Ng(T')| =
[Ne(T) : T)|T| = 2|T|, and we can assume that 7' = T or that T' = T, by conjugation.
We have clearly |Ts| = p — 1. For the case of T, its size is the number of solutions
(a,b) € F> of the equation a* — eb* = 1. It is well-known that there are p 4 1 solutions.
Indeed, the norm homomorphism N : F;;Q — F) given by N(z) = 272 = P! satisfies
N(a+ /eb) = a® — eb?. The first form shows that its kernel has size at most p + 1, since
it is the set of solutions of the polynomial equation X?*! = 1. Hence the image of the
norm has size at least (p> —1)/(p+ 1) = p — 1. This means that the norm is surjective,
and therefore has kernel of size (p> —1)/(p—1) =p+ 1. d

EXERCISE 6.6.12. Let p be a prime with p = 3 mod 4. Show that we can take ¢ = —1
in the previous proposition.

Here is one last fact that we will use.

LEMMA 6.6.13. Let p be a prime number. Let B C G be the subgroup of upper-
triangular matrices, and let x € G. Then xBx~' NG is either the center {+1} of G, or
a maximal torus in G, or a G-conjugate of G N B.

PROOF. The group B is the subgroup of elements ¢ of G such that the first vector
e; of the canonical basis is an eigenvector of g. Hence B; = Bz~ ! is the subgroup of
elements such that e = xe; is an eigenvector.

If g € GN By, then €7 is also an eigenvector of g since g% = g.

Assume first that e is proportional to e. As in the proof of Proposition 6.6.10, we
can then replace e by a non-zero multiple f such that f7 = f, i.e., f belongs to FZQ,. Since
G N By is the subgroup of G of elements with f as eigenvector, completing f to a basis
(f, f') of F2, it follows that G N By is conjugate to G N B.

Assume now that e is not proportional to e. Then (e, e?) is a basis of FZQ), and
G N By is contained in the subgroup T of matrices diagonal in the basis (e,e?), indeed
G NB; = GNT. There are two cases: if T is not o-invariant, then GN'T C T N T,
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hence is reduced to {£1} by Proposition 6.6.9 (2). Otherwise, G N'T is by definition a
maximal torus in G. 4

EXERCISE 6.6.14. Check that in Lemma 6.6.13, if 2Bz~ NG is a maximal torus, then
it is a non-split maximal torus.

6.7. Proof of the growth theorem

We are now ready to start the proof of Helfgott’s Theorem. Variants of the following
concept that will be crucial in the argument were introduced (under different names and
disguises) by Helfgott, Pyber-Szabd, and Breuillard-Green-Tao. We chose the name from
the last team.

DEFINITION 6.7.1 (A set involved with a torus). Let p be a prime number, H C
SLy(F,) a finite set and T C SLy(F,) a maximal torus. Then H is involved with T, or T
with H, if and only if T is o-invariant and H contains a regular semisimple element of T
with non-zero trace, i.e., H N Ty, # 0 where the superscript “sreg” restricts to regular
semisimple elements with non-zero trace.

REMARK 6.7.2. There is a twist in this definition, compared with the one in [97]
or [16], namely we insist on having non-zero trace. This will be helpful later on, as it will
eliminate a whole subcase in the key estimate (the proof of Proposition 6.7.5), and lead
to a shorter proof. However, this restriction is not really essential in the greater scheme
of things.

The first step in the proof of Helfgott’s Theorem is to ensure that we have some regular
semisimple elements to play with, and in fact we will require one with non-zero trace,
which means that some maximal torus will be involved with H. But it is not always the
case that a generating set contains such elements. For instance, the generating set

1={(o 1) (1 1))

contains no semisimple element, and a fortiori no regular ones!

However, this can be remedied by replacing H by a fixed k-fold product set. In fact
the threefold one is enough for p > 7 (though using any H®), with k fixed, would not
compromise the proof, except for the values of the constants.)

LEMMA 6.7.3 (Helfgott). Let p > 7 be a prime number and let H C SLy(F,) be a

symmetric generating set with 1 € H. Then H,Eiig # (), i.e., the three-fold product set
H®) contains a reqular semisimple element with non-zero trace.

In fact, this is a very special case of so-called “escape from subvarieties” properties,
which is one basic ingredient in all known proofs of classification of approximate sub-
groups. Since we only need this special case, we can do it by hand. The reader can safely
skip the proof for the moment in order to see where the argument will go.

Proor. This will be a bit fussy, but we hope that the simple idea will be clear. We
assume that H does not contain elements which are regular semisimple, except possibly
some with trace 0. We will then make products in various ways to show that H® does
not share the same sad fate.

The basic point that allows us to give a quick proof is that the set N = G — G,
of elements which are not regular semisimple is invariant under conjugation, and (as
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observed in Proposition 6.6.9) is the set of all matrices with trace equal to 2 or —2. It is
precisely the union of the two central elements +1 and the four conjugacy classes of

(11 (-1 1 , (1 ¢ , (-1 ¢
“=lo 1) “T\o =1) “*T\o1) Lo =1

(where ¢ € F; is a fixed non-square) while elements of trace 0 are the conjugates of

(01
go = ~-1 0

(for this last standard fact, see Proposition B.2.4 in Appendix B).

We next note that, if the statement of the lemma fails for a given H, it also fails
for every conjugate of H, and that this allows us to normalize at least one element to a
specific representative of its conjugacy class. It is convenient to argue by contradiction,
though this is somewhat cosmetic. So we assume that Hg?gg is empty and p > 7, and will
derive a contradiction.

We distinguish two cases. In the first case, we assume that H contains one element
of trace £2 which is not £1. The observation above shows that we can assume that one
of u, v, v/, v is in H, and we deal with the case u € H.

Since H is a symmetric generating set, it must contain some element

_fa b
giCd’

with ¢ # 0, since otherwise, all elements of H would be upper-triangular, and H would
not generate SLy(F,). Then H® contains ug, u?g, u~'g, u=2g, which have traces, re-
spectively, equal to Tr(g) + ¢, Tr(g) + 2¢, Tr(g) — ¢, Tr(g) — 2¢. Since ¢ # 0, and p is not
2 or 3, we see that these traces are distinct, and since there are 4 of them, one at least is
not in {—2,0,2}, which contradicts our assumption.

If v € H, the argument is almost identical. If «’ (or similarly v’) is in H, the set of
traces of (u')7g for j € {—2,-1,0,1,2} is

{Tr(g) + 2¢, — Tr(g) — ¢, Tr(g), — Tr(g) + ¢, Tr(g) — 2¢},

and one can check that for p > 5, one of these is not 0, —2 or 2, although some could
coincide (for instance, if Tr(g) = 2, the other traces are {2 + 2¢, —2 — ¢, =2 + ¢, 2 — 2¢},
and if ¢ — 2 = 2, we get traces {2, —6, 10}, but —6 ¢ {0,2, —2} for p > 5).

In the second case, all elements of H except +1 have trace 0. We split in two subcases,
but depending on properties of F,,.

The first one is when —1 is not a square in F, (in other words, p = 3 mod 4, see
Exercise 6.6.12). Conjugating again, we can assume that gy € H. Because H generates
SLy(F,), we claim that there must exist a matrix

o= (2 %)

in H with (i) a # 0; (ii) b # c. Indeed if all elements # +1 of H are of the form

(0 —c!
g = c O )
we can find such an element with ¢ # £1 (i.e., g # *£go), since otherwise H is not

a generating set; then the trace of ggg is ¢ + ¢!, which is not in {—2,0,2} (non-zero
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because —1 is not a square in our first subcase), so Hr(ﬁ)eg # (), which we excluded. So all
elements of H, except for +1 and +gq are of the type

_f(a b
g_c_aa

with a # 0. Then, if all these satisfied b = ¢, it would follow that H is contained in
the normalizer of the non-split maximal torus defined with ¢ = —1 (see (6.28)), again
contradicting the assumption that H is a generating set.

Now we argue with g as above. We have

o C —a (2)
gog = (—CL _b) €H )

with non-zero trace t = ¢—b. Moreover, if t = 2 | i.e., ¢ = b+2, the condition det(gog) = 1
implies
—2—b —a’*=1

or (b+ 1) = —a?. Similarly, if t = —2, we get (b — 1)> = —a?. Since a # 0, it follows
in both cases that —1 is a square in F,,, which contradicts our assumption in the first
subcase.

Now we come to the second subcase when —1 = 2° is a square in F),. We can then
diagonalize gy over F,, and conjugating again, this means we can assume that H contains

, [z 0
Jo=\0 —z
, _(a b
9=\¢ —a

(the values of a, b, ¢ are not the same as before; we are still in the case when every
element of H has trace 0 except for +1).

Now the trace of ghg' € H® is 2za. But we can find ¢’ with a # 0, since otherwise H
would again not be a generating set, being contained in the normalizer (6.27) of a split
maximal torus and so this trace is non-zero.

The condition 2za = £2 would give za = +1, which leads to —a? = 1. But since
1 = det(g') = —a® — be, we then get be = 0 for all elements of H. Finally, if all elements
of H satisfy b = 0, the set H would be contained in the subgroup of upper-triangular
matrices. So we can find a matrix in H with b # 0, hence ¢ = 0. Similarly, we can find

another
v _(a 0
s ()

in H with ¢ # 0. Taking into account that z? = —1, computing the traces of ¢'¢” and of
909'g" gives

2

as well as some other matrix

bc — 2, bez

respectively. If be = 2, the third trace (of an element in H®)) is 2z ¢ {0,2, —2} since
p # 2, and if be = 4, it is 4z ¢ {0,2, —2} since p # 5. And of course if be ¢ {2,4}, the
first trace is already not in {—2,0,2}. So we are done... O

EXAMPLE 6.7.4. If p = 5, one can check (e.g., with MAGMA [86]) that the set

RN R
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is a generating set of SLy(F5) such that H® is contained in the set of matrices of traces
—2, 2 and 0. Hence the lemma is sharp, as far as the condition on p goes. (Though one
can obtain a similar result, where H®) is replaced by a higher product set, e.g., H® in
this example.)

Here is now the Key Proposition that will be used for the proof of Helfgott’s Theorem:

PROPOSITION 6.7.5 (Involving dichotomy). (1) For all prime number p, all subsets
H C SLy(F,) and all mazimal tori T C SLy(F,), if T and H are not involved, we have

|[HNT| <4

(2) There exists 6 > 0 such that if p > 3 and H C SLy(F,) = G is a symmetric
generating set containing 1, we have

(6.30) ITyeg N HP| > o~ H|'/?

for any mazimal torus T C SLy(F,) which is involved with H, where o = trp(H), unless
(6.31) o> |H|°,

where the implied constants are absolute.

Here (1) is obvious, since |T — T,,4| < 2 (part (4) in Proposition 6.6.9) and there are
also at most two elements of trace 0 in T (as one can check quickly), but (2) is much
more delicate, and is — in final analysis — the deus ex machina for this argument, since
it shows essentially that whenever H contains a regular semisimple element of some (o-
invariant) maximal torus, it actually contains many of them, provided the ratio |H®|/|H|
is “small”, which translates to the tripling constant being small via Ruzsa’s Lemma.

In the first reading, the conclusion (6.30) should be interpreted as

Tyeg N H®| > 0| H[Y

for some k£ > 1 and m > 0 independent of p (large enough) — in other words, the specific
values k = 2, m = 3 are irrelevant as long as the actual value of the exponent § in
Helfgott’s Theorem is not crucial.

On the other hand, the exponent 1/3 (in |H|*/) here is “the right one”: this will be
seen first by the way it fits with the steps of the coming arguments (though there is a
little leeway), and also more clearly when we motivate the proof. This proof is deferred
until we have seen how, remarkably, this key proposition implies Helfgott’s Theorem.

PRrROOF OF THEOREM 6.6.1. We can assume that p > 7, which means that Lem-
ma 6.7.3 is applicable. We will show that for some § > 0, we have

(6.32) trp(H) > |H|°

with an absolute implied constant, unless H® = SLy(F,). Then using Lemma 6.6.7, we
absorb the small values of p as well as the implied constant in this inequality to derive
the form of Helfgott’s Theorem we claimed.

We define H = H® | so that (by Lemma 6.7.3) there exists at least one maximal torus
T involved with L = H® = H®,

If, among all maximal tori involved with L, none satisfies (6.30), we obtain directly
from Proposition 6.7.5 (applied to H instead of H ) the lower bound

trp(H) > |H° > |H|’,
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and since trp(H) < o by Ruzsa’s Lemma, we get
(6.33) o> |H|Y*

which gives (6.32) after renaming 0.
Otherwise, we distinguish two cases.

Case (1). There exists a maximal torus T involved with L such that, for any g € G,

the torus ¢Tg~! is involved with L.

As we can guess from (6.30) and (6.24), in that case, the set L will tend to be rather
large, so |L| is close to |G|, unless the tripling constant is itself large enough.

Precisely, writing T'= T N G, we note that the maximal tori

gTg~™ = (4Tg ) NG
are distinct for g taken among representatives of G/Ng(T'). Then we have the inequalities
|G|

L?| > L® N gToeeg™"| > 8L

9€G/Ng(T)
where 3 = trp(L), since each ¢gTg~! is involved with L and distinct regular semisimple
elements lie in distinct maximal tori (and we are in a case where (6.30) holds for all tori
involved with L).

Now we unwind this inequality in terms of H and a = trp(H). We have L?®) = H®)
so (using (6.29))

[H| > o °|L® > a7 (p — 1°[L|'* > a5~ (p — 1)?|H|
by Ruzsa’s Lemma. Furthermore, we have
B = trp(L) = trp(HW) < o™
by Ruzsa’s Lemma again, and hence the inequality gives the bound
[H| > a™®(p - 1),
which implies that |H| > a~%|G|. But then either
H| > 2 G

or a > |G|° > |H|° for any 6 < 1/(9-69), which are versions of the two alternatives we
are seeking.

Case (2). Since we know that some torus is involved with L, the complementary

situation to Case (1) is that there exists a maximal torus T involved with L = H® and
a conjugate ¢Tg !, for some g € G, which is not involved with L. We are then going to
get growth in a subgroup of G, which turns out to imply growth in all of G by a simple
lemma (Lemma 6.7.6 below). There is a first clever observation (the idea of which goes
back to work of Glibichuk and Konyagin [44] on the “sum-product phenomenon”): one
can assume, possibly after changing T and g, that ¢ is in H.

Indeed, to check this claim, we start with T and h as above. Since H is a generating
set, we can write

g=hi-e by,

for some m > 1 and some elements h; € H. Now let ¢ < m be the smallest index such
that the maximal torus

T = (hiv1 - hn) T(higr -+ ) ™"
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is involved with L. Taking ¢ = m means that T is involved with L, which is the case,
and therefore the index ¢ exists. Moreover i # 0, again by definition. It follows that
(hihig - hn) T (hihisy - hyn) ™!

is not involved with L. But this means that we can replace (T, g) with (T”, h;), and since
h; € H, this gives us the claim.

We now write h for the conjugator g such that L and the torus S = ¢Tg~' = hTh™!
are not involved. We now use the following lemma, which will tell us that, in order to
show that H grows, it is enough to show that H NS grows inside S N G.

LEMMA 6.7.6. Let G be an arbitrary finite group, K C G a subgroup, and H C G an
arbitrary symmetric subset. For any n > 1, we have

|H(n+1)| N |H(n) N K|
"] T HO N K]
PROOF. Let X C G/K be the set of cosets of K intersecting H:
X ={2zK € G/K | zK N H # 0}.

We can estimate the size of this set from below by splitting H into its intersections
with cosets of K: we have

H| = ) |[HNnzK|.
zKeX
But for any K € X, fixing some gy € xKNH, we have g"'go € KNH® if g € xKNH,
and hence
K N H| < |KnHY).
This gives the lower bound
|H]|
|[KNH®|
Now take once more some xK € X, and fix an element £k = h € v K N H. Then all
the elements zkg are distinct for ¢ € K, and they are in «t K N H®D if g € KN H™, so
that

| X[ >

2K N H™V| > | KN H™)
for any x K € X, and (cosets being disjoint)
[HO Y] > X[ K N H™),
which gives the result when combined with the lower bound for | X]|. O
Apply Lemma 6.7.6 with (H, K) = (H,hTh™' N @) and n = 5. This gives
|H©)| - |[H®) N S|
= T [H N S|
But since L = H® and S are not involved (by construction), we have |H® N S| < 2,
by the easy part of the Key Proposition 6.7.5, and therefore
[H©)|
||
However, L and T are involved, and moreover
WMH® NT)h ' c HONS = H® NS,
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so that
|1;_V[(5) A S| > |H(8) ﬂT| _ |L(2) ﬂT‘ > 674‘[,‘1/3

where o = trp(L), by the Key Proposition 6.7.5 (again, because (6.30) holds for all tori
involved with L).
Thus
H®
‘ _ | > a—4|]_]|1/37

|H|
which translates to
a10|H| > of36|H|4/3,
by Ruzsa’s Lemma. This gives a fairly strong bound for o, namely

(6.34) o = trp(H) > |H|Y',

To summarize, we have obtained three possible lower bounds of the right kind for «,
and one of them holds if H®) # SLy(F,). All imply (6.32), and hence we are done.  [J

We now come to the proof of the Key Proposition. The first observation is that the
difficult-looking task of finding a lower bound for Ty, N H® (for some fixed integer
k) is in fact equivalent with a simpler-looking upper-bound involving, instead of T, the
conjugacy class of a regular semisimple element for which T is the centralizer. This is an
“approximate” version of the orbit-stabilizer theorem in group theory.

PROPOSITION 6.7.7 (Helfgott). Let G be a finite group acting on a non-empty finite
set X. Fix some v € X and let K C G be the stabilizer of x in G. For any non-empty
symmetric subset H C G, we have

|H
|H - x|

IKNH?| >

where H-xz={h-x | h€ H}.
(Note that since H is symmetric, we have 1 € K N H®)))

PROOF. Asin the classical proof of the orbit-stabilizer theorem, we consider the orbit
map, but restricted to H

¢.H—>X
"1l h — h-zx

and we use it to count the number of elements in H: we have

H =Y 167" W),

yEH(H)
and the point is that ¢(H) = H - x on the one hand, and
o~ (W) < |K N H®)|

for all y, since if y = ¢(hg), with hy € H, all elements h € H with ¢(h) = y satisfy
hhy' € KN H®. Hence we get

[H| < |H - x||[K 0 HP),

as claimed. O
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As a corollary, let T'= T N G be a maximal torus in G. Fixing any g € T4, we have
T = Cg(g), the stabilizer of g in G for its conjugacy action on itself. We find therefore
that
| H]|
[{hgh=" | h € H}|

for any symmetric subset H. If we now assume that T and H are involved, we can select
g in Ty N H in this inequality, and the denominator on the right becomes

[{hgh™ | he H} < |H® NCl(g)| < |H® N Cl(g)]

where Cl(g) (resp. Cl(g)) is the conjugacy class of g in G (resp. in G). Hence, the Key
Proposition follows from an upper-bound on the number of elements of H®) in a given
regular semisimple conjugacy class with non-zero trace. We are therefore led to prove
the following theorem, which is a special case of what are now called the (generalized)
Larsen-Pink inequalities:

(6.35) ITNH?| >

THEOREM 6.7.8 (Larsen-Pink non-concentration inequality). Let p > 3 be a prime
number and let g € SLy(F,) = G. There exists 6 > 0 such that, if H C G is a symmetric
generating set and g is reqular semisimple with non-zero trace, we have

(6.36) |Cl(g) N H| < o3| H*?
where o = trp(H) is the tripling constant of H, unless
(6.37) a>|HP.

The tmplied constants are absolute.

Applying this result to H®), with tripling constant bounded by af (by Ruzsa’s
Lemma), we obtain by (6.35) the lower bound

Hi
TNH®? >|— —41 f|11/3
unless a = trp(H) > |H|*/5. Since there are at most two elements of T N H® which are
not regular, the first bound gives

Ty O HO| 3 0”3 S
unless a~*|H|"/? < 1. This means that Proposition 6.7.5 is proved.

REMARK 6.7.9. The original Larsen-Pink inequalities proved in [75, §4] concern the
intersection of a set like Cl(g), defined by algebraic equations in an algebraic group (like
SL,, (k) where k is an algebraically closed field), with a finite subgroup of SL, (k). It
was observed first by Hrushovski [55] that these inequalities extend in a natural way to
approximate groups.

The general case of the Larsen-Pink inequality is rather tricky to prove. In particular,
it is rather hard to keep track of the constants which appear, although they are, in
principle, effective. Our argument is a concrete version of the general arguments involved,
with shortcuts that are available in this very specific situation.

The basic idea — which also “explains” the exponent 2/3 here — is described by Larsen
and Pink at the beginning of [75, §4]. We wish to consider a map like

4 Cl(g) x Cl(g) x Cl(g) — G xG
(w1, g, 73) = (T10172, T19273)
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(where (g1, go) are parameters), and we hope to ensure — for suitable choice of the auxiliary
parameters (g1, g2) — that (i) for (z1, 29, 23) € (Cl(g) N H)?, we have ¢(x1, 29, 23) € H®)
for some constant k independent of (1, z9, x3); (ii) the fibers ¢~ (yy, y2) of ¢ are all finite
with size bounded independently of (y1,y2) € G X G, say of size at most ¢; > 1. The hope
behind (ii) is that Cl(g)? and G? have the same dimension, * and hence unless something
special happens, we would expect the fibers to have dimension 0, which corresponds to
having fibers of bounded size since everything is defined using polynomial equations.

If this construction succeeds, we can count | Cl(g) N H| by summing according to the

values of ¢: denoting Z = (Cl(g) N H)? and W = ¢(Z) = ¢((Cl(g) N H)?), we have
[ICUg)NH =1Z= Y |67 (y1.92) N 2|

(y1,y2)EW

which — under our optimistic assumption — leads to the estimate
|Cl(g) NH|* < at|W| < et|[HPP? < e1a®* | H],

which has the form we want.

As it turns out, the assumption on ¢ are too optimistic, but we can notice an en-
couraging point in any case: even here in this argument, we obtain the desired result
despite using overcounting steps which might look dangerous (e.g., bounding the size of
& (y1,y2) N Z by that of the whole fiber.)

Our first step to attempt a rigorous implementation of the idea is to realize that the
parameters g, go do not, in fact, play any role (the idea of introducing them is that they
give the impression that the products z1¢,x2, 19223 are “ more unrelated”, hence more
likely to be distinct), and in fact taking g; = ¢g» = 1 has the immediate advantage that it
becomes immediately clear that (i) holds for the map ¢ in that case, namely

¢(1, 72, 13) = (11202, 1123) € (HP)?

if (x1,19,23) € (Cl(g) N H)3.
We are therefore led to analyze ruthlessly the fibers of the map ¢.

LEMMA 6.7.10. Let k be any field, and let G = SLy(k). Let C' C G be a conjugacy
class, and define
{ 3 — G?
¢ (Il,[L’Q,CL’g) — ($1$2,ZE1$3)

Then for any (y1,y2) € G X G, we have a bijection

CNyiC T NyCt — ¢ Hyi, )
X1 = (361,332,1'3)

In particular, if k = F, and C is a reqular semisimple conjugacy class,” we have a
bijection
o~ (y1.y2) — C Ny C N yaCl

ProOF. Taking x; as a parameter, any (z1, To, x3) with ¢(x1, za, x3) = (y1,¥2) can
certainly be written (1,27 y1, 2 y2). Conversely, such an element in SLy(k)? really
belongs to C* (hence to the fiber) if and only if z; € C, z7'y; € C, 27y € C, ie., if
and only if z; € C Ny;C~ Ny,C~ L, which proves the first part.

4 Here dimension can be understood intuitively for readers who do not know the rigorous definition
in algebraic geometry.
5 By which we mean the conjugacy class of a regular semisimple element.

191



For the second part, we need only notice that if C' is a regular semisimple conjugacy
class, say that of g, then C = C~! because ¢! has the same characteristic polynomial
as ¢, hence is conjugate to g. U

We are now led to determine when an intersection of the form C' N y;C' N yC' can be
infinite. The answer is as follows:

LEMMA 6.7.11 (Pink). Let p > 3 be a prime and k = F,. Let g € SLy(k) be a
reqular semisimple element, and denote by C the conjugacy class of g. For yi, y» € G,
the intersection X = C Ny;*C Ny, 'C is finite, containing at most two elements, unless
one of the following cases holds:

(1) We have y; =1, oryo =1 or y1 = ya.

(2) There exists a conjugate B = xBox ™! of the subgroup

B — {(8 alil)} C SLy(k)

and an element t € BN C such that
(6.38) y1,y2 € UUU

where
U=2Upg ', U= {(é 11))} C By,

In that case, we have X C C'NB.
(3) The trace of g is 0.

REMARK 6.7.12. This result is the one place where it is really useful for us to work

with SLy(F). As we will see in the proof, this simplifies the computations.

Note that case (1) is unavoidable in view of the bijection
¢~ (y1,2) = C Ny C Ny

where the triple intersection becomes a double one, which we expect to be of dimension 1,
if the elements of the set {1, 41,2} are not really distinct. Case (2) is more “exceptional”,
and we need a bit more care to handle it. As for case (3), it can be detailed much more
precisely, but because it is a restriction on the conjugacy class, we can avoid it entirely, by
working with “superregular” conjugacy classes, which are those regular conjugacy classes
with non-zero trace. (Note that this corresponds to the condition that —C # C', where
—C' is the conjugacy class of (—1) - g.) We defer the proof of this lemma to the end of
this section.

We come back to the case of interest in Theorem 6.7.8, assuming Tr(g) # 0. We
construct the map

4 Cl(g) x Cl(g) x Cl{(g) — G xG
(21, 72, 73) = (2122, 2173)
and write (as before)
Z =(Cl{g)NH)’, W =¢(Z)=¢((Cllg) N H)?)
to obtain
(6.39) IClg)NHP = Y |67 (y1,52) N Z] = S+ S + s,
(y1,y2)EW

where S; denotes the sum restricted to a subset W, C W, W, being the subset where the
fiber has order at most 2, while Wy, W; correspond to those (y1,y2) where cases (1) and
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(2) of Lemma 6.7.11 hold. Precisely, we do not put into Wy the (y;,y2) for which both
cases (1) and (2) are valid, e.g., y1 = 1, and we add to W) the cases where y; = —1,
which may otherwise appear in Case (2). We will prove:

PROPOSITION 6.7.13. With notation as above, we have
Sy < |[H?)? < o?|H|?, S; < |HO)? < o?|H|?,
Sy < P3| H|P/3,
where the implied constants are absolute.

Assuming this, we get immediately
| Cl(g) N H| < o3| H|*? + /| H "/
from (6.39). Now either the second term is smaller than the first, and we get (6.36) or
0434/9|H‘5/9 > a2/3|H|2/3
which gives
a>> |H|1/28,
the second alternative (6.37) of Theorem 6.7.8, which is therefore proved. And with it
Helfgott’s Theorem...

PROOF. The case of Sy follows by the fact that the fibers over Wy have at most two
elements, hence also their intersection with Z, and that |[Wy| < |[W| < |H®|2.

The case of S} splits into four almost identical subcases, corresponding to y; = 1,
y1 = —1 (remember that we added this, borrowing it from Case (2)...), y2 = 1 or y; = ys.
We deal only with the first, say S;:: we have

Si1 < Z o™ (1,12) N Z|.
y2€H®)
But using Lemma 6.7.10, we have
671 (1,y2) N Z] = [{(21, 27,27 'y2) € (CUg) N H)*Y| < [HY|
for any given y» € H® | since z; determines the triple (x1,2;' 27 y) and z;' =
7 eyt € H® for any such triple if iy, € H®). Therefore
Si1 < \H@)HH(?’)’ < |H(3)\2,

and similarly for the other two cases.

Now for Sy. Here also we sum over y; first, which is # £1 (by our definition of W5).
The crucial point is then that an element y; # +1 is included in at most two conjugates
of Bg. Hence, up to a factor 2, the choice of y; fixes that of the relevant conjugate B for
which Case (2) applies. Next we observe that Cg = Cl(g) "B is a conjugate of the union

CoUCy-1,

={(5 )}

and « is such that o + o' = Tr(g). Given y; € H® and B containing y;, we have
by (6.38)

where

y, € (HP NU)U (H? Nt*0)
for some t € Cg. We note that t2U is itself conjugate to C,2 or Cf-2.
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Then the size of the fiber ¢~(y;,42) N Z is determined by the number of possibilities
for ;. As the latter satisfies

rneCgnNH ,
we see that we should attempt to bound from above

7% no,

for a fixed k£ and a fixed v € FJ, as this will lead us to estimates for the number of

possibilities for y, as well as ;. Using Lemma 6.7.14 below, we get indeed
{yz | (y1,92) € Wal| < 8trp(HP)?|HP VP < o™ |H|'?,

(the factor 8 accounts for the two possible choices of B and the two “components” for
Y2, and the factor 2 in the lemma) and

(67 (v, ) N Z] < o?|H['.
This gives
Sy < AMVBHPBIH®)| <« o3| H,
as claimed. O
LEMMA 6.7.14. For any prime p > 3, any v € F, any x € SLy(F,) and any

symmetric generating set H of SLy(F,) containing 1, we have

< 2062’H|1/3

\HNzCx™ | = ‘Hﬁx{ (g 7t1> | t e Fp}x_l
where o = trp(H).

PrOOF. We first need to deal with the fact that  and v are not necessarily in SLy(F,)
(since we used Lemma 6.7.11, which refers to algebraically closed field — we will see in
the proof that it brings helpful simplifications). We have C.z~! N SLy(F,) C 2Boz~' N
SLy(F,), and there are three possibilities for the latter: either xBoz~'NSLy(F,) = {£1},
or zBoz' N SLy(F,) = T is a maximal torus of SLy(F,), or 2Boz~' N SLy(F,) = B is
an SLy(F,)-conjugate of the group By = By N SLy(F,) of upper-triangular matrices (see
Lemma 6.6.13). In this last case, we can assume that x € SLy(F,) and v € F,. In the
first, of course, there is nothing to do. And as for the second, note that v and y~* are the
eigenvalues of any element in SLy(F,) NzC,z ™!, and there are at most two elements in a
maximal torus with given eigenvalues. A fortiori, we have |H NzC, x| < 2 < 2a?|H|'/?
in that case.

Thus we are left with the situation where € SLy(F,). Using SLo(F,)-conjugation,
it is enough to deal with the case = 1. Then either the intersection is empty (and the
result true) or we can fix

t
go = (g 791) e HNC,,
and observe that for any g € H N C,, we have
gotg e H? Ny,

hence
HNC,| < |HP NG| = |H?P NU,y,
which reduces further to the case v = 1.
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In that case we have another case of the Larsen-Pink inequalities, and in fact precisely
the situation we considered in our first motivating example of growth, Proposition 6.6.3.
Applying the latter to H® | we get

|[H® NUy| < 2|H® M3 < 202 H|Y3

by Ruzsa’s Lemma (the statement of the proposition suggests H1% instead, but looking
at the proof, we see that we can define (6.22) using an auxiliary element h € H instead
of H® so that the image is in H®)))

g

We must still prove Lemma 6.7.11.

Proor oF LEMMA 6.7.11. This computation is based on a list of simple checks. We
can assume that the regular semisimple element g is

(a0
g = 0 Oé_l

where a? # 1, because o = %1 implies that g is not regular semisimple, and « a fourth
root of unity implies that Tr(g) = 0, which is the third case of the lemma. (Note that
here we use the fact that k is assumed to be algebraically closed!) Thus the conjugacy
class is the set of matrices of trace equal to t = a 4+ o~ !.

The only trick involved is that, for any y; € SLa(k) and = € SLy(k), we have

CN(zyz ) 'C =z 'Cnyla™C) =2(CNy; ' C)z™?

since 271C = Cz~!, by definition of conjugacy classes. This means we can compute
C Ny;'C, up to conjugation, by looking at C' N (y;)~'C for any y| in the conjugacy
class of 4. In particular, of course, determining whether C'Ny; 'C is infinite or not only
depends on the conjugacy class of y;...

The conjugacy classes in SLy(k) are well-known (see Proposition B.2.4 in Appen-
dix B). We will run through representatives of these classes in order, and determine the
corresponding intersection C' Ny, 'C. Then, to compute C Ny, 'C Ny, 'C, we take an
element z in C Ny, 'C, compute yox, and C Ny;*C Ny, ' C corresponds to those x for
which the trace of y,x is also equal to t...

We assume y; # £1. Then we distinguish four cases:

/11 (-1 1
hn = 0 1)/ Y1 = 0 -1/

(6.40) g — (§ 601)  BAELB A

_(a* 0
nh = 0 CY_2 :

We claim that D = C Ny; *C is then given, respectively, by the sets containing all
matrices of the following forms, parameterized by an element a € k (with a # 0 in the
third case):

(6.41) (‘8‘ a‘ll) or <O‘01 Z)

(a (—a*+at — 1)/(213)) |

2t t—a
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1 t (8 —a®)a
(6.42) m (—(ﬂ —a?)q ! t3 ) )

(6.43) (O‘; Z) or <O‘;l 2)

Let us check, for instance, the third and fourth cases (cases (1) and (2) are left as
exercise...), which we can do simultaneously, taking 3; as in (6.40) but without assuming

B # a*?. For
x = <CCL Z) e C,

nr = (6ﬁ—cllc 6?1bd>

This matrix belongs to C'if and only if fa+ 37'd =t = a+ d. This means that (a,d)
is a solution of the linear system
a+d=t
Ba+pld =1,

of determinant 37! — 3 # 0, so that we have
t
SIS
B+1 B+1

Write ¢ = ¢/(8+1), d = d'/(8+1); then the condition on ¢ and d’ to have det(z) = 1
can be expressed as

we compute

—dd = (B—a?)(B - a?).

This means that either 3 is not one of a?, =2 (the third case), and then ¢ and d are
non-zero, and we can parameterize the solutions as in (6.42), or else (the fourth case)
c or d must be zero, and then we get upper or lower-triangular matrices, as described
in (6.43).

Now we intersect D (in the general case again) with y, 'C. We write

Ty T2
Y2 = .
T3 T4

We consider the first of our four possibilities now, so that = € D is upper-triangular
with diagonal coefficients a, ™! (as a set), see (6.41). We compute the trace of y,x, and
find that is

ars + ria + x4ofl, or axs + :I:lofl + x40,

Thus, if 73 # 0, there is at most one value of a for which the trace is ¢, i.e., DNy, 'C
has at most two elements (one for each form of the diagonal). If 3 = 0, we find that x;
is a solution of

ary + otz = t,

or
-1 -1
ary +a T =1,

for which the solutions are among 1, a? and a2, so that 1y, is upper-triangular with
diagonal coefficients (1,1), (a?, a™2) or (a™2, @?), and this is one of the instances of Case
(2) of Lemma 6.7.11.
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Let us now consider the second of our four cases, leaving this time the third and fourth
to the reader. Thus we take z as in (6.42), and compute the trace of y,x as a function of
a, which gives

x x
Tr(yex) = —Z—Z’az + <x1 — x4+ 73)61 + (x4 + 210)t.

The equation Tr(y,x) = t has therefore at most two solutions, unless z3 = 0 and
x4 = x1. In that case we have x4, = £1, and the constant term is equal to ¢ if and only if
xg=1and o =0 (so yp = 1) or x4, = £1 and x5 = 1 (and then y, = ;). Each of these
possibilities corresponds to the exceptional situation of Case (1) of Lemma 6.7.11.

All in all, going through the remaining situations, we finish the proof... U
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APPENDIX A

Explicit multiplicative combinatorics

A.1l. Introduction

In this appendix, we will state and prove some basic results about product sets and
approximate subgroups of finite groups, where the main emphasis is to obtain explicit
forms of the estimates. The basic structure of the results is found for instance in Tao’s
paper [108&8], which we follow closely (keeping track of the constants). For simplicity, we
work only with symmetric sets, usually containing the identity.

Below all sets are subsets of a fixed finite group G, and are all non-empty. The
notation AB, for subsets A, B C G, refer to the product sets

AB ={ab | a € A, be B},
and we use again the notation A™ for the n-fold product set A- A---- A. We extend it
to negative values of n, defining AC™ = A= where A1 = {a | a™' € A}. We also

recall the notation E(A, B) and e(A, B) for the multiplicative energy (Definition 6.3.3),
and we now define the Ruzsa distance:

DEFINITION A.1.1 (Ruzsa distance). Let G be a finite group and A, B non-empty
subsets of G. The Ruzsa distance d(A, B) is defined by

IA-Bll)

VIAlIB|

The crucial property of the Ruzsa distance is the triangle inequality:

d(A,B) = log(

LEMMA A.1.2 (Ruzsa triangle inequality). Let G be a finite group, A, B and C' non-
empty subsets of G. We have

d(A,B) < d(A,C)+d(C, B).
PROOF. Spelling out the meaning of this inequality, we see that it is equivalent with
|A-CY|C - B7Y
] ’
which one proves by constructing an injective map
i:COx(A-B™)—(A.-CHx(C-B™,

as follows: for any element z € A - B™!, fix (once and for alll) some elements a(z) € A
and b(x) € B such that

A-B7| <

x = a(x)b(z) .
Then we define
i(c,x) = (a(x)c ™, cb(z)™h)
for all (c,z) € A x (A- B™1). To show that 7 is injective we observe that i(c,z) = i(d, y)

means that
a(z)e™t = a(y)d™!
ch(x)™t =



and if we take the product of these two equalities, we derive

v = a(x)b(z)"" = a(y)bly)”" =y,
and then furthermore ¢ = db(y)~'b(z) = d, so that ¢ is indeed injective. d

We will also use the following further elementary properties of the multiplicative
energy.

LEMMA A.1.3. The following properties hold:
(1) We have

E(A,B)=> |[AnzB™'[
xeG
(2) We have E(A, B) > |A|?|BJ*/|AB|.
(3) We have E(A,A™Y) = E(A71 A).

Proor. (1) follows from the definition by writing

paB = Y =Y( X 1)

(a,a’ ,b,b")EA? x B2 z€G a,beAxB
ab=a'b’ ab=z

Then we obtain (2) using the Cauchy-Schwarz inequality and the fact that AN zB~*
is empty unless x € AB:

418 = Y 14Nz = 3 14neB | < (Y [AnzBP) Y aBpre.
zeG r€AB x
Finally, to prove (3) we observe that for (ay,as,as,as) € A%, the equations
aray’ = azay’, and ay'ay = aj'as
are equivalent. The number of solutions of the first is E(A, A™!), and of the second is

E(A™Y, A). O

A.2. Diagrams

We will use the following diagrammatic conventions, which allow us to keep track of
constants:

(1) If A and B are sets with d(A, B) < log a, we write

Ae—=eB

(2) If A and B are sets with |B| < a|A|, we write

Be"= A,
and in particular if | X| < «, we write

X251,

(3) If A and B are sets with e(A, B) > 1/a, we write
AeleB

(4) If A C B, we write
A——B.

The following rules are easy to check (in addition to some more obvious ones which
we do not spell out):
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(1) From
Ae——2B
we can get
Ao B B g
(2) (Ruzsa’s triangle inequality) From

ATBTC

we get
*araz’
(3) From
Cos Be5 A
we get

Co A
(4) (“Unfolding edges”) From
Be"= A
"
B
we get

AB1e VP 4

(note that by the second point in this list, we only need to have

Be——A
B

to obtain the full statement with o = 32, which is usually qualitatively equiva-
lent.)
(5) (“Folding”) From

AB_IOLA.LB

we get

051/2

Note that the relation Ae—"= B is purely a matter of the size of A and B, while the
other arrow types depend on structural relations involving the sets (for A>—— B ) and

product sets (for Ae——B or Ae"eB).

A.3. Statements and proofs

The main result that we use in Chapter 6 is Theorem A.3.7 below. We present the
arguments leading to the proof, following Tao’s arguments [108, §3,4,5].

THEOREM A.3.1 (Ruzsa covering lemma). If
ABe*5 A |
there exists a set X which satisfies
X>——=DB, Xe*s1, B——>A1TAX,
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and symmetrically, if
BA«*s A
there exists Y with
Y>—=B, Ye®s1, B>—=XAA".

PROOF. Let X C B be a subset that is maximal under inclusion and such that the
“cosets” A -z C G are disjoint. We have X e>=1, because AB+%>> A . For any
b € B, the set A -b cannot be disjoint from A - X, by maximality. This means that
be A71. A. X. The other case is obtained similarly. O

Next is another result which is essentially due to Ruzsa: the tripling constant of
a symmetric set controls all other n-fold product sets. This was stated and proved as
Proposition 6.6.5 in Chapter 6, but we state it again in our diagrammatic language.

THEOREM A.3.2 (Ruzsa’s Lemma). If A is symmetric and

AB) %5 A
then we have
A 2L g
for all n = 3. In particular, we get
AN A
Petridis [94, Th. 1.6] and Tao [108, Lemma 3.4] (for instance) show that there are

also versions of this result with A" replaced by any n-fold product of factors equal to
A or A~'. But we will only use symmetric subsets, in which case the above has better
constants.

THEOREM A.3.3. Let A= A~ with 1 € A and
AB 2o A .
Then H = A® is q (2a*)-approzimate subgroup containing A.

PRroor. We have first
Hes>A, A——H.

Then by Ruzsa’s tripling inequality, we get
AH® — AN 4
and by the Ruzsa covering lemma there exists X with
X0 > H® | Xo2oq,

such that
HO > > AOX > > AOX = HX .
Taking X; = X U X! we get

Xy H® | X201,
and
H®>—>HgX, H®—sXH,
which are the properties defining a (2a°)-approximate subgroup. U
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THEOREM A.3.4. Let A and B with
A'T‘B_l
Then there exists a y-approrimate subgroup H and a set X with

Xes1, A~ XH, B=——=HX, He«’sA,
where
N < 20, < 2210 oy < 8a.
Furthermore, one can ensure that

210,40

(A1) HG) H.

This will require first a lemma.

LEMMA A.3.5. Let A be such that
AA T <S5 A
The set
S={zecG| A2 AN Az }.
18 symmetric, it contains 1, and satisfies

2na2n+l

A5 ASMA-L A

foralln > 1.

PROOF. It is elementary that S contains 1 and is symmetric. To prove the lower
bound for the size of S, we consider I, = |[AN Az| for x € G. We will determine the
average of I, and get a lower bound for the second moment to deduce that I, is often
enough large enough. First

D SO IRED S DI

T a€EA a€EA  zeG
ar—leA ax—leA

and next by Lemma A.1.3 (2), (3) and (1), we obtain

. . A AP
2 _ 1 — 1 > | > ]
;Ix E(A JA) E(A7A )/ |AA_1| = a

Since
S < (maxs) Yn < 20
X s T T 20 )
x¢S z
it follows that

|A]° 2 2
S S > < |APS),

z€S

which gives the desired lower bound A2 S
Fix now an integer n > 1, and let B = A-S™ . A= Let N, be the number of
(n + 1)-tuples (o, ..., x,) of elements of A- A~! such that the product zg - - x, belongs

to B. We can write
N, => M,

yeB
where M, is the number of (xq, ..., 2z,_1) € (A-A71)" such that (z¢---x,_1) 'y € A- AL
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For y € B, we can write y = agsy - - - snb;}rl where ag € A, the s; belong to S and
bpi1 € A. Thus

-1 -1 -1 -1
(mo...xn_l) y:l‘n_l...xo aOSI"'Snbn-i,-l‘

We introduce elements by, ..., b,, such that
xglao =by, x7'bisi=by, ..., by 18,1 = by,
noting that (zo,...,o,—1) — (by,...,b,) is bijective. Then (zg---Ty_1)"'y = bysnb, iy,

and M, is therefore the number of tuples (by,...,b,) € G™ such that apb;' € A- A~
and bisib;rll € A- A7l for 1 <i < n. This number is at least I,, - -- I, , since the tuples
(b1,...,b,) with b; € AN As; satisfy the conditions. This means that for y € B, we
have M, > (2a)™"|A|", and N,, > (2«) "|A|"|B|. Comparing with the elementary upper
bound N,, < |A - A7 L o™ A["TL, we obtain

1B| < (2a)"a™|Al.

]
PROOF OF THEOREM A.3.4. From
A .\-—i; A,
o
we get first
AA T 4

By the lemma above, there exists a symmetric set S with 1 € .S such that

2na4n+2

(A.2) A g ASM AT A

for all n > 1.
Taking n = 1, we get first

AS1 = ASe—2" 4

and thus
AS e 20 pe 2 g

which gives

by folding, with 8 = 2v/2a”.
In addition, we have

5(3) - ‘a4 A _ 202 S ’

and Theorem A.3.3 says that H = S® is a y-approximate subgroup containing S, with
v = 2(16a'6)® = 221080 and (as we see)

He—2" .4
Moreover, once more from (A.2) with n = 3, we deduce
H® = 5O 450 A~ e 2o | g 20 g

which gives (A.1).
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Now from
AH = AS® o8 4y 22 g, 1l p

we see by the Ruzsa covering lemma that there exists Y with

Y

16016
YA, Y 1, A——~YHH.

By definition of an approximate subgroup, there exists Z with

Ze's1, HH———>ZH,

and hence
A—— (YZ)H .

Now we go towards B. First we have

AH-' = AS® o3 4. g

which, again by folding, gives
Ae—eH
(e%)
with a; = 8v/2a!. Hence we can write
H.—vo—oBil ,
a1 (0%

and so

H B~1.

aoy

In addition, from (A.2) with n = 3, we deduce

He %" _Ae g1
and therefore we get
16
i —— B!
.\_/0 ’
aaq

from which it follows by unfolding that

B'H ' =B He 2" _ p1.% g2

Once more by the Ruzsa covering lemma, we find Y; with

32020

}/1>_>B_17 }/1

1, B 'Y \HH—— (,2)H .
Now we need only take X = (Y1ZUY Z), so that
X1
with v, = 7(64a?* + 16'9), in order to conclude. Since
< 22801
we are done.

The next result is a version of the Balog-Gowers-Szemerédi Theorem.

204



THEOREM A.3.6 (Balog-Gowers-Szemerédi). Let A and B with
Aelep .
Then there exist Ay, By with
Aj>——A, B>——1B,

as well as
A2 A B .,
and
Ay T-Bl_l
where a; = 229a°.

The proof will use Proposition 2.2.17.

PROOF. For x € G, define I, = |[ANxzB™!|. Note that I, = 0 unless x € A- B, and
that

(A.3) I, < /|Al|lxB~1| = \/|A||B]

by the Cauchy-Schwarz inequality.
Let S be the set

S={zeqG|I>2a)AY?B'?*} c AB.

Since

|A|1/2|B|1/2
S| —— —— Zf [AllBI,

we have |S| < 2a|A|Y2|B|/2. We then let
T ={(a,b) e Ax B | ab € S}.
We will show that

(A1) 7| >
Indeed, we have

2
T1=3 @) €AxB | abe SH= 3 L < [ D 1

€S €S

by (A.3). But using Lemma A.1.3 (1) and the assumption on the multiplicative energy
of A and B, we have

Y =) I;-|AIB

z€eS

||A‘1/2‘B’1/2 ’A‘3/2‘B|3/2 - ’A‘3/2|B‘3/2

= FE(A,B) —
(4, B) 20 - 20 ’
which combined with the previous inequality gives (A.4).

We now define a simple bipartite graph I" with vertex set the disjoint union of A and
B and edges the pairs (a,b) € T C A x B (with endpoints {a, b}). By Proposition 2.2.17,
there exist A; C A and By C B, with

8v2a

(A.5) A A, Be—% .p,




such that for any pair (a,b) € Ay x By, there are at least 2712a~*| A|| B| paths of length
3in I' from a to b. Let b’ € B and ' € A be intermediate vertices in such a path

an~b ~a ~0b.

By definition, the elements ab', a't/, a’b belong to S. The identity ab = (al/)(a'd’)"'a'b
shows then that there are > 27'2a~*|A||B| triples (z,y, z) in S such that xy~'z = ab.
This implies that

Elk
2-12a74]A||B|
and combining with (A.5), we obtain the bound for the Ruzsa distance. U

|41 By < < 27| AV?| B2,

Now comes the main result of this section.

THEOREM A.3.7. Let A and B with
AeleB .
Then there exist a B-approximate subgroup H and x, y € G, such that

Heo A, AL AnzH, B~ BnHY,
where
5 < 216214720 By < 221124957 By < 22312
Moreover, one can ensure that

H® L H

where By = 28100360,
PRrROOF. By the Balog-Gowers-Szemerédi Theorem, we get Ay, By with
Al D —— A , Bl - s B ,

as well as
8a

A, B

and
Aye——B;!

where a; = 220, Applying Theorem A.3.4 to A, and B, we get a [B-approximate
subgroup H and a set X with

2(114
He——1 -~ AeloA
and
Xe's1, A——>XH, B=——>HX,
where
5 = 22180 — 91621720 N = 228(}%04 _ 2108936
- 1 — 9 - - )
and moreover
H®) .& H

where 33 = 219a]0 = 28104360,
Applying the pigeonhole principle, we find z such that

V22 4 e A NzH—— ANzH
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and y with

Be—2 . Be«lsB NHy=——=BNHy.
This gives what we want with
/81 g 8\/50(’}/ < 22112a937’ ﬁZ — 8@%4 — 228306126.
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APPENDIX B

Some group theory

B.1. Free groups

In Chapter 6, we use a few basic facts about free groups, which we quickly summarize
here; we give a few proofs when it’s possible in a few lines, simply to minimize the

prerequisites. For a more detailed survey, we already mentioned the excellent book [50,
Ch. IIJ.

ProproOSITION B.1.1. Let G be a free group on a set S of k > 1 generators.

(1) Any subgroup of G is also a free group.

(2) Any x # 1 is of infinite order.

(3) If x # 1, then the centralizer of x is infinite cyclic.

(4) Fiz a set S = {af',...,a'} of free generators of G and their inverses and let
I'=C(G,S). If v # 1, then dr(1,2") > |n| for alln € Z.

Proor. (1) This is the Nielsen-Schreier theorem, proofs of which can be found in
many books (using either topological or algebraic means to reach the goal), e.g., [61,
Cor. 2.9] or [10, p. 417, ex. 2].

(2) The subgroup generated by x € G is free by (1), and this implies that it is either
trivial or infinite; if x # 1, the first possibility is of course excluded.

(3) The centralizer H = Cg(x) is a free group by (1), and is infinite by (2) as it
contains " for all n € Z. By definition, we have in H the relation zyz~ly~! =1 for all
y € H, with x # 1, which implies that H can not be of rank > 2. So H is free of rank 1,
i.e., it is infinite cyclic.

(4) Write = s1 -+ s, as a reduced word in the generators S (see, e.g., [50, IL.A]).
Let r > 0 be the largest integer such that y = s; - - - s, is the inverse of s, 41+ S, SO
that we have

v =yry
where z; = $,41 - Sm_r. Note that z; # 1 since # # 1, and that s,,; # s, ' since
otherwise r could be increased by 1. We have

a" = yryy
for n € Z. Assume n > 0; if we look at the corresponding word

(51 80) (Srs1 - Sms) -+ (Sri1* +* Sms) (Smrs1 - * Sm)
we see that no cancellation can occur, i.e., we have
dr(1,2") = 2r + ndr(1,z1) > n.
For n < 0, we can argue similarly for 2! to finish the proof. O

REMARK B.1.2. Parts (2) and (3) can also be proved directly and elementarily, with-
out using the Nielsen-Schreier Theorem (see, e.g., [61, §1.4, Cor. 1.2.2 and Prob. 2]).

We use the following example in Chapter 6.
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ProposITION B.1.3 (The Lubotzky group is free but thin). (1) For k > 2, let

1 k 10

Then uy, vy generate a free subgroup Ly of rank 2 in SLo(Z). Moreover, for all p1 k, the
image of {uy, vy} modulo p generate SLo(F),).

In particular the Lubotzky group L = L3 of Example 6./.7 is free of rank 2 and the
Cayley graphs C(SLy(F,), {us', vi'}) are connected for all primes p # 3.

(3) For k > 3, the subgroup Ly, has infinite indez in SLy(Z). For k = 2, the subgroup
Ly is of finite index in SLo(Z).

PROOF. (1) This is one of the simplest examples of the so-called “ping-pong” argu-
ment that is often used to produce free groups (see, e.g., [50, §IL.B] for a more general
discussion).

We consider the action of L; on R? by left multiplication, and introduce the two
subsets

Xi={(z,y) eR* | [z| > |y}, Xo={(z,y) €R* | [y| > |z[}
of R%. If (z,y) € Xy and m € Z we have
' (,y) = (x + kmy, y)
which is in X7 if m # 0, since
|z + kmy| = |kmy| — [x] = k[mlly| — |z| = (k = 1)|m][y| = ||

(note that k& > 2 is important here). Thus we have u}*(X53) C X; for all m # 0, and one
checks similarly that v*(X;) C X, for m # 0.
Now we can start playing ping-pong to show that Ly is freely generated by wu; and vy.

First, let £ > 1 be odd and let nq, ..., ny be non-zero integers; consider the element
g =uPvPu® v T gt € Ly

We must show that g # 1 (since it is a non-trivial reduced word in the generators); but
indeed ¢ is non-trivial since

g(XZ) — ( ZlU’ZzuZB .. .vzlflu2e><X2) C (UZIUZQUZB . 'UZZ71)<X1) CC )(17

and X; and X, are disjoint! Similarly, if a word begins and ends with a power of vy, it
is non-trivial in Ly, and if
the conjugate element
I T T e T R T

is non-trivial by the previous case, which means that g itself is, and the same for words
beginning with v, and ending with wuy.

This proves the first part of (1). The second part, concerning the group generated
by wu, (modp) and vy (modp), follows from Proposition B.2.1, (2), below: SLy(F,) is

generated by
(1 1 (1 0
Uy = 0 1 3 v = 1 1 )

and for p { k we have u; = u}, vy = v} in SLy(F,), where n is the inverse of k in Z/pZ.
Thus wu, and v also generate SLy(F,) in that case.
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0 1 3/2
FiGUrRE B.1. The domain F3

As for (3), we will only prove the first part (see the remark below concerning the case

k = 2). We note that
0 1 0o 1\
-1 0)"\-10)7 %"

We will show that the group Hj generated by ug, by —Id and by

o= (4 o)

is of infinite index in SLy(Z) (this result essentially goes back to Hecke [51, §3]); since the
relation above shows that Hj contains Lg, this does imply (3). We now argue following
Evans [36], using a modicum of hyperbolic geometry. We consider the image of Hy in
PSLy(Z) = SLo(Z)/{+£1}, which acts on the upper half-plane H by

a b az+b
. Z = —
c d cz+d
(this is also the context of Example 5.4.1). It suffices to show that for £ > 3 the image

Hj, of Hy, in PSLy(Z) is of infinite index in PSLy(Z). To do this, we will show that the
subset

Fr={z=z+iyeH | |Re(2)| < 1k and |Im(z)| > 1}

has the property that no two distinct elements of Fj, are in the same Hj-orbit: if 2, # 2
are elements of F and g-z; = 2 with g € Hy, then g = 1 (see Figure B.1 for the drawing
when k£ = 3).

This claim allows us to conclude. Indeed, it is a fundamental fact that, on the
other hand, any z € H is in the PSLy(Z)-orbit of some element in Fj (see, e.g., [102,
§VII.1.2]). Since the hyperbolic measure of F} (i.e., the measure according to the invariant
measure pug =y~ 2dxdy, see (5.11)) is finite (as the reader can quickly check) whereas the
hyperbolic measure of F}, is infinite, namely

k/2 +oo
[ [P
Y 1 0 Yy

it follows that the index of Hjy in PSLy(Z) must be infinite (otherwise, F}, would be
contained in the union of finitely many translates vF; with v € SLy(R), and its measure
would be finite, since the hyperbolic measure y~2dxdy is invariant under SLy(R)).)
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We will now check the claim. We denote u = u; for simplicity. The advantage of
using the group Hj, is that since w? = 1, any element g # 1 in Hj, can be written

(B.1) g=u"wu "t w - wu" wu™
for some integer j > 1, where n; € Z for all i, and n; # 0 when 2 < i < j — 1 (where
J = 1 means that g = u;"', while g = w corresponds to j = 2 with ny = ny = 0).

Let D_ (resp. D) be the subset of H defined by the condition |z| < 1 (resp. |z| > 1).

The action of w is z — —1/z, hence it exchanges D, and D_. Forn € Z and z = z + iy
in H, we have

lu™ - z|* = (z + nk)? + o>
Now we observe:

o If z € Fj, then u" -z € D, if n € Z, so wu" - z € D_ (indeed, if n = 0, then
z € D4 by definition of Fj, and otherwise we have |z + nk| > |n|k —k/2 > k/2,
so [u™-z|?2 > k24 +y? > KP4 > 1).
elf e D, thenu"- -z ¢€ Dy ifn # 0, sowu" 2z € D_ (indeed, |z + nk| >
Inlk —k/2 > k/2, so [u™- 2|> > k?/4 +y? > k?/4 > 1 again).
o If z € D_, then u" -2 ¢ F, if n € Z (indeed, this holds by definition if n = 0,
and otherwise | Re(u™ - 2)| = |x + nk| > |nlk — k/2 > k/2.)
Let z € F;, and g # 1 in Hy, given by (B.1). By the first observation, we have wu™ - z €
D_. Applying then repeatedly the second observation, we get

wu" w2 e Do, L, wu T w e u™wu™ -z € D

so that g - z ¢ Fy by the third observation.
O

EXERCISE B.1.4. Rephrase the argument for (3) as a “proper” ping-pong argument.

REMARK B.1.5. For k = 1, as just recalled, the group L; generated by

1) ()

is simply SLy(Z). This is not a free group: e.g., we have

_ _ 0 1
w =y vy = (_1 0)
which satisfies w* = 1.

For k = 2, one can check that Ly (which is a free group) is of finite index in SLy(Z),
more precisely that the group generated by L, and the element —1 (which doesn’t belong
to Ls since it is of finite order) is the finite index subgroup

ker(SLa(Z) — SL(Z/27)) {(Z Z) = (é (1)) (mod2)}.

Since Lo is of index 2 in this subgroup, it is also of finite index.

B.2. Properties of SL,

We gather here some properties of SLy(k), for k algebraically closed, and of the finite
groups SLy(F,) which are used in Chapter 6. All of these are very standard, and go back
to the earliest investigations of finite linear groups by Dickson.
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ProposITION B.2.1. (1) For p prime, we have
| SLa(F,)| = p(p* — 1).
(2) For p prime, the group SLo(F),) is generated by the elements

(11 (10
“=lo 1) T\ 1 )

(3) For p > 3 prime, the invariant d(SLy(F,)), i.e., the minimal dimension of a non-
trivial irreducible unitary representation of SLay(F,), is equal to (p — 1)/2. In particular,
SLy(F,) is perfect if p > 5.

PROOF. (1) is left as an exercise; for (2), see for instance [74, Lemma 8.1]. For (3),
we sketch a proof of the lower bound d(SLy(F,)) > (p — 1)/2, since this is the direction
that is relevant for our application. In particular, since it shows that there is no one-
dimensional representation of SLy(F,) for p > 5, it implies that the group is perfect in
that case.

Let o # 1 be an irreducible non-trivial representation of SLy(F),), with p > 3 a prime.
Since u; and v; generate SLy(F,), one of p(u;) or p(v;) is non-trivial. We assume that it
is o(u1) (the other case being similar). Since o(uy) is a unitary matrix of order p, it has
therefore an eigenvalue £ that is a non-trivial root of unity of order p, hence a primitive
p-th root of unity. Let x # 0 be a {-eigenvector. Now we use the conjugation relation

a 0 ail()_az
0 at)\ 0o o "

for any integer a > 1 coprime to p, to deduce that

w=o((5 ))s

is an eigenvector of g(uy) for the eigenvalue £°. Since there are (p—1)/2 distinct squares
in F;, this gives (p — 1)/2 eigenspaces of go(u1), and in particular the dimension of the
space on which it acts must be at least that large! U

Next, recall that a mazimal subgroup of a finite group G is a maximal proper subgroup.

We use the knowledge of maximal subgroups of SLo(F,), which we recall. The fol-
lowing terminology is defined and used in Section 6.6 (see Proposition 6.6.10). A split
mazimal torus T in SLy(F,) is a conjugate of the subgroup

a 0
Tsz{(o a1> [aeF;},

of diagonal matrices (equivalently, T" is the subgroup of all elements which are diagonal
with respect to a fixed basis of F2). A non-split mazximal torus in SLy(F,) is a conjugate

of the subgroup
o a b 2 2
T”S_{<bg a) | a® —¢b —1},

where ¢ € F is a fixed element which is not a square.

THEOREM B.2.2 (Dickson). Let p > 5 be a prime number and let H C SLy(F,) be a
mazimal subgroup. Then one of the following possibilities holds:

(1) The group H/{x1} is isomorphic to one of the groups Ay, &4, As.

(2) The group H is the normalizer of a split or non-split mazximal torus.

(3) The group H is conjugate to the subgroup B of upper-triangular matrices.
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PROOF. Many book treatments (see, e.g., [107, Exercise 7, §3.6]) prove a similar
statement for the simple group PSLy(F,) = SLy(F,)/{£1}, but it is easy to reduce to that
case. Indeed, a maximal subgroup H of SLy(F,) must contain {£1}, since H C H{%1}.
Then, denoting by 7 the projection SLy(F,) — PSLy(F,,), we have H C 7 '(H') and by
maximality, either 7=1(H’) = SLy(F,), or else H = 7 '(H'). But the first case can not
occur, since it would mean that 7 restricted to H is an isomorphism ¢ : H =~ PSLy(F,),
and then H would be normal in SLy(F,) (being of index 2) and one would obtain a
surjective homomorphism

SLy(F,) — SLy(F,)/H ~ Z/2Z,

contradicting the fact that SLo(F,) is perfect.

We sketch one possible argument, which is not quite as precise, but is enough to derive
a variant of Corollary B.2.3 below that would suffice for the applications in Chapter 6.
We distinguish two cases.

Case 1. If p | |H|, then up to conjugacy, we may assume that H contains the matrix

((1) }), hence the subgroup U it generates. If H is contained in the subgroup B of

upper-triangular matrices, then we are done. Otherwise, we apply the elementary non-
concentration inequality of Proposition 6.6.3 to the subset H (which is symmetric!). We
deduce that
p=UnH|<2HY =2|H|'?,

or |[H| > (p/2)3. Tt is easy to see that this is not possible if p > 5, so this possibility does
not arise.

Case 2. If p 1 |H|, then we only need the classification of subgroups of SLo(F,)
of order coprime to p, and this is very classical and leads to the conclusion (adapt, for
instance, the recent treatment of Beauville [6] for PGLy(F))). 0

We use in Chapter 6 the following immediate corollary:

COROLLARY B.2.3. Let p > 5 be a prime number and let H C SLy(F,) be a mazimal
subgroup. Then either |H| < 120 or we have

[[z1, za], [w5, 4] = 1
for any x; € H.

In our proof of certain non-concentration inequalities, we also use the classification of
conjugacy classes of SLy(F,) and SLy(F,).

PROPOSITION B.2.4. (1) Letp > 3 be a prime, and let e € F ) be a fized element which
is not a square. There are p+4 conjugacy classes in SLa(F,), which have representatives
of the following forms:

1, -1, (g x& ) , € FX — {+1},

(a b), b#£0, a* —? =1,

eb a



(2) Let k be an algebraically closed field of characteristic p > 3. Representatives of
the conjugacy classes in Slo(k) are given by the elements

z 0 %
L, -1, (O 21 ) ; T E k™ — {j:l}v

o) (04

PROOF. See [41, §5.2] for the first part (or adapt the argument for GLy(F),) in [72,
§4.6.4]); the second is easier and is proved along the same lines. O

The following last result also concerns SL,,, for m > 3, and is used in Section 5.3.

LEMMA B.2.5. Let m > 1. The elementary matrices s, ; = Id 4+ E; ; with 1 <1 # j <
m generate SL,,(Z).

PRrOOF. This follows of course from the more precise Carter-Keller Theorem, see |7,
Th. 4.1.3]), but this is a classical statement that we can sketch. Recall that multiplying
by s;; and the left and right amounts to replacing a matrix g € SL,,(Z) by the matrix
where the i-th row is replaced by the sum of the i-th and j-th rows of g (resp. the j-th
column is replaced by the sum of the i-th and j-th columns). Let g € SL,,(Z). Fix a
column j where g;; # 0 and has smallest absolute value. Using column operations (for
instance) and euclidean division, one obtains a new matrix where g ; has the largest
absolute value of the non-zero coefficients in the first row. Iterating, one obtains a matrix
with a single non-zero coefficient in the first row, which must be 1 to have determinant
1. Continuing with each row in turn, one ends up with a permutation matrix in SL,,(Z).
It is then an elementary manipulation to reduce this to the identity using further row
and column operations. O

PROPOSITION B.2.6. Let m > 3 be an integer and let ¢ = 1 be a positive squarefree
integer. The homomorphism SL,, ( ) = SLi(Z/qZ) of reduction modulo q is surjective.

(In fact, the statement holds for all ¢ > 1, but we do not need this).

PROOF. For any prime number p, the elementary matrices s;,; = Id + E;; with
1 < i # j < m reduce modulo p to the corresponding elementary matrices in SL,,(F,).
These generate SL,,(F,) (see, e.g., [74, Lemma 8.1, Prop. 9.1], taking into account the
fact that (Id + E; ;)" = Id 4+ nE, ; for all n € Z), so we obtain the statement when ¢ = p
is a prime.

In the general case, observe that for any squarefree integer ¢ > 1, the Chinese Re-
mainder Theorem gives an isomorphism

SLin(Z/qZ) — | [ SLin(F,).
plq
Taking 1 < i # 7 < m, and a prime p | ¢, we can find an integer k such that £ = 1 mod p
and £ = 0 mod ¢ for ¢ | ¢ different from p. Then Id + kE;; has image modulo ¢ that
has p-component equal to the elementary matrix s; j, and /(- components the identity for
¢ # p. Varying p, ¢ and j, these matrices generate the direct product

[[SLm(F,)

plg
hence the result. O
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APPENDIX C

Varia

We discuss in this section, with references when needed, a few standard facts of al-
gebraic number theory and (finite-dimensional) normed vector spaces that are needed
for some parts of the book. We also discuss some less well-known properties of polyno-
mials with only real zeros or their multi-variable generalizations, which are used in the
construction of Ramanujan graphs in Section 4.2.

C.1. The norm of linear maps

We use in some parts of the book the elementary properties of the norm on matrices
(or linear maps).

DEFINITION C.1.1. Let n > 1 and let g € GL,,(C). The norm of g is

_ [{gv, w)]
lgll = max
w0 [[v]|[wl]

where (-, -) is the standard inner product on C".

LEMMA C.1.2. Letn > 1.
(1) For ¢1 and gy in GL,(C), we have

(C.1) 1919211 < llgalll g2l

(2) For g € GL,(C), we have

(©2) ma o < gl for g = (91,),
(3) For any n > 0, we have

lg™ (| > max[A
where A runs over the eigenvalues of g.

PROOF. (1) is elementary.

(2) This is because g; ; = (ge;, e;) in terms of the canonical basis (eq,...,e,) of C".
(3) If gv = Av, then ||g|| = [(gv,v)|/||v]|* = |A]. Moreover, since A" is an eigenvalue
of g™ for any n > 0, we have also ||g"|| = | A" O

C.2. Finite-dimensional unitary representations of abelian groups
Let A be a discrete abelian group and
0: A— U(E)

a unitary representation of A on a finite-dimensional Hilbert space F. Let A be the dual

group
A={x: A— 8"}

of characters of A. For each character y, let
E.={veE | o(x)v=x(z)v for all z € A}.
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Then there exists a finite set X C A such that we have the orthogonal decomposition
(C.3) E=@E,
xXEX

and E, # 0 for x € X. This is the isotypic decomposition of E as a representation of A.
To see this, we use the spectral theorem for families of commuting unitary transfor-
mations of F:

THEOREM C.2.1. Let E be a finite-dimensional Hilbert space, and let M C U(E) a
set of unitary transformations of E. If all elements of M commute, then there exists a
basis B of E such that any element v € B is an eigenvector of all operators f € M.

We apply this theorem to M = {o(z) | = € A}. If v is an element of a basis B of
common eigenvectors, if follows that there are complex numbers A\, (z) € C such that

o(x)v = Ay(2)
for all z € A. Moreover, \,(z) € S', as an eigenvalue of a unitary operator. Since we
have o(x +y) = o(z)o(y) and v # 0, we obtain A,(x + y) = Ay(2)A,(y), or in other
words, the map x — A,(x) is an element x of A. Hence v € E,. This means that the
decomposition (C.3) holds, with X the set of characters x arising from the vectors v € B.

C.3. Algebraic integers

LEMMA C.3.1. Let d > 1 be an integer and let n > 0 be a real number. Let Py, to be
the set of all integral monic polynomials f of degree d with f(0) # 0, such that all roots
a of f have || < 1+ n. Then Py, is finite.

PROOF. Let f € Py, be given. We can write

d
f=X4a Xt e X tao = [[(X - ),
i=1
where a; are integers and |o;| < 1+ 7. For 0 < j < d— 1, we have

o= (=07 Y ]

Jc{1,...,d} aceJ
|J|=4

and therefore
d .
ol < ()
Counting the possibilities for each a;, it follows that
d—1

Panl < TT(1+ 2(?) 1+ np)

=0
and so Py, is finite. g

LEMMA C.3.2. Let f € Z[X] be a monic polynomial. If all roots of f have modulus
1, then they are roots of unity.

PrRoOOF. We use some basic facts of algebraic number theory in this proof. For an
integer d > 1, let Ry be the set of complex numbers which are roots of a monic integral
polynomial of degree at most d, with all roots of modulus 1. This set is finite, because

216



the elements of R, are roots of the finite set P, gU---U P, of integral monic polynomials
of degree < d, all of whose roots have modulus at most 1 (Lemma C.3.1).

Consider then a monic polynomial f € Z[X], with all roots of modulus 1, and let d be
its degree. Let a be a root of f. By algebraic number theory, for any integer k& > 1, o
is the root of some irreducible monic integral polynomial g of degree at most d, and all
roots of ¢ are of the form ¥ for some root /3 of k. Hence o* belongs to R, for all k > 1.
Since Ry is finite, there exist two distinct integers k; and ke with o' = o*2, which means
that « is a root of unity. O

LEMMA C.3.3. Let d > 1 be an integer. There exists a real number ng > 0 such that
if f € Z[X] is a monic polynomial of degree d with f(0) # 0, then either all roots of f in
C are roots of unity, or there exists a root o € C of f such that |o| = 1+ 1.

PROOF. We first observe that a monic integral polynomial f of degree d with f(0) # 0
has at least one root of modulus > 1: indeed, the product of the roots is (up to sign)
equal to f(0), which is a non-zero integer, hence of modulus > 1.

Since the set Py, of Lemma C.3.1 is finite, there exists a smallest real number 75 > 0
such that if f € P;; has a root o of modulus > 1, then |a] > 1 + 1y (note that (X — 2)¢
belongs to P;;, so some polynomial at least has a root with modulus > 1). By the
observation at the beginning of the proof, a polynomial f € Z[X] which does not have
all roots of modulus 1 either has a root with modulus > 2, or belongs to P;; and has a
root with modulus > 1 + n43. We conclude using the previous lemma, which shows that
if all roots of f have modulus 1, then they are roots of unity. O

COROLLARY C.3.4. Let d > 1 be an integer. There exists a real number ng > 0 such
that if A € SL4(Z) then either all eigenvalues of A are roots of unity, or there exists an
eigenvalue o € C of A such that |a| = 1+ ng.

PRrROOF. The eigenvalues of A are the roots of the characteristic polynomial f4 of A,
which is a monic integral polynomial of degree d with f4(0) # 0. Hence the result follows
from the previous lemma. U

C.4. Real stable polynomials

We collect in this section some properties of polynomials with real roots (or their
generalizations to many variables, the “real stable” polynomials). For more details and
further applications, the paper of Marcus, Spielman and Srivastava [83] as well as A.
Valette’s survey [114, Th. 1.8] are very readable.

We recall that H denotes the upper half-plane in C, namely the set of z € C such
that Im(z) > 0.

DEFINITION C.4.1. Let d > 1 be an integer. A polynomial p € R[X7, ..., X,] is called
real stable if p(z) # 0 for all z € HY.

If d = 1, a polynomial p € R[X] is real stable if and only if it has only real roots,
since if z is a root of p, then so is Z, and one of these belongs to H if z ¢ R.

PROPOSITION C.4.2. Let d > 1 be an integer and let H be a finite-dimensional Hilbert
space.
(1) If (u;)1<i<a are positive endomorphisms of H, and uy is an isomorphism, then the
polynomial
det(Xjug + -+ - + Xouq)
is real stable.
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(2) Let p € R[X7, ..., X4] be real stable and 1 < i < d. The polynomial (1 + 0;)p =

D+ 88—)2 is real stable.

(3) Let p € R[Xy,...,X,] be a real stable polynomial and t € R. Let
pe=p(X1,..., Xe1,t) € RIXq,. .., Xy q].
Either py 1s zero, or p; s real stable.
PROOF. (1) Let (21,...,24) € H? and let z € H be such that
zur(z) + -+ - + zqua(z) = 0.
By computing the inner product with x and taking the imaginary part, we get
Im(z)(ui (), z) + - - + Im(zq) (ug(x), x) =0,

since each (u;(x),z) is real. In fact, since u; > 0, each term is non-negative, hence each
of them must vanish, i.e., (u;(z),z) = 0 for all <. For ¢ = 1, this implies that x = 0.
Hence zyuy + - - - + zquq is injective, and the determinant is non-zero at (21, ..., zq).

(2) We may assume that i = 1 and that ¢ # 0. Fix (z9,...,24) € H"! and let
q=p(X,z,...,24) € R[X]. This polynomial only has real roots, and we need to show
that the polynomial ¢ + t¢’ has no root in H. Let z € H. We have ¢(z) # 0 and

i)+ ) = o) (1456) =@ (141 )

where (q;) are the roots of q. These are real, hence

1 Im(z)
I <1 t >:t — >0,
(i L) =y

so that z is not a root of ¢ + t¢'.
(3) For (21,...,24-1) in a compact subset K of H"!, we can write

b = lim p(zla ey Zd—1,tF Z/n)

n—-+o0o

uniformly on K. By a theorem of Hurwitz (see lemma C.4.3 below, applied for each of

the d — 1 variables when the others are fixed) we have either p, = 0 or p, has no zero in
HI 1 O

LEMMA C.4.3. Let D be a non-empty open disc in C. Let (f,) be a sequence of
continuous functions on D which are holomorphic in D. Assume that (f,) converges to
f on D, so that f is also continuous in D and holomorphic in D. If f,(2) #0 alln > 1
and z € D, then either f =0 or f does not vanish on D.

Proor. We assume that f is not zero, and show that it has no zero in D. Let 2z € D
be fixed, and let C' be a circle of radius r» > 0 centered at zy and such that C' C D. Since
f is non-zero, it is non-zero in the disc with boundary C, and by the maximum modulus
principle, it is non-zero on C. In particular, we have § = inf,c¢ |f(2)| > 0. For n large
enough, we get

sup |f(z) = fu(2)] <6,

zeC
and then the relation f = f — f, + f, combined with Rouché’s Theorem (see, e.g., [111,
3.42]) shows that f has the same number of zeros as f,, in the disc bounded by C'. This
means that f has no zeros there, and in particular that f(z) # 0. U

Finally, we have a convexity property of zeros of polynomials with only real roots.
Recall that for p € R[X], we denote by o™ (p) the largest real zero of p (if it exists).
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PropPOSITION C.4.4. Let (po, ..., pr) be monic polynomials in R[X|. Assume that for
every non-negative real numbers t; with to+- - -+t = 1, the polynomial g = topo+- - - +tipr
has only real roots.

Then 07 (q) belongs to the convex hull of the real numbers 0T (p;) for all such (t;).

We emphasize that, although one might be interested in the conclusion for a single
choice of (¢;), the assumption must be verified for all choices.

ProoF. Using induction on k, it is enough to show that if py and p; are monic
polynomials such that (1 — ¢)pg + tp; has only real roots for all ¢ € [0,1], and o (py) <
0" (p1), then for any ¢ € [0, 1], we have o™ ((1 —¢)po + tp1) € [0*(po), 0" (p1)]-

Let t € [0,1] and put ¢ = (1 — t)py + tp1.

If z € Ris > o (p1), then it is also > T (pg), and therefore we have p;(x) > 0 and
po(x) > 0 since both polynomials are monic. Hence (1—¢)po(x)+tp1(z) > 0, which shows
that ¢ = (1 — ¢)po + tp; has no zero > o™ (p1). Consequently, we have o7 (q) < o™ (p1).

To prove that o™ (q) > 0™ (po), it is enough to show that p1 (o™ (pg)) < 0, since we then
have q(o"(pg)) < 0, hence by continuity the polynomial ¢ has as zero > py.

We argue by contradiction. The inequality p;(0™(po)) > 0 would imply that there
exists § > 0 such that p; is non-zero in the interval [p"(po), 0 (po) + ¢], and we may
assume that 0% (po) < 0 (p1). Let n(u) be the number of zeros of (1 — u)py + up; in the
interval [0 (po) + 9, 07 (p1)], counted with multiplicity. This is a continuous function on
[0, 1], hence it is constant. Indeed, note that for any u € [0, 1] we have

(1 = w)po + up1) (0" (po) + 0) > 0

while for any = > o™ (p1), it holds ((1 — u)py + up1)(x) > 0, so that n(u) is also the
number of zeros in the disc D with diameter [o"(po) + d, 0™ (p1) + 0] in C (there being no
zeros that are not real), which can be expressed by the integral

1 / —upp(2) + up'(2)
n(u) = -
2im Jop (1 —uwpo(z) + upi(2)
which is a continuous function of w.

However, n(0) = 0 since py has no zero > o™ (py), while n(1) > 2, since p; (0™ (po)+9) >
0 but p; vanishes at o*(p;). This is the desired contradiction. O

Y

C.5. Mixed characteristic polynomials

DEerINITION C.5.1. Let H be a finite dimensional C-vector space. Let d > 1 be an
integer and let w = (uy,...,uq) be a d-tuple of endomorphisms of H. The polynomial

(1 . ain) (1 . aixd) det(X + Xqus + - - + Xotin)|x,——x,—0 € C[X]

is called the mized characteristic polynomial of the family w. It is denoted p(u).

It is elementary that p(w) is a monic polynomial of degree the dimension of H.
Moreover, it is symmetric in the sense that pu(v) = p(u) if v is a permutation of w.

ExAMPLE C.5.2. Take H = C? and d = 2, and identify endomorphisms of H with
square matrices of size 2. Then we compute that

a b

det (X X (C .

) + X <‘;‘ ?)) = X? + X(X1d + X6 + Xia + Xoa)
+ X7 (ad — be) + X5 (ad — By) + X1 X5(ad + ad — ¢f — dy).
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The differential operator to apply is

0 0 . 0?
0X, 0X, 0X,0X,’
so many terms vanish after applying it and putting X; = X5 = 0. We get

u((i Z),(O‘ B)) = X2~ (a+d+a+86X+(ad—by+ad—cp).

1—

v 0
This can be compared with the characteristic polynomial of (Z CI;), which is

X% —(a+d)X + (ad — bc).

We see that the formula for g “mixes” the two matrices.
Many of the properties below for mixed characteristic polynomials can be directly
checked in this particular case.

LEMMA C.5.3. Let H be a finite-dimensional Hilbert space and w a finite family of
positive endomorphisms of H. Then p(w) has only real roots.

PROOF. This follows from Proposition C.4.2: the first part shows that the polynomial
det(X + Xjuy + - - + X,u,) is real stable (as a polynomial in (X, Xy,..., Xy); then the
second part, applied successively for each variable, shows that

(1—%)---(1—%)det(X+X1u1+---+Xnun)

is real stable; since it is monic of degree dim(H) as a polynomial in X, it remains non-zero
after any specialization of (X7, ..., Xy), and the third part of the lemma, applied again
repeatedly, gives the result. U

Let (V;)iesr be a finite family of vector spaces over C, and let V' be a C-vector space
(e.g., R =C[X]). A map
fpvi-v

is said to be affine-linear if, for any iy € I and any tuple (z;);z;, with z; € V;, the map
from V; to V given by

xr = f(xlv s Lig—1, Ly Tig 41y - - - 7xn)

is of the form = — ag + g(x) for some ap € V' and some linear map g: V; — V. From this
definition, any linear combination of affine-linear maps is still affine-linear.

A consequence of the affine-linear property is that f preserves convex combinations
in each argument: if k& > 1 is an integer and (t;)1<;<x are complex numbers such that
t1+ -+t =1, then for any (y1,...,yx) € Vi, and (z;);;,, we have

f(l’l, Ce 7%0—17 thyj,xi0+1, N ,(L’n> = thf(flfl, N ,%0—1, yj7$i0+17 Ce ,In).
J J
Indeed, by assumption on the sum of the ¢,’s, the left-hand side is
a + g(Z tj?Jj) —ag+ Y ti9(y;) = Y tilao + 9(y;)),
J J J

hence the result.
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LEMMA C.54. Let H be a finite-dimensional C-vector space and w = (uy,...,uq)
a tuple of endomorphisms of H of rank < 1. Let v be an endomorphism of H. The
polynomial
det(v + X1u1 + -+ Xdud) € C[Xl, RN ,Xd]

15 of degree < 1 in each variable.

PROOF. It suffices to prove that whenever (x,...,x4) are fixed in C, the function
x > det(v + xuy + Taus + - - - + Tqug) is a polynomial in x of degree < 1. If u; = 0, then
this is obvious. Otherwise, let w = v + xous + - - - + x4quq. Let e; be a vector generating
the image of u; and e = (e1, ..., eqim(s)) an ordered basis of H with first vector equal to
e. The matrix representing w + xu; in the basis e has column vectors

w; + a;req, w; = w(e;),

for some «o; € C, not all zero. By subtracting suitable multiples of a column where «; # 0
from the others, we obtain a matrix where x appears only in a single column. Expanding
the determinant along this column, the result follows. U

ProprosiTiON C.5.5. Let H be a finite-dimensional C-vector space of dimension n
and d > 1. The map w — p(u) from End(H)? to C[X] is affine-linear in each argument
u;. In particular, if k > 1 and if t1, ..., tx are compler numbers with sum 1, we have

M(Z tjUjJ, U, . . . ,ud) = thp,(uj’l, U, . . . ,ud).
J J

Proor. We identity End(H) with matrices of size n using a fixed basis of H. We will
view the coefficients of the matrices representing uy, ..., ug as indeterminates u; = (u%)
If we expand the determinant det(X + Xjuj +- - -+ Xgug), we obtain a linear combination

of terms of the form
n

H(@X + Xjai1 + -+ Xaaiq)

i=1
where each ¢; is either 0 or 1 and each a;; is one of the coefficients of u;. Expanding
further this product leads to a sum of terms of the form

d nj
(C.4) T=x"T]X7" [
j=1 k=1

for some integers m > 0 and n; > 0, where a;, is one of the coefficients of u,;.
Now we apply the differential operator to such an expression. The differential operator

expands as
0 0
1__>...<1__>: —1)Ma,,
( X, X, 2, (=)Mo,
Jc{1,...,d}
where
0
Ir=1|=—.
! H 0X;
jeJ
For any d-tuple o = (v, ..., aq) of non-negative integers, we denote (as usual)

d
X = H X
j=1
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The key point is the following “orthogonality” relation: for any J and any «, we have
(0, X)|x1==x,=0 =0
unless j — «; is the characteristic function of J, in which case
(05X xy==x,=0

is a non-zero constant (depending on J). Applied to a term of the form (C.4), this fact
implies that

is a linear combination (with integral coefficients) of terms
x ]
jed
where m > 0, J C {1,...,d} and b, is a coeflicient of u;. Because, for each argument u;,
at most one coefﬁment appears in each term of the sum, this expression (and consequently

the whole mixed characteristic polynomial) is affine-linear as a function of u;, as desired.
The last assertion follows from the general remark about affine-linear maps above. [J

REMARK C.5.6. The reader can follow this argument step by step when H = C? and
d = 2 in Example C.5.2.

COROLLARY C.5.7. Let H be a finite-dimensional C-vector space and w = (uq, . .., uq)
a tuple of endomorphisms of H of rank < 1. We have

p(u) =det(X — (ug + -+ uq)).
PROOF. By Lemma C.5.4, det(v + Xju; + - - - + Xgug) is a polynomial of degree < 1,

hence is equal to its Taylor expansion to order 1 at 0, so the value at (¢y,...,t4) is equal
to 9
Tt ) (1 tas ) det(v+ Xyup + -+ X e
< + 1(9X1 + daXd e(v+ 1U1+ -+ dud)|X1 X4=0
We specialize to v = zId and t; = —1 to obtain
0
det(z —up — -+ — uy) (1 — 8_X1> (1 — 8_Xd> det (U + ZXMZ) ’X1:~~:Xd:0
= p(u).
O
COROLLARY C.5.8. Let H be a finite-dimensional C-vector space and w = (uq, . .., uq)

independent random variables with values in the endomorphisms of H of rank < 1. We
have

E(det(X — (u1 + -+ +ua))) = p((E(w))1<ica)-

PROOF. Let v = uy + - -+ + ug, a random variable with values in endomorphisms of
H. The previous corollary shows that det(X — v) = p(w). By Proposition C.5.5, the
random variable p(wu) is affine-linear in the coefficients of the matrices in w. Since these
are independent, and expectation is convex combination, it follows that

E(p(w) = p((E(u))i<ica);

hence

E(det(X —v)) = p((E(ui))1<i<a)-
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COROLLARY C.5.9. Let H be a finite-dimensional Hilbert space and w = (ug, . .., uq)
a tuple of positive endomorphisms of H. For any k > 1 and any (L1, ..., tx) non-negative
real numbers with sum 1, and for any positive endomorphisms (v1, ..., vx), the polynomial

k
Z tip (v, Uz, . .., uq)
i=1

1s real stable.

PRroOOF. Indeed, Proposition C.5.5 shows that

k k
Z til“l’(viv U2, - - 7ud> = l’l’(z tﬂJ@', Ug, - - - ,Ud),
i=1 =1

and since the space of positive endomorphisms is a cone in End(H), this mixed charac-
teristic polynomial is real stable by Lemma C.5.3. U
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adjacency matrix, 13, 37, 52, 56, 60, 61
adjacency operator, 61, 143
adjacent, 51
adjacent vertex, 20, 26, 92
adjacent vertices, 11, 73, 101
affine-linear map, 220, 221

algebraic variety, 144 characteristic function, 9, 58, 61, 63, 65, 67, 69,
algorithm, 119 73, 101, 107, 115, 151
EUChdeaTl’ 1?1 characteristic polynomial, 101
polynomial-time, 119-121, 124 mixed, 102, 103, 219, 220, 223

probabilistic, 119, 120 Chebychev inequality, 127

randomized, 119, 123 Cheeger constant, 40, 94
alphabet, 19, 42 geometric, 74

ambient isotopy, 138 Riemannian, 140
approximate subgroup, 183, 190, 198, 201, 202, Cheeger inequality, 74, 140
204, 206 discrete, 74

arithmetic geometry, 7 chromatic number, 79
arithmetic geometry, 134, 144 class number. 148

automorphism, 17, 22, 24, 25, 35, 41, 85 class number formula, 149

averaging operator, 57, 59 commutator, 135

Complex Multiplication, 148
baby case, 160 composition, 16
ball, 43, 166 conditional probability, 52
binary string, 119 congruence quotient, 7
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conjugacy class, 179, 189-192, 213
regular semisimple, 191
connected, 3
connected component, 22, 24, 41, 61-63, 92
connected graph, 18, 21, 22, 24, 25, 30, 31, 33,
39, 41-43, 45, 55, 61, 64, 66, 72, 74, T9-81,
83, 87, 92, 99, 101, 105, 115, 123, 124, 151
connectedness, 3, 4, 44
constant function, 56, 61, 81, 97, 107, 124, 143
convergence to equilibrium, 66, 67, 97
convex combination, 103, 114, 220, 222
convex hull, 103, 114, 219
correlation, 126
cost, 45
countable graph, 11, 53, 56, 58, 59, 61
counting measure, 57
probability, 57
coupon collector problem, 55
cover time, 55
covering, 135, 140, 149
2-—, 98
Galois, 138, 140, 141, 145
Galois closure, 145, 147
infinite Galois, 147
curve, 6, 12
cycle, 91
cycle in a graph, 18
cycle notation, 38
cyclic distance, 88

deck of cards, 14, 30
degree, 3, 11, 26, 135, 145
minimal, 28
dense graph, 27
depth, 18
diameter, 4, 22, 23, 34, 35, 40, 43-46, 50, 86
differential geometry, 134
dimension, 191
discrete group, 7, 107
disjoint union, 15, 26, 91-93, 101
distance, 2, 21, 33, 48, 50, 128, 129
intrinsic, 139
left-invariant, 33
distance-decreasing, 23
distorsion, 6, 134, 139
intrinsic, 139
distribution, 59

edge, 2, 11, 15, 20, 26, 58, 62, 75, 85, 90-92, 141

multiple —s, 94, 117
elementary matrix, 108, 114-116, 214
elliptic curve, 8, 144, 147

CM, 148

Legendre, 146, 148, 149
embedding, 17, 18, 34, 36
encoding, 11
end map, 12, 32

endomorphism, 147

endpoint map, 11, 13

endpoints, 205

equidistribution, 127, 128, 130

equidistribution parameters, 72, 78, 97

equidistribution radius, 63, 65, 72, 123, 124,
130, 152, 154

error rate, 120, 122-124

escape from subvarieties, 183

esperantist family, 87, 88, 104, 106, 146

esperantist graphs, 87

euclidean distance, 6

Euler formula, 120, 122

expander family, 4, 40, 44, 46, 47, 49, 72, 80,
81, 87, 88, 94, 97, 98, 104-108, 118, 124,
126-128, 130, 136, 140, 145, 147, 154, 165,
170

absolute, 72, 79
bipartite, 78

expander graphs, 1, 5-7, 44, 80, 115, 117, 138

expander mixing lemma, 79

expander philosophy, 134

expansion, 1, 35, 75

expansion constant, 40-44, 47, 48, 51, 55, 68,
72,73, 75, 77, 78, 80, 82, 86, 87, 94, 118,
171

expansion parameters, 44, 46, 50, 72, 78, 82,
115, 126, 136

extremities, 23, 34, 47, 62, 82, 90, 117

extremities of a path, 14, 20, 62

extremity, 11, 15, 58, 102

failure rate, 120
Fermat equation, 8
fiber, 135, 146, 191, 193
finite linear group, 8
finite field, 9
finite graph, 11, 48, 56, 61, 64, 66, 73, 74, 80,
81, 83, 87, 90-92, 102, 103, 117, 118, 137,
151

finite index subgroup, 104
finite quotient, 132
finite symmetric set, 141
fixed point, 90, 91, 99, 101, 135
forest, 18, 23, 24
Fourier transform, 65
Frobenius automorphism, 178, 181
function

on edges, 82
functions

on a graph, 56
functor, 34
functorial, 13
fundamental group, 135, 138, 140, 141, 145

Galois representation, 8
Generalized Riemann Hypothesis, 149



generating set, 33-35
genus, 134-137, 141
geodesic, 21, 23
girth, 18, 20, 24, 35, 36, 166
gonality, 134-136, 145, 148
gradient, 137
graph, 1, 2, 8, 11
complete, 8, 14, 22, 24, 30, 40-42, 44, 46, 55,
64, 86, 98
complete bipartite, 22, 27
cycle, 13, 18, 22, 41, 44, 55, 64, 74, 77, 79,
87, 104, 166, 167
disconnecting a —, 41
in the sense of Serre, 12, 32, 36
path, 14, 17, 18, 20-22
random, 94
unoriented, 60
graph embedding, 5
graph map, 15, 16, 23-25, 32, 34, 36, 39, 49, 99
graph measure, 56
normalized, 56, 57, 68
graph morphism, 15
group
action, 36
almost-simple, 106
amenable, 71

cyclic, 208

discrete, 106, 108, 125

dual, 215

finite, 14, 84-86, 161, 162, 164, 172, 176, 177,
189

finite linear, 104
finitely generated, 7, 104, 106, 108, 126, 128,
135
flourishing, 162, 164, 165, 170
free, 31, 168, 208, 209, 211
freely generated, 166168, 170
Galois, 138, 140, 141, 145, 147
linear, 7, 128
linear algebraic, 106
locally compact, 106
Lubotzky, 171, 209
perfect, 9, 212, 213
quasi-random, 153, 171, 172
random, 115
relation in a —, 35, 36
semisimple, 106
solvable, 128
symmetric, 9, 95
topological, 114
virtually solvable, 128
group homomorphism, 34
growth, 50
exponential, 46, 50

Heegaard genus, 134
high-dimensional expanders, 8

232

Hilbert space, 9, 56, 57, 107, 114, 215-217, 220
hitting time, 53

Hurwitz formula, 135

hyperbolic geometry, 210

hyperbolic measure, 210

hyperbolic metric, 137

identity morphism, 16

imaginary quadratic field, 148

independence number, 79

independent increments, 54

index, 104, 135

initial distribution, 53, 57, 59

inner product, 9, 56, 57, 215

input, 19, 48, 61, 95, 119, 121

intrinsic distance, 6

invariant vector, 107, 109, 114, 115, 152, 173
almost, 107

inversion formula, 65

involution, 17, 22, 32, 35, 90, 91, 99, 101
realized, 91

irreducible representation, 10

isometric map, 23

isomorphism, 15, 17, 23, 25, 30, 92

isotypic decomposition, 216

Jacobi symbol, 121
joint distribution, 51, 52

Kazhdan constant, 107, 108, 115, 116
Kazhdan pair, 107, 108
Kloosterman sum, 153
knot, 6, 7, 134, 138, 139
HM, 139, 140
torus, 139

Laplace operator, 80, 82, 84
discrete, 137
normalized, 80
Riemannian, 137, 141
large sieve, 7, 125, 132
Larsen—Pink inequalities, 190
Larsen-Pink inequalities, 195
Legendre symbol, 120
length, 6, 14, 18, 20, 24, 26, 41, 62, 91, 139, 166
length of path, 83
Li-Yau inequality, 136-138
Lisp, 119
loop, 2, 11, 12, 16, 18, 30, 31, 35, 39, 51, 58, 72,
78, 86, 91, 92, 117, 141

manifold, 6
Markov chain, 52, 53, 55
Markov operator, 57-59, 61, 64, 65, 71, 80, 84,
85, 97-99, 151-153, 164
Markov property, 53, 124, 151
matching, 91
perfect, 91



polynomial, 91
matching polynomial, 91, 92, 101
maximal torus, 179, 181, 182, 186, 212
non-split, 181, 183, 185, 212
set involved with a —, 183, 186, 187, 190
split, 181, 185, 212
maximum modulus principle, 63
median, 75, 89, 118
meromorphic map, 135
metric, 21
modular curve, 146
multiple edge, 2, 11, 12, 18, 30, 31
multiplicative energy, 157, 198, 205
normalized, 157
multiplicity, 152, 173, 219

neighbor, 3, 20, 27, 29, 37, 48, 123
Neumann boundary condition, 143
Neumann eigenvalue, 144

neuron, 2, 5

non-concentration, 190, 213
non-concentration inequality, 175
norm of a matrix, 128, 215

normal subgroup, 37

normalizer, 132, 179, 181, 185, 212

opposite oriented edge, 13, 32
orbit, 114, 135, 141, 189, 210
orbit map, 39

ordered basis, 179
orientation, 82

oriented edge, 3, 12

origin map, 12, 32
orthogonal projection, 110
output, 19, 61, 119

path, 24, 33, 35, 41, 43, 51, 62, 83
backtracking, 21
concatenation, 21, 25, 31, 32
infinite, 30
length 3, 27, 29
non-backtracking, 21, 24, 31
path graph, 14, 26, 92
path in a graph, 20, 31, 70
path tree, 14, 26
path-connected, 12
permutation, 90, 94, 96, 101
realized in a graph, 90, 91, 101
perturbation, 49, 82, 85, 86
ping-pong, 209, 211
positive operator, 9, 81, 102, 143, 173, 217, 220
prefix, 25
prime numbers, 24, 119
in arithmetic progressions, 129
probabilistic method, 2, 4
probability measure, 56, 57, 61, 75, 76, 110
uniform, 76, 172
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product set, 172, 175, 176, 198

projective line, 136

proper power, 7, 128, 133

Property (1), 105

Property (T), 4, 107, 108, 115, 128
relative, 109

quadratic reciprocity law, 121

Ramanujan graph, 4, 91, 94, 97, 98, 103
random bits, 120
random graph, 5, 80
random variable, 53, 59
symmetric, 54, 155
random walk, 35, 51-54, 57-59, 63, 66, 68, 82,
88, 97, 115, 123, 124, 126, 128-130,
150-153, 164, 165, 167, 168, 170
initial distribution, 51
recurrent, 55
simple — on Z", 55
starting from xzq, 52
rank 1 operator, 102
rational points, 134
real stable polynomial, 102, 103, 217, 220, 223
reduced word, 209
regular graph, 30
regular graph, 11, 14, 25, 31, 32, 61, 68, 74, 79,
80, 82, 85, 91, 94, 97-99, 101-103, 123,
124, 142
removing vertices, 15
representation
left-regular, 152
restriction of a path, 21
return probability, 155, 164
Riemann sphere, 136
Riemann surface, 134-138, 141, 144
hyperelliptic, 136
Riemannian geometry, 134
Riemannian manifold, 137, 141
Riemannian measure, 141
running time, 119
Ruzsa covering lemma, 200, 204
Ruzsa distance, 176, 198
triangle inequality, 198
Ruzsa’s Lemma, 176, 178, 187, 190, 195, 201

Schreier graph, 36, 37, 145

self-adjoint operator, 5961, 64, 81, 99, 143, 173

semi-direct product, 109

semisimple element, 179

regular, 129, 131, 132, 179, 183, 189, 190,

192, 195

sieve methods, 7, 82, 125

signature, 35

signing, 98

simple graph, 12, 14, 16-18, 24-26, 32, 39, 50,
79, 90, 91, 102, 141, 205



size of a graph, 12
smooth curve, 139
Solovay—Strassen primality test, 120, 121
Solovay-Strassen primality test, 124
sparse graph, 3, 26, 45
spectral expansion parameters, 81
spectral gap, 80, 82, 86, 87, 115, 137, 150, 170
complementary normalized, 73
normalized, 72, 78, 115
Riemannian, 137
spectral measure, 110, 111, 113
spectral partitioning, 84
spectral radius, 71, 79, 103
spectral theorem, 110
spectrum, 65, 97, 100, 103
stability, 27
stopping time, 53
subgraph, 17, 23, 91, 166
full, 17, 22, 23, 26, 29, 71
subgroup, 159
abelian, 109
approximate, 161, 162, 164
commutator, 9
finite index, 105, 107, 108, 128, 135, 136, 138,
147, 209, 211
free, 209
infinite index, 105, 149, 209, 210
maximal, 212, 213
normal, 136, 138
proper, 162, 165, 167, 169, 174
thin, 105, 149
upper-triangular, 175, 177, 182, 185, 212, 213
Zariski-dense, 105, 106, 140, 149
sublevel set, 75
subrepresentation, 10
subtree, 42
sum-product phenomenon, 187
superelliptic curve, 145
supremum norm, 57
symmetric generating set, 34, 39, 71, 84-86,
104-106, 108, 126, 128, 136, 137, 140, 145,
152, 164, 166, 175, 177, 178, 183, 186, 190,
194
symmetric group, 24, 30, 35, 38, 88, 106, 132
cycle in a —, 90
symmetric set, 31, 54, 166, 175
symmetric subset, 30, 33, 35, 161, 166-168,
170, 176, 188, 189, 213
synapses, 2

Taylor expansion, 222

Theorem
Balog—Gowers—Szemerédi, 27, 205
Barzdin-Kolmogorov, 118
Bourgain—Gamburd, 105, 146, 148
Bourgain-Gamburd-Sarnak, 147
Bourgain—Varju, 106, 147
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Breuillard—Green—Tao, 105
Carter—Keller, 108, 214
Chinese Remainder, 122, 214
Deuring, Heilbronn, 148
Dirichlet, 109
Ellenberg-Hall-Kowalski, 136
Faltings, Frey, 145, 147
Frobenius, 153, 166, 172
Godsil, 91
Gowers, Nikolov—Pyber, 171
Helfgott, 105, 146, 161, 174, 177
Hilden, Montesinos, 139
Hurwitz, 218
Kazhdan, 108
Kazhdan—Margulis, 104, 128
Lang—Weil, 130
Marcus—Spielman—Srivastava, 98
Margulis, 107
Nielsen—Schreier, 208
Prime Number, 126, 133
Pyber—Szabd, 105
Riemann—Roch, 136
Salehi-Golsefidy—Varja, 106, 149
Siegel-Walfisz, 133, 149
Varjua, 105
theoretical computer science, 119
thick embedding, 117, 118
radius of a, 118
thickness, 5
Tits alternative, 170
torsion point, 8, 146, 148, 149
tramway, 2, 4
transition matrix, 52
transition probability, 58
transport network, 2
transposition, 24, 35, 90, 91
tree, 18, 23, 36
d-regular, 19, 25, 31, 68, 71, 92, 97, 168
finite, 18, 41, 45, 50, 91, 92, 94
triangle, 18, 90
triangle inequality, 22
triple product, 172, 174, 177, 183
tripling constant, 161, 163, 176, 187, 190

uniform distribution, 54, 55

uniform probability measure, 84, 89, 99

unitary representation, 9, 106-109, 111,
113-115, 152, 212, 215

universal cover, 14, 24-26, 31, 92, 97, 141

unoriented edge, 13, 21

unoriented graph, 11

upper half-plane, 134, 210, 217

valency, 11, 42, 45, 118
bounded, 50, 72, 98
maximal, 43, 44, 46-49, 72, 87
variance, 127, 172



vertex, 2, 7, 11, 13, 19, 26, 67, 72, 85, 90, 92,
141
isolated, 57-59, 61, 64, 66, 73, 74, 81
root, 19, 23, 42, 50, 70
vertex-expansion constant, 47
virtually unipotent, 129, 130

word, 18, 23, 25
reduced, 32, 208
word length, 33, 171

zig-zag product, 94

235



	Preface
	Chapter 1. Introduction and motivation
	Prerequisites and notation
	Chapter 2. Graphs
	2.1. Graphs
	2.2. Metric, diameter, and so on
	2.3. Cayley graphs, action graphs, Schreier graphs

	Chapter 3. Expansion in graphs
	3.1. Expansion in graphs
	3.2. Random walks
	3.3. Random walks and expansion
	3.4. The discrete Laplace operator
	3.5. Expansion of Cayley graphs
	3.6. Matchings

	Chapter 4. Expanders exist
	4.1. Probabilistic existence of expanders
	4.2. Ramanujan graphs
	4.3. Cayley graphs of finite linear groups
	4.4. Property (T)

	Chapter 5. Applications of expander graphs
	5.1. The Barzdin-Kolmogorov graph-embedding theorem
	5.2. Error reduction in probabilistic algorithms
	5.3. Sieve methods
	5.4. Geometric applications
	5.5. Diophantine applications

	Chapter 6. Expanders from `3́9`42`"̇613A``45`47`"603ASL2(Fp)
	6.1. Introduction
	6.2. Preliminaries and strategy
	6.3. The Bourgain-Gamburd argument
	6.4. Implementing the Bourgain-Gamburd argument
	6.5. Quasi-random groups
	6.6. Growth of generating subsets of `3́9`42`"̇613A``45`47`"603ASL2(Fp)
	6.7. Proof of the growth theorem

	Appendix A. Explicit multiplicative combinatorics
	A.1. Introduction
	A.2. Diagrams
	A.3. Statements and proofs

	Appendix B. Some group theory
	B.1. Free groups
	B.2. Properties of `3́9`42`"̇613A``45`47`"603ASL2

	Appendix C. Varia
	C.1. The norm of linear maps
	C.2. Finite-dimensional unitary representations of abelian groups
	C.3. Algebraic integers
	C.4. Real stable polynomials
	C.5. Mixed characteristic polynomials

	Bibliography
	Index of notation
	Index

