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Disclaimer: these lecture notes are written on a week-by-week basis in order
to assist both myself (the lecturer) and the students. Due to my nature, these
notes are almost bound to have typos, grammatical mistakes and
mathematical mistakes (hopefully the last ones will be minor).

Preface

The aim of this course is to expose the students to the theory of expander graphs
and its deep connection to expansion properties of groups. Since these topics
are very broad, a lot of material was left out. The choices on which subjects to
include or exclude depended on personal taste and on the ability to explain the
subjects in a relatively elementary level. The course outline is the following:

1. Expander graphs

Preliminaries: Linear algebra, some terminology regarding graphs.
Basic spectral theory of graphs.

Different definitions of expansion: spectral and combinatorial. The
connections between the different definitions (Buser-Cheeger inequal-

ity).

The expander mixing lemma.

Alon-Boppana Theorem.

Existence of expander graphs - non-constructive proof.
Metric distortion of expander graphs.

Application - error-correcting codes.

Gabber-Galil-Margulis expanders.

2. Expansion in groups

(a) Needed basic concepts from group theory: finite and infinite count-

able groups, group actions, normal subgroups and quotients, Cayley
and Schreier graphs.

(b) Basic representation theory of finite groups.

(¢) Connection between representation of finite groups and expansion.

(d) The “mother group approach” to expander construction.



Hilbert spaces - quick overview.
Kazhdan Property (T) - definition and relations to expansion.

Elementary matrices groups and property (T): strategy for construc-
tion of expanders using matrix groups over F,[t].

Criterion for property (T) for a group generated by finite subgroups
using angle considerations.

Proof that elementary matrix groups over F,[t] have property (T)
given that p is sufficiently large.



Part I Expander graphs



1 Preliminaries

1.0.1 Linear algebra - Quick reminder

Given a vector space U over C, an inner-product is a function (.,.) : U xU — C
such that:

1. Positive definite: for every x € U, (z,z) > 0 and (z,z) = 0 if and only if
z=0.

2. (Bi)linear: for every z,y,z € U and every a € C,

(ax + vy, 2) = alz, 2) + (y, 2).

3. Conjugate symmetric: x,y € U, (z,y) = (y, ).

An inner-product induces a norm ||z||>= (z, x) and the norm induces a topology,
i.e., a notion of convergence: we define x,, — x¢ by ||z, — zo||— 0.
Also, two vectors x,y € U are called orthogonal if (z,y) = 0.

Proposition 1.1 (Cauchy-Schwarz inequality - without proof). Let U be an
inner-product space, then for every x,y € U, |{z,y)|< ||z||||y]|-

Exercise 1.2 (Informal). Use Cauchy-Schwarz inequality to prove that the
inner-product is continuous, i.e., that if v, — xo,Yn — Yo, then (Tn,yn) —

(w0, %0)-

Proposition 1.3 (Parallelogram equality). Let U be an inner-product space,
then for every x,y € U,

2z + I+l = yl?= 2 (2] +yl*) -
Proof. Expand the left side of the equation. O

A linear operator T : U — U is an operator satisfying T'(az+y) = aTx+Ty.
The operator norm of T is defined as

[T|

|T|= sup |[Tzl|= sup :
€U,z =1 veUard |17l

We recall that T is continuous if and only if || T||< co and in particular, if U is
finite dimensional, then T' is always continuous. A linear product over an inner-
product space U is called self-adjoint if for every x,y € U, (Tx,y) = (x, Ty).

Proposition 1.4. Let U be an inner-product space and T : U — U be a self-
adjoint linear operator. Then the following holds:

1. For every z, (Tx,x) is real.
Every eigenvalue of T is real.

Two eigenvectors corresponding to different eigenvalues are orthogonal.

e e

If W C U is a linear subspace such that TW C W, then TW+ C W+,
where
Wt ={yeU:VaecW, (yz) =0}



Proof. 1. (Tz,z) = (z,Tz) = (Tx, x).

2. If Tx = Az, then (Tz,x) = \||z|]?, ie., A = W and by 1., both the

numerator and denominator are real.

3. U Tax = e, Ty = py and X # pu, then
Mz, y) = (Tr,y) = (2, Ty) = p(z,y),
and thus (x,y) = 0.
4. Let y € W+, then for every x € W, Tz € W and therefore
(x,Ty) = (Tz,y) =0,

ie., Ty W+,
O

Proposition 1.5. Let U be an inner-product space and T : U — U be a self-
adjoint linear operator. Then

[(Tz, z)]|

IT|= sup |{Tz,z)|= sup 5
2€U, ol|=1 veUard |12l

(lﬁf"lf)l is called Rayleigh quotient of T at x).

Proof. If Tx = 0 for every z there is nothing to prove. Assume that T" # 0.
Denote M = sup,cyz=1/(T'®,z)|. First, by Cauchy-Schwarz, for every = €
U, |lz[=1,
(T2, z)|< || T=||||=]| < [|T,
thus M < ||T||.
In the other direction, we note that for every z,y € U,

(T(x+y)z+y —(T(x—y),z—y)

= (Tz,z)+ (Ty,z) + Tz, y) + (Ty,y) — (T, x) — (Ty,x) — (Tx,y) + Ty, y))
=2((Ty,z) + (T'z,y))
=2((y, Tz) + (Tz,y))
=2((Tx,y) + (T'z,y))
=4Re((Tz,y)).

Therefore,
ARe((Tx, y)|< (T (x+y), a+y) |+ (T (2 ~y), =) |< M(lo+yl* + |z —ylI*) = 2M ([l2]* + y]*).
Therefore, for every « with ||z||=1 and Tx # 0, we can take y = % and get
4||Tz||< 2M +2M = 4M,
as needed. O

Remark 1.6. We know that is T is self-adjoint, then for every x, (Tx,x) is
real and therefore by the previous proposition

||T||:max{ sup <T1‘,$>,— Hlan 1<TJZ,$>}
2, |zl|=1 zllll=



Proposition 1.7. Let U be an inner-product space and T : U — U be a self-
adjoint linear operator. If U is finite dimensional, then

A= sup (Tz,x),

@, ||lz]|=1

pw= inf (Tx, z),

@, [|lz][=1

are eigenvalues of T'.

Proof. Tt is enough to prove that A is an eigenvalue (because then, by the same
argument, —u is an eigenvalue of —T').

Let {z,}52, by a sequence such that ||z, ||= 1 for every n and (Tx,, z,) — .
Since U is finite dimensional, its unit ball is compact and therefore z, has a
converging subsequence. Therefore, up to passing to a subsequence, we can
assume that x, — o (and ||zg||= 1 by continuity of the norm).

Define 7" =T — puI. Then T” is self-adjoint and

|7 ||= max{ sup (T"z,z),— inf (T"z,z)} =max{\—pu,0} =\—p.

z,||z||=1 z,||z||=1
Using this,

| Ty, — )‘anZ = Txn — pry — (A — N)mn||2 =
(T = pDxn | + (1= N@nl* = 200 = p)(Twn — pp, xn) <
200 = 1)* = 2(A = ) ((Txn, Tn) — p) = 0.

By continuity, ||Tz¢ — Azo||?= lim,||Tz, — Az,[|?= 0 and therefore Tzg = Az
as needed. O

Corollary 1.8. Let U be an inner-product space andT : U — U be a self-adjoint
linear operator. Then there is an orthonormal basis of U that is composed of
eigenvectors of T .

Proof. The proof is by induction on the dimension of U. If U is of dimension 1,
then there is nothing to prove. Let U of dimension n.

By the above proposition, there is an eigenvector x with an eigenvalue A\ =
SUp, ||z=1(1'7, ). Let U" = (span{x})*. By a previous proposition, T : U’ —
U’ is well-defined (since TU’ C U’) and the dimension of U’ is n—1 and therefore
U’ and an orthonormal basis {y1, ..., yn—1} composed of eigenvectors of T'. Since
U’ L x, we deduce that {yi,...,yn—1,2} is an orthonormal basis of U and we
are done. O

1.1 Graphs - some terminology

A simple graph is a pair (V| E), where V is a set called the vertices of the graph
and F is a set of pairs of the form {u,v}, where u,v € V, called the edges of
the graph and u,v are called neighbors. Throughout, we will assume that all
our graphs have no isolated vertices, i.e., that for every v € V there is at least
one u € V such that {v,u} € E.

Example 1.9. V ={1,2,3,4,5,6},
E={{1,2},{1,6},{4,6},{3,6},{4,5},{1,5},{2,5},{2,3},{3,4}}.
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Some basic terminology regarding graphs:

1. A graph is said to have no isolated vertices if for every v € V there is at
least one v € V such that {v,u} € E. Throughout, we will always
assume that our graphs have no isolated vertices.

2. A loop in a graph (V. E) is an edge of the form {u,u}. Unless stated
otherwise, we will always assume that our graphs have no loops.

3. A graph (V, E) is called finite, if |V|< oo (e.g., the graph in Example
is finite).

4. Given a graph (V| E), a path in the graph is a sequence of vertices v, ..., v, €
V such that {v;,v;11} € E for every 0 < ¢ < n—1. The number n is called
the length of the path.

5. Two vertices u,v € V are said to be connected by a path if there is a path
Vg, .., Un, € V such that vg = u, v, = v. The (graph) distance between two
vertices, is the length of the shortest path connecting them (if there is no
such path, we say that the distance is 00).

6. A graph (V, E) is called connected, if every two vertices are connected by
a path (e.g., the graph in Example is connected).

7. For a graph (V, E) a connected component of the graph is a (sub)graph
(V',E’) such that ) # V' C V. F' C F and:
o If u,v € V' and {u,v} € E, then {u,v} € E'.

e Every two vertices u,v € V' are connected by a path in (V, E) (and
therefore in (V', E')).

e For every u € V', v € V'\ V', there is no path connecting u and v.

We note that a graph is connected if and only if it has only one connected
component.

8. For v € V, the degree (or valency) of v is the number m(v) = [{u € V :
{u,v} € E}|.

9. For d € N, a graph (V| E) is called d-regular, if for every v € V, m(v) =d
(e.g., the graph in Example is 3-regular). A graph is called regular, if
it is d-regular for some d.

Below, for the rest of part I, we will assume that all the graphs
are finite.



2 Introduction to spectral graph theory

The basic idea behind spectral graph theory is that given a (finite) graph, one
can associate a operator/matrix with it and the eigenvalues of this operator
reflect some properties of the graph (terminology - the spectrum of a sym-
metric matrix is the set of its eigenvalues). There are several standard opera-
tors/matrices associated with a given graph (the following list is not compre-
hensive):

1. The adjacency matrix.

2. The graph non-normalized Laplacian.

3. The Markov kernel (normalized adjacency matrix).
4. The normalized graph Laplacian.

These matrices are all equivalent in some sense, when working with regular
graphs, but the normalized versions behave different the the non-normalized
versions in non-regular graphs. For our purposes, we will always work with the
normalized operators (the non-normalized adjacency matrix will be discussed
in the homework exercises).

Given a finite graph G = (V, E), define £2(V) to be the space of functions
¢ : V — C, with the inner-product

(¢.0) =Y m(v)p(v)d(v),

veV

(this is just a weighted version of the standard inner-product of CIV1). We

denote the norm induced by the inner-product by |.||, i.e.,
lo]°= " m(v)le(v)*.
veV

Definition 2.1 (The Markov kernel). Given a graph G = (V, E), the Markov
kernel (or simple random walk operator) of the graph is the |V|x|V| matriz
indexed by V , defined as

M(v,u) = wy (vuleE
0 {v,ut ¢ £

We note that as an operator M : ¢*(V) — (2(V) acts as follows - given
¢ € (V),

MA@ =Y Mowow) = — Y o).

ueVv m(v) ueV,{v,u}eE

In other words, M ¢(v) is the average of the values of ¢ taken over the neighbors
of v.

Proposition 2.2. With respect to the inner-product of £>(V), M is a self-
adjoint operator, i.e., for every ¢, € L2(V), (Me, ) = (¢, M)).



Proof.

Moy =S m) [ —— S ) | 50

m(v)
veV ueV{v,u}er

=Y. > sy

veVueV{v,u}eE

=Y o) | Y W)

ueV veV {v,u}€E

=S mwot)| s Y i)

ueV veV,{v,u}€E

= (¢, My).

O

Corollary 2.3. All the eigenvalues of M are real, eigenfunctions of different
eigenvalues are orthogonal and €2(V') as an orthogonal basis of eigenfunctions
of M.

Remark 2.4. We can always choose the basis of the eigenfunction above to be
composed of only real valued functions: we note that for every eigenfunction ¢,
¢ = ¢1 + iga, where ¢1, ¢o are real valued. By the definition of M, Moy, M ¢o
are also real valued and therefore

AP1 +iAds = M = M1 + iM s,

implies that A1 = M¢p1, A\pa = Mps. Thus, the induction proving that there
is an orthonormal basis of eigenfunctions can be done by choosing a real-valued
eigenfunction at each step.

We observe that 1 is always an eigenvalue of M that corresponds to the
constant function 1:

(M1)(v) = ! o 1w =1=1(v).

m(v) ueV,{v,u}eFr
Denote
CV)y={pc?V):¢ L1}.
By a direct computation,
(6, 1) =D m(v)o(v),
veV

and therefore

GV)={peP(V): ) mv)e(v) =0}

veV

The non-trivial spectrum of M is the spectrum of M| (y): (V) — B(V).



Proposition 2.5. Let G = (V,E) be a finite graph. The graph is connected
if and only if 1 is always an eigenvalue of M with multiplicity 1. Moreover,
1 is an eigenvalue of M with multiplicity k if and only if G has k connected
components.

Proof. Assume that the graph is not connected. Let (V/,E’) be a connected
component of G = (V, E) and define xy+ € £2(V) to be the indicator function
of V'. Then for every v € V', all the neighbors of v are also in V' and therefore
(Mxv)(v) =1 = xy/(v). Also, for every v ¢ V' all the neighbors of v are also
not in V’ and therefore (Mxy+)(v) = 0 = xy+(v). Thus, Mxy: = xy’. Since
this is true for every connected component, we get that if there are two different
connected components (V/, E), (V" E"), then xy/, xv~ are eigenfunctions with
eigenvalue 1 and since V' NV" =0, {xy/, xv~) = 0. It follows that the number
of connected components is greater or equal to the multiplicity of 1.

We will show that if ¢ is an eigenfunction of M with the eigenvalue 1, then
it has to be constant on every connected component and thus ¢ is a linear
combination of {xv+ : (V', E’) is a connected component}. This is done using
the maximum principle. Without loss of generality, it is enough to prove this for
real valued eigenfunctions. Let ¢ be a real valued function such that M¢ = ¢
and let (V/, E’) be a connected component. Let C' = max,cy+ ¢(v) (recall that
V' is a finite set). We will call a vertex vy € V/ maximal in (V', E'), if ¢(vg) = C.
Let vg be a maximal

C=o(w) = (MP)wo) = —— 3 osw<——s Y c=cC

m(’U()) w,{vo,u}EE’ m(’l}o) u,{vo,u}EE’

This yields that the inequality above is in fact an equality, i.e.,

Y sw=c

m(’Uo) w,{vo,u}EE’

and it follows that ¢(u) = C for every u such that {vg,u} € E’. In other words,
if ¢(vo) = C, then for every neighbor u of vy, ¢(u) = C. By induction, this
argument yields that for every wu, if u is connected vy by a path, then ¢(u) = C,
and therefore Vv € V' ¢(v) = C. O

Proposition 2.6. For every finite graph G = (V, E) all the eigenvalues of M
are in the interval [—1,1], i.e., Spec(M) C [-1,1].

Proof. The proof is again by the maximum principle. Let ¢ be an eigenfunction
of M with eigenvalue A. There is some vg, such that for every v € V, |¢(v)|<
|¢(vg)]- Then

Moo) = (M) wo)|< | —— 3 sw)]<—— 3 |6(w)<|é(w)]

m(vo) w,{vo,u}€E m(’Uo) w,{vo,u}€E
and after dividing by |¢(vo)|, we get that |A|< 1. O

Definition 2.7. A graph G = (V, E) is called bipartite if there are Sg, 51 C V,
called the sides of the graph, such that for every {u,v} € E, [{u,v} N Sp|=
{u,v} N S1|= 1. In other words, a graph is bipartite if every edge connects a
vertex in one side to a vertezr in the other side.

10



Proposition 2.8. Let G = (V, E) be a finite connected graph. This graph is
bipartite if and only if —1 is an eigenvalue of M.

Proof. Assume that the graph is bipartite with sides Sy, S7. Define

¢(u){1 u € Sy

-1 u651.

Let v € V. If v € Sp all the neighbors of v are is S} and therefore (M¢)(v) =
—1=—¢(v). If v € Sy all the neighbors of v are is Sy and therefore (M¢)(v) =
1= —¢(v).

Conversely, assume that —1 is an eigenvalue of M and let ¢ be a real eigen-
function with M¢ = —¢. Again, we will apply the maximum principle. Without
loss of generality, we can assume that max,cy|¢(v)|= 1 and that the is vg € V
such that ¢(vg) = 1. Then applying the same considerations as above, we de-
duce that all the neighbors u of vg, ¢(u) = —1. Again, by the same argument,
if ¢(u) = —1, then for every neighbor v of u, ¢(v) = 1. Since the graph is
connected, we deduce that ¢ has only the values £+1 and assigns different values
for every two neighboring vertices. Thus, Sop = {v: ¢(v) = 1}, 51 = {v: ¢(v) =
—1} are the two sides of G. O

Exercise 2.9. Let G = (V,E) a bipartite graph with sides So,S1. Show that
the spectrum of M for this graph is symmetric in the following sense - if A
is an eigenvalue of M, then —\ is also an eigenvalue of M with the same
multiplicity (hint: if ¢ is an eigenfunction of M with eigenvalue X\, show that
W(v) = p(v)  vES

—¢(v) veES

is an eigenfunction of M with eigenvalue —X\).
Definition 2.10 (The normalized Laplacian). Let G = (V, E) be a finite graph.
Define L : 0?(V) — ¢*(V) as L =1 — M. In other words, for every ¢ € (*(V),
1
(Lo)(v) = $(v) = ——= > ¢(u).

m(v) u,{u,v}EE

From the above discussion regarding M, the following are immediate (left
as an informal exercise):

1. Spec(L) C [0, 2].

2. The space ¢2(V) has an orthogonal basis of real-valued eigenfunction of
L.

3. The constant function 1 is an eigenfunction of L with an eigenvalue 0.

4. The graph G = (V, E) is connected if and only if 0 is an eigenvalue of
multiplicity 1 of L.

5. For a connected graph (V, E), the graph is bipartite if and only if 2 €
Spec(L).

6. For a bipartite graph, if A is an eigenvalue of L, then 2 — )\ is an eigenvalue
of L with the same multiplicity.

11



Proposition 2.11. Let G = (V, E) be a graph. For every ¢ € (*(V),

(Lo, g) = Y |o(u) — o(v)|*.

{uv}eFE

Proof. Fix ¢ € £?(V), then

(Lo,6) = 3 me®) | 60) - — 3 o)

VeV m(v) u,{u,v}ek
=Y m@e@IPF = Y 6w
veV veV u {u,v}EE
=Y m@e@)*— Y 26(v)d(u)
veV {u,v}eE

We note that

YSom@Is@PF =3 > sl = D 6@ +léw).

v eV veV u,{uv}eE {uv}eFlE

Combining this with the above computation yields that

(Lo, o) = Y o) + [p(u)* - 26(v)(u)

{uv}eE

= > lo(w) =)

{uv}eE

2.1 Exercises

Definition 2.12 (Adjacency matrix). Given a graph G = (V, E), its adjacency

matriz A is a |V|x|V| matriz indexzed by V, defined as

)1 {v,uyeE
A(v,u)—{o (u) ¢ E

1. Prove that for a d-regular graph (V, E), A is an eigenvalue of M if and

only if dX is an eigenvalue of A.

2. Prove that for every n, A™(u,v) is the number of paths of length n between

u and v.

3. Calculate the spectrum of M for the following graphs:

(a) The complete graph on n vertices: for n > 2, V = {1,...,n} and

E={{i,j}:1<i<j<n}.

(b) The complete bipartite graph on ng + n; vertices: for ng,n; € N,
SO = {vl,...,vng},Sl = {ul,...,um}, V = SO USl, E = {{vi,uj} :

1<i<ngl<j<ni}

12



4. Given a graph (V, E), we say that the random walk on the graph mixes,
if there is a constant 0 < « < 1, such that for every ¢ € ¢*(V) and
every k € N, |[M*¢ — ¢°|< oF||¢p — ¢°||, where ¢° is the orthogonal
projection of ¢ on the subspace of constant functions (i.e., on the space
{: V=5 C:9p=C} CV)}).

(a) Show that if (V, E) is bipartite or if (V, E) is not connected, then the
random walk does not mix.

(b) Recall that if (V, E) is connected not bipatite, then thereis 0 < A < 1,
such that Spec(M) C [—A,A] U {1}. Show that in that case the

random walk mixes and find the connection between o and \.

(¢) Define the lazy random walk as M’ = $M + £1. Show that if (V, E)
is connected, then M’ mixes: there is a constant 0 < « < 1, such that
for every ¢ € £2(V) and every k € N, ||[(M')*¢ — ¢°|< ol — ¢°|,
where ¢° is as above.

3 Expander graphs

There are several definitions of expander graphs and more importantly expander
family of graphs. The two most prominent definitions are:

e Spectral expansion
e Edge expansion

The basic idea behind is to “measure” how connected the graph is. These two
definitions are equivalent “qualitatively” but not “quantitatively” (this state-
ment will be explained below).

3.1 Spectral expansion

Notation: for a connected graph G = (V, E), denote by Ag the second largest
eigenvalue of M.

Definition 3.1 (Spectral expansion). For a constant A < 1, a graph G = (V, E)
is called a (one-sided) \-spectral expander, if it is connected and if Ag < A.

A graph (V,E) is called a two-sided \-spectral expander, if it is connected
and if Spec(M) C [—A, AJU{1}.

Remark 3.2. When referring to spectral expansion, we will mean the one-sided
expansion, but the reader should note that some people/books refer to spectral
expansion as the two-sided spectral expansion.

Obtaining spectral expansion is very easy: for instance, if G is the complete
graph on n vertices, then it is a two-sided ﬁ—spectral expander and if G is
a complete bipartite graph, then it is always a one-sided 0-spectral expander.
However, these examples are not good, since the maximal degree grows with n.
The idea is to find examples where the maximal degree is uniformly bounded.

More precisely:

Definition 3.3. A family of finite graphs {G,, = (Vy,, En) 52, is called an (one
sided spectral) expander family if:

13



1. lim, |V, |= oc.
2. sup,, (max,ey, m(v)) < oo.

3. There is a constant X\ < 1 such that every G, is a one-sided \-spectral
expander.

Remark 3.4. In some books, condition 2. above is replaced with the stronger
condition that there is a constant d € N such that for every n, G, is d-regular.
3.2 Edge expansion

Before defining edge expansion, we will need the following notations: for a graph
G = (V, E) denote:

1. For a subset ) # U C V, denote m(U) = 3, ., m(u). Note that if (V, E)
is d-regular, then m(U) = d|U].

2. For subsets () £ U, U’ C V, denote E(U,U’) = {{u,u'} : w e U,u' € U'}.
3. For a subset ) # U G V, denote OU = E(U,V \ U).

Definition 3.5 (Cheeger constant). Given a finite graph G = (V, E), the
Cheeger constant hg is the constant defined as follows. First, for () # U g V,
define

|oU|
h = .
) = il (@),m (V0
Second, define
. . |oU |
he = hea(U) = 1oul
“ @f{ljlgv () @#U;v,rgggﬁgém(\/) m(U)

Terminology: given a finite graph G = (V,E), aset § # U G V,m(U) <
1

5m(V) is called a cut of G. The Cheeger constant compares the number of

edges going out of U and the “size” of U.
Observations:
e For every cut U, |0U|< m(U) and thus hg < 1.
e (5 is connected if and only if hg > 0.

e Large hg means no “bottleneck” (network example).

Again, it is not hard to get a large hg for a single graph (again, consider
the complete graph or the complete bipartite graph), but we want |E| is linear
with respect to |V].

Definition 3.6. A family of finite graphs {G, = (V,, E,)}>2, is called an
(edge-) expander family if:

1. lim, |V, |= oc.
2. sup,, (max,ev, mv)) < oo.

3. There is a constant a > 0 such that every Gy, ha, > a.

14



Remark 3.7. In some books, condition 2. above is replaced with the stronger
condition that there is a constant d € N such that for every n, G, is d-regular.

Some non-examples:

1. G = (V, Ep) where V,, = {0,....2n+1}, E, = {{i,i+1} : 0 <i < 2n—1}.

The cut U = {0, ...,n} has m(V\U) =m((U) =14+2(n—1) and |0U|= 1,
. _ 1 : ; !
thus hqg, = TF3(n=T) which tends to 0 as n — oo.

2. Fix k € N and define G,, = (V,,, E,,) as
Vi ={(a1,...,ax) : a1, ...,ar € Z,0 < ay,...,ar, < 2n+ 1},

En = {{(al, ...,ak), (bl, ,bk)} . E'io,aio —+ 1 = biO,Vi 7& 7:07CLZ‘ = bl}

This is a non-example, because for U = {(ay,...,ax) : a1, ...,ap € Z,0 <
ai,...,ar <n}, m(U) > n* and |0U|< 2nF~1 (this is basically due to the
isoperimetric inequality in R¥).

3.3 Buser-Cheeger inequality

The Buser-Cheeger inequality (sometimes known only as the Cheeger inequality)
connects the two notion of expansion defined above. Namely:

Theorem 3.8 (Buser-Cheeger inequality). For every connected finite graph
2
G=(V,E), 2hg >1—Xg > s,

Remark 3.9. We note that this inequality do not give a “quantitative” equiv-
alence between the two notions of expansion:

o Fven if A\g = 0, we only derive from the inequality that hg > % (and not
that hg = 1).
e Fven if hg = 1, we only derive from the inequality that \g < % (and not

that A\g = 0).

What can be derived is a “qualitative” equivalence: by the Buser-Cheeger in-
equality, a family of graphs G, is an expander family according to the spectral
definition if and only if it is an expander family according to the edge-expansion
definition.

We will divide the proof into two parts: proving 2hg > 1 — Ag, which is
2
simple and proving 1 — Ag > hTG, which is much more involved.

Proof of 2hg > 1 — Ag:

Proof. Let G = (V, E) be a finite connected graph. By the definition of the
Laplacian, Spec(L) C [1 — Ag,2] U {0} and therefore, for every ¢ € (3(V),
(Lo, ¢) > (1= Ag)||9lI>. Let 0 £U S V be acut (i.e., m(U) < im(V)). Define

a function
1
(z)(,u) _ {_ml(U) velU .
mo\oy Y ¢U
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Then

v eV velU UGV\U
S D D SO .
velU ( veV\U V \ U)
= —1+1
=0.

In other words, ¢ € ¢2(V) and therefore (Lo, ¢) > (1 — Ag)||¢||*>. Be a previous
proposition,

(Lo, 0) = Y |o(u) — o(v)]?

{u,v}€E

{u,v}eEueUveV\U

- |E(U,V\U)|<m(1U) * m(Vl\ U)) '

Also,
1612 = 3" m@)o@)? = 3 m(v)é(v)?
veV velU
1
3 m)e)? =3 m)——
2 2" o)
1 1
£ 2 m) TR @) m )

From the inequality, (Lo, ¢) > (1 — Ag)||¢||?, it follows that

1 Uym(V\ U)

P )

U1z (1 - Ae)—7——F—
CRETVAYS) m(V)

Therefore

|ouf m(V\U)>1—/\G
m(U) m(V) — 2

Since this is true for every cut U, the needed inequality follows. O

ha(U) = > (1-Ac)

Proof of 1 — \g > hTG

Proof. Let ¢ € £3(V) be a real-valued eigenfunction of M such that M¢ = Ag.
Then Lo = (1 — Ag)¢. It follows that

(Lo, )
el

Label the vertices of V according to the value of ¢, i.e., denote V = {vy,...,v,}
such that ¢(v1) > ¢(vy,) > ... > d(vy). We consider U; = {v1,...,v;} and denote
ag = min; hg(U;). Obv1ously, ag > hg and we will show that 1 — \g > QG
Define 1 < k£ < n as follows to be the maximal index such that m(Uk) <
im(V). In other words, 1 < k < n is the unique index such that m(U) <

(1-Xg) =

16



im(V) and m(Uy41) > 2m(V). Denote ¢ = ¢(vi) (note that c is the roughly the
median value of ¢ when accounting to the degrees) and define ¥ (v;) = é(v;) —ec.

Then [|9[|*= [|g]|*+¢* = [|¢]* and

(Lo, o)y = D low) — o)=Y [(¢w) — o) (¢(v) — c)|*= (L), ¥).

{u,v}eE {uv}eE
It follows that (L. )
1-A> LR
%112

Next, the positive and negative parts of :

wﬂw>={w@” =t

0 i>k’
—(v;) i<k
R P

Note that ¢ = 1™ — 1~ and that 1,1~ are both non-negative functions. It

follows that
Y tuoerlt(m) —P(v)?
Dvey M) (¥(v))2

Regrading the numerator, we note that for every {u,v} € E there are 2
options:

1-Ag >

1. The values v (u) and ¥ (v) have the same sign. In that case, either " (u) =
YT (v) =0or ¥~ (u) =1~ (v) = 0. It follows that

[W(u) = »(0)]*= [ (u) = F )P+~ (u) — 97~ (v)|*.
2. The values ¢(u) and ¥ (v) have the opposite signs. In that case
[¥(u) = p(v)|= ()| +] ()],
and therefore
[ (u) = »(©)[*2 [ (u) P+ () *= [ (u) = T )P+ (w) =9~ (0) .

It follows that

Yo W) =Pz Y W) et e)Pr Y W (w) - ()

{u,v}eE {u,v}eE {u,v}€eE

Also, we note that

Yo m)(@(©)* =Y me)@t () + Y mv)(y ()%

veV veV veV

Therefore
Ptunyer V(@) =)+, eplYT (W) =9 (0)
2wy M) (W (0))? + X ey m(v) (¥~ (v))? '

1—2Ag 2

17



For every four positive numbers a, b, ¢, d it holds that %‘3 > min{%, %}, and
therefore

DguwyeelPt @) =0 (0)P Xiuyeplt” (@) = ¢ (0)]
Doev mO)WT)? T ey mv)($(v)? '

Without loss of generality, we will assume that
S pupenltt (@) = vt (o))
Yvev M)W ()2

and finish the proof by showing that
> unperlT (W) — ¢t (V)2 .o

Dvev M)Wt () T 2

1—/\szin{

1—Ag >

Z{u,v} EEW} ( ) ¢+( )|
2 vev M) (P (v))?

(Zupeslt @) = 0)) (L uupesltt @) + vt @)2)
(Zoer M)W 0))2) (Spuapestt () + vt (o))

(Z{w}eEW )~ )]0+ () + 6t ()])

ECS

(S M) (S pumyerlt ) + 5 @F)

(z{w}eE\W ) - (v <>>2|)2 )
(Coev mO)EH©)?) (T uujen 2067 W)? + 20+ (0))2)
(5 gm0 )2 — @ @2

2|l

Thus, in order to finish the proof, we need to prove that

Yo 1@ w)? = @)z acllvT®.

{uv}eE

By our indexing,

YoolwT@? - @)= Y @) - @ (w)*

{u,v}eE {ve,v;}EEt>5

We note that for every {v;,v;} € E,t > j,

t—1
()7 = WF (0)? =D (WF (0)* = (0 (vig))*.
i=
We recall that ¥+ (vg) = ... = ¥ " (v,) = 0 and therefore if t > j > k,

(WF () = (0" (vr))* = 0,

18



and if t > k> j,

k—2
(@7 () = @F())? = @ (oe-1)? + D (WF (0)° = (@F (vir1))*

i=j

Therefore,

Y W)~ (Wt (w)?

{ve,v;} €Et>]

k—2
= |00 1| (v-1))* + D_IOU (% (v0))* = (% (vi41))?)
i=1

k—2
> agm(Up—1)(@ (vk-1))? + Zacm(Uz‘) (T () = (T (vig1))?)
k—1
=ag (m(Ul)(¢+(U1))2 + (T (v:)*(m(U;) — m(Ui—l))>
k—1
=ag (Z m(“i)(¢+(vi))2>

= agllvt|*

3.4 Exercises

1. Given a finite connected graph G = (V, E), prove that for every a > 0,
hg > « if and only if

[E(U,U)  1-«
max <
0£UCV,m(U)<im(v) m(U) 2

(This fact is called “Alon-Chung Lemma”).

2. For a finite connected graph G = (V, E), the diameter of G is the longest
path-distance between two vertices, i.e.,
diam(G) = max dist(u,v).
u,veV
The next exercise is aimed to prove the fact that in an expander family,

the diameter grows at most logarithmicly with respect to the number of
vertices:

Proposition 3.10. Let {G,, = (V,,, E) }nen be an expander family. Then
there is a constant C, such that diam(G,,) < C'log(|Vy|).
More specifically, for a finite graph G = (V, E), if d = max,cy m(v), then

i < 2
diam(G) < e PE 1) log(|V]).
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A reader looking for a challenge can try to prove this fact without following
guidance.

Guidance: for v € V, r € NU {0}, denote
B, (v) ={u eV :dist(v,u) <r},
Sr(v) ={u eV :dist(v,u) =r}.

(a) For every v € V, denote 7(v) to be the minimal non-negative integer
such that m(B,,)(v)) > $m(V,). Note that m(By(v)) < im(V)
and therefore r(v) > 1.

(b) Show that for every v € V and every 0 < r < r(v) — 1, d|Sy41(v)|>
ha|Br(v).

(¢) Deduce that for every 0 < r < 7(v) — 1, |By41(v)[> (1 + 22)| B, (v)]
and as a result | B, (v)[> (1 + 2&)r®),

(d) Note that |V|> [B,(,)(v)| and thus by the previous inequality,

log(|V])
<1 o (V) = ————-
7"('1)) >~ Ogl_‘_}TG(' |) log(l + hTG)

(e) Note that for every two vertices u,v € V, m(By () (v))+m(By ) (u)) >

m(V) and thus B,(,)(v) N By(y)(u) # 0. Deduce that for every two
vertices

dist(u,v) < r(u) +r(v) <

< ——————log(|V]),
log(1 + hTG)

as needed.

3. The converse of the previous fact does not hold: give an example that
logarithmic growth of diameter does not imply expansion, i.e., give an
example of a family of finite graphs {G,, = (V,,, E,)}52, such that

(a) lim,|V,|= oco.

(b) sup,, (max,ecy, m(v)) < co.

(c) There is a constant C such that every Gy, diam(G,) < Clog(|V,]).
(d) The Cheeger constant tends to 0: lim, kg, = 0.

4 The expander mixing lemma

Here we will show that assuming two-sided spectral gap (or one sided spectral
gap + bipartite) leads to a stronger notion of expansion:

Notation: given a graph G = (V,E) and non-empty subsets U W C V|
denote e(U, W) = [{(u,v) € U x W : {u,v} € E}|.

Note that there is a technicality here: if U, W are disjoint, then e(U, W) =
|E(U,W)|, but if U, W are not disjoint and u,v € U N W, {u,w} € E, then the
edge {u,w} is counted twice, e.g., e(U,U) = 2|E(U,U)|.

20



Theorem 4.1 (The expander mixing lemma - two-sided spectral gap). Let
G = (V,E) be a finite connected graph such that Spec(M) C [-\, A\|U{1}, then
for any two non-empty sets U W CV,

e(U, W) — m(U)m(W)‘ < )\\/m(U)(l _ M)m(W)(l _ M)

m(V) m(V) m(V)
Proof. Let U,W C V be any two non-empty sets. Take
_ (xv,1)
¢U = XU <I]., 1> )
(xw, 1)
= xw — 1.
dw = xXw 0,

Note that by definition, ¢y L 1,¢w L 1 and therefore | Moy ||< A||¢v||. Thus,

(Mo, ¢w)| < [Moullllew |-
By calculation, (xy, 1) = m(U), (1, 1) = m(V) and therefore

_ m(U)
du = XU — W]l-
It follows that
2 _ 5 ,mU) m(U) ? _ m(U)? _
ol = o P-2 2 1)+ (260 ) 0,1y =m0 —mny1- 2403
and similarly,
JowlP=m(w)(1 - ).
Therefore, we get that
m(U) m(W)
Moy, pw)| < A\/m(U)(l - W)W(W)(l - W)-

Next, we turn to compute the left-hand side of the inequality. Note that M ¢y =

My — %1 and that

(o)) = E D,
Therefore
(Mou,ow) = (Mxuv, dw) — m(U) (L, ow)
b b) m(v) b)

=W (Myu, dw)
= (Mxuv,xw) — M (Mxy, 1)

m(V)
__M is self-adjoint <MXU7 XW> _ M <XU¢ M]].>

m(V)
_M1=1 (Z m

|E<v,U>> ~ m(U)m(W)
veW

—~

v)

m(v) m(V)



Combining this with the previous inequality yields that

~ mU)m(W) . - m(U) - ~ m(W)
e(ww) - ) ‘9\/ @)1= hmwy - 2,

O

Remark 4.2. In some sources, when referring to the expander mizing lemma,
a slightly weaker inequality is stated:

(U, W) — ”W’ < M/m(U)ym(W).

Remark 4.3. If the graph G is d-regular, then the inequality of expander mizing
lemma reads as

d|U||W U w
ew.w) - <dA\/|U - oo -

Remark 4.4. Bilu and Linial also proved the converse of the expander mizing
lemma: they proved that for a d-reqular graph G = (V| E), if there is a constant
a such that for every two sets U, W,

\e(U,W>— AIWI < 4o /1T,

4

then all the mon-trivial eigenvalues of M are bounded in absolute value by
O(a(1+ log(g)).

Note the the expander mixing lemma also gives another proof of the easy
side of the Cheeger inequality, under stricter conditions:

Proof. Let G be a connected graph such that Spec(M) C [—X,A] U {1}. Let
() # U C V such that m(U) < %m(V) Then |0U|= e(U,V \ U) and therefore
using W = V' \ U in the expander mixing lemma, yields

e A\/m(U)( = 2Oy vy - mya - 2,

m(V m(V)
Thus,
_m(U)(m(V) —m(U)) m(U)(m(V) —m(U))
o T
In particular v W) ©) 1A
mo) =Ty T

O

A variation of the expander mixing lemma is the bipartite expander mixing
lemma in which that assumption of two-sided spectral gap is replaced by the
assumption of bipartiteness.
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Theorem 4.5 (Bipartite expander mixing lemma). Let G = (V, E) be a con-
nected bipartite graph with sided Sy, S1. Then for every two non-empty sets
Uo C So, U1 C Sy,

|E(Uo, Ur)|  m(Up) m(Un)
E| m(So) m(S1)

Proof. Note that by a previous exercise, —1 is an eigenvalue of G with multi-
plicity 1 and eigenfunction xs, — xs, and that the spectrum of M is symmet-
ric and therefore Spec(M) = {+1} U [-Ag,Ag]. Therefore, if ¢ € ¢?(V) and
¢ L span{l, xs, — Xs, }, then |[M¢||< A¢||¢|. Note that span{1, xs, — xs,} =

span{xs,, xs, - Thus ¢ L span{1, xs,—xs, } if and only if (¢, xs,) = (&, xs,) =
0. Define

<XU07XS(}>
du, = XU X5
0 0 <XSOaXSO> o7
<XU17XSI>
du, = XU, — Xs
! ! <XS17X5'1> !

Note that by definition, ¢y, L xs, and since ¢y, is supported on Sy, then also
v, L xs,. Similarly, ¢y, L span{xs,,xs, }- Thus,

<M¢Uov ¢U1>‘ < >\||¢UOHH¢U1 ”

By calculations similar to those in the proof of the expander mixing lemma,

o IP= m(U)(1 — Z2C0)
o, = m(©n)(1 - ),
and <M¢Uo’ ¢)U1> = <MXU0a¢U1>
= <MXU0aXU1> - :ZEZI; <XU07 XSo>
— (U, Uy)|- ),
Thus,
U@ [ ) w0
|E(U07U1)‘ m(sl) < )‘\/ (UO)(]' m(So)) (Ul)(]' m(Sl))’

and dividing the inequality by m(S1) = m(Sp) = |E| yields the needed result.
O

5 Alon-Boppana bound

A natural question is how good of an expander can a graph be? This question is

ill-defined as stated because we saw that without bounding the degree, one can
take the complete graph on n vertices and for such a graph both the spectrum
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and the Cheeger constant are optimal. Thus, the more precise question is how
good of an expander can a d-regular graph be?

The Alon-Boppana bound address this question with respect to spectral
expansion.

Theorem 5.1 (Alon-Boppana bound). Let G = (V, E) be a d-regular connected
graph with |V|= n. If the diameter of G is larger than 5, then

>2\/d—1 2vd—1-1

)\G jam :
d g2 _y)

where diam(G) is the diameter of G with respect to the path-metric.

Remark 5.2. The Alon-Boppana bound is not the one theorem stated above,
but several different theorems showing that for a d-regular graph G = (V, E), Mg

is bounded from below by 27%11—1 — error term ), where the error term tends to

0 as the diameter (or the number of vertices) tends to infinity.
Proof. Let A be the adjacency matrix of G, i.e., A is an n X n matrix indexed
by V such that
1 E
Alu,v) = {u,v} € .
0 {u,v}¢FE

Since G is d-regular, M = %A and we showed in the homework that for every
u,v € V, k € N, A¥(u,v) is the number of path of length k-from u to v. Fix
a,b € V such that diam(G) = dist(a, b) and denote k = L%(G) —2] (note that
diam(G) > 5 and therefore k > 0).

Fix some a’ such that {a,a’'} € E and define

dist(v, {a,a’}) = min{dist(v, a), dist(v,a’)}.

Denote
Si({a,a'}) = {v e V : dist(v,{a,a’}) = t}.

Define a function

o) = { T vESadnt<k
0 otherwise ’

We want to show that

R e |

This is equivalent to showing that

(Lo, 9) = |$° (Mo, §) < |¢||2(1 B MF + 2%5 1) .

For a vertex v € V, denote

O, = {u:{u,v} € E,dist({a,a’'},u) = dist({a,a’},v) + 1}.
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Then
(Lo,o) = D [8(v) — d(w)]

{u,v}EE
k—1
=> > D B el + D> 0.lg0)
t=0 veS;({a,a’}) u€O, veSk ({a,a’})
S DD DENCHIEI RS S PO
t=0 veS, ({a,a'}) veSk({a,a'})
k—1
d—2vd—1
=X D loe@P—F—+ > [0l
t=0 veS;({a,a’}) v€Sk({a,a’})
k—1
Sw”gkli: E: p(v)[*(d—2Vd — 1)+ E: (d—1)|p(v)[?
t=0 veS:({a,a’}) vESK({a,a’'})
k
2/d—1
:E: E: ﬂ¢@ﬂ%1*4—g—*%+ Z: (2Vd —1-1)|¢(v)/?
t=0veSi({a,a’}) veSk ({a,a’})
2vd —1 2vVd—1-1
= [lo]*(1 - )T > dle(w).

vESK({a,a’})
To finish the proof of the inequality, it remains to prove that
2 1 2
>, dle)P< =gl
k+1
vESK({a,a’})

We note that 1

Z \9?5(”)\2 = |5k\m~

v €Sk ({a,a’})
Since |Sk|< (d — 1)[Sk_1|< ... < (d — 1)¥]Sy|, it follows that

1 1 & 1 1
< p—
(d—Uk*k+1g;&ud—Uf d(k+1)

|k l11*.

Define v similarly:

o) = d v eSSk
0 otherwise

Then, by the same considerations,

(o = i ( 25 - 2.

Note that ¢ is supported on the ball

{v: dist(a,v) < dh%(G) -1},

25



and ) is supported on the ball

diam(G)
— —1}.

5 }
Since, dist(a, b) = diam(G), it follows that the supports of ¢ and ¢ are disjoint
and therefore (¢, ¥) = 0. Also, M ¢ is supported on the ball
diam(G)}

2 )
and therefore (M¢,1) = 0 (and since M is self-adjoint, (M1, ¢) = 0). We
note that ¢, ¥ are orthogonal and therefore span a subspace of dimension 2. It
follows that there are non-zero a, 8 such that (a¢ + ) L 1. Without loss of

generality, we can choose such «, 3 such that ||a¢ + B|*= 1, and we note that
by the orthogonality of ¢, 1,

lag + Bol1*= laf?|l1*+|8 ¢
For such «, 8, the following holds:
Ac > (M(a¢ + By), ad + i)
= |a|*(M¢, ¢) + B (M, )

o1 12 on noy [(2V/d—1  2¢/d—1-1
(altolP + aPIwP) (225 - 25572 )
2Vd—1 2/d—1-1

d  k+1

{v : dist(b,v) <

{v: dist(a,v) <

Y

as needed.
O

By the following general proposition, we can replace the diameter in the

above theorem, with log,(|V]):

Proposition 5.3. If G = (V, E) is a connected finite graph such that the maz-
imal degree is bounded from above by d > 2, then for every k € NU {0} and
every v €V, |Br(v)|< d*t1. As a result, diam(G) + 1 > log,(|V]).

Proof. Denote
Bi(v) ={u e V : dist(v,u) < k},

Sk(v) = {u eV : dist(v,u) = k}.

The maximal degree of G is bounded by d, thus for every v € V, |Sy(v)|=
1,151 (v)|= d and for every k > 1,

[Sk()|< (d = 1)[Sk-1(v)[< ...

< (d—1)*1a.

Therefore for every k > 1

k
|Br(v)|=Y_|Sk(v)|<
=0
dk+l -1
d—1

Note that for every vertex v, Bgjam(e)(v) = V and therefore |V[< ddiam(G)+1
which implies that log,;(|V|) < diam(G) + 1.

1+d+dd—1)+..+dd-1D)rF1<14d+..+d" = < dM
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Corollary 5.4. For every d-reqular connected finite graph, G = (V, E),

vd—1 2v/d—-1-1

Ag > 2
G > — .
d LIOgd(‘z‘/D*lJ -1

Proof. Combining the above proposition with the Alon-Boppana bound, yields
that for every d-regular graph G = (V, E),

2v/d —1 2vV/d—1—-1
Ag > — .
d LIOgd(‘sz*lJ -1

O

Corollary 5.5. For every € > 0, there are only finitely many d-reqular graphs
G for which A\g < 21 _ ¢,

Also, if {Gn, = (Vy, En)tnen is a family of d-reqular \-spectral expanders,
then A > L/F.

Proof. By the above corollary, for every € > 0, there is a constant N such that
if [V|> N, then
Ag > 2{% —E&.

Since there are only finitely many different d-regular graphs on < N vertices,
the assertion follows.

Regarding the second statement - one should note that by definition of an
expander family |V;,| tends to infinity and in particular there are infinitely many
non-isomorphic graphs in the family. O

The Alon-Boppana bound (and the above corollary) raises the question
whether there are such optimal family of expanders. To be precise, define:

Definition 5.6 (Ramanujan graphs). A d-regular graph G is Ramanujan if it
is a @—two—sided spectral expander.

A d-regular bipartite G graph is bipartite Ramanugjan if Ag, < @.

A family of d-regular graphs Gy, = (Vy,, Ey), where |V,|— oo is called Ra-
manugan if for every n, G, is a Ramanujan.

A family of d-regular bipartite graphs G, = (Vy, E,), where |V,|— oo is
called bipartite Ramanujan if for every n, G, is bipartite Ramanugjan.

A brief history of Ramanujan graphs:

e In 1988, Lubotzky, Phillips, Sarnak first defined Ramanujan graphs and
gave the first construction of a family of such graphs for d = p+ 1, where
p is prime and p =1 mod 4. Their construction relied on the Ramanujan
conjecture (and hence the name).

e In 1994, Morgenstern extended the above result and gave a construction
for a family of such graphs for d = p + 1, where p is any prime power.

e In 2002, Friedman proved that random d-regular graphs are almost Ra-
manujan, i.e., that for every € > 0, there is a positive function f(n) tending
to 1 as n — oo such that the probability that a randomly chosen d-regular
graph on n vertices will be a (@ + &)-two-sided spectral expander is
greater or equal to f(n).
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e In 2013, Marcus, Spielman and Srivastava proved that bipartite Ramanu-
jan graphs exists for every d > 3 and later in 2015 they proved that
bipartite Ramanujan graphs exists for every d > 3 and any number of
vertices.

e Open conjectures (at least at the time these notes where written):

1. (non-bipartite) Ramanujan graphs exists for every d > 3.

2. There is some positive o > 0 such that for every (large enough)
n, the probability that a random d-regular graph on n vertices is
Ramanujan is > a.

6 Existence of expander families - a non-constructive
proof

Friedman’s result mentioned above states that a randomly chosen d-regular
graph (with d > 3) on n vertices (n >> d) will have almost the best expansion
one can hope for both in a spectral sense. Thus fixing some d and randomly
choosing d-regular graphs on n vertices, when n tends to infinity will give us an
expander family with positive probability (and thus such a family exists).

We will not prove this fact in its full strength, but only show that a randomly
chosen d-regular bipartite graph G, on 2n vertices, will have with positive
probability hg, > ﬁ. We will actually use a variant of the Cheeger constant
known as vertex expansion (and not edge expansion):

Definition 6.1 (Vertex expansion). Let G = (V, E) be a finite connected graph.
For a non-empty set U CV, we define 0ot U as the set of vertices in V\U that
have at least one neighbor in U and define

OoutU
hout(G) = min M
0£UCV,m(U)<im(v) m(U)

We also define 0;,U as the set of vertices in U that have a neighbor in V \ U
and define

min [0in U]
0AUCV,m(U)<sm(v) m(U)

hin(G) =

Observe that for every graph G = (V, E) and every non-empty set U C V|
|00ut U< |OU| and |0;,U|< |0U| and therefore hoyt(G) < hg and hiy, (G) < hg.
Also, if G the maximal degree of G is bounded by d, then dhou:(G) > hg,
dhin(G) > heg.

In order to avoid technical difficulties, we will generalize our definition of a
graph and allow multiple edges between two vertices. In other words, between
two vertices there can be k € N U {0} edges. The degree of a vertex is still
the number of edges connected to it. This is not important to this example,
but all our previous results regarding the random walk operator, the Laplacian
pass and the Cheeger inequality pass verbatim to this setting, when one takes
M(v,u) = mn(fl’)u), where m(v,u) is the number of edges connecting u and wv.

Fix d > 8 and let n € N (assume that n >> d). Recall that a permutation on
{1,...,n} is a bijective map 7 : {1, ...,n} = {1,...,n} and there are n! such maps.
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Given d such permutations 1, ..., 74 define a bipartite graph Gy, (71, ...,74) on
2n vertices as follows:

e The vertices of the graph are V,, = Sy U Sy, where Sy = {vy,...,v,},51 =
{ul,...,un}.

e Given 1 < i,j < n, the number of edges between v; and u; is [{1 < k <

d: m(i) = j}. In other words, the edges are the multiset {{v;, ur,(;)} :
1<i<n1<k<d}.

For example, if d = 8 and 7y, ..., g are all equal to the trivial permutation
(mapping 7 to ¢ for all ), then G(my, ..., ms) will be the graph where v; and u,
are not connected if i # j and there are 8 edges between v; and u; for every .

Note that for every choice of permutations m1, ..., 74, Gn(m1,...,74) is a d-
regular bipartite graph.

Theorem 6.2. Let d > 7 be fired. Then

lim {71,y ma : howt (Gr(m1, oy a)) > 4%1}| _

n oy 1.

In other words, for a randomly chosen 7y, ..., 4, the probability that hoy (Gp (1, ..., 74))

% tends to 1 as n tends to infinity.

Proof. We will bound from above the number choices of my, ..., 74 for which
hout(Gn(ﬂ-ly ...,Wd)) < ﬁ

We note that we are talking about d-regular graphs and therefore m(U) =
d|U| and m(U) < im(V) is equivalent to |U|< n. For a set U C V, denote
Uo = UﬂSo,Ul = UﬁSl. Then

aoutl:] = ((aoutUO) \ Ul) U ((8outUl) \ UO)

Therefore, if hyut(G) < «, then for there is a set U such that

8out[] Ul
|aoutU| % |Uv0|Z ‘U1|
dU| = | N0y |> (U

Note that if |Up|—2 > |Us]|, we get a set U’ for which |Uj|> |U]| and

|(aoutU0)\U1| > |(6outU6)\U{|
d|U| - avry

by transferring one vertex from Uy to dUp (and similarly if |Up|—2 > |Up|).
Thus, up to a rounding error, we can assume that |Up|= [U1|< § and get that
there is i = 0,1, and () # U; C S; such that |U;|< & and

|(aoutUz’) \ Ui+1| _ |aoutU1|_|Uz| )

@ d|U] 24U

As a result, for a = 4%17 there is such U; C S; such that %|U¢\> |0outU;|. Given
d,n, we will call a choice 7y, ..., 74y bad if there is such Uy exists.
Let ) # A C So, with [A|< Z and let B C Sy with |B|= 2|A|. For how

many choices of 71, ..., mq does Oy A C B?
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For a single permutation 7, there are (E‘l) |A|! (n—|A])! possibilities and thus
d
for d permutations there are ((I‘ﬁ‘l) |A|! (n — |A|)‘) possibilities. Thus, running
over all the possible choices of A and B yields that the total number of bad
choices is bounded from above by

> () () (E)00 )
- ; () e=rmran—s (([gtﬂ))dl e -0l

_ : 2 (n—1)! [%ﬂ -t —2
= 2 e I o <( i )> (¢ (n =)™

P )] BN i -2
=00 (1) @e- ot

2 2

We want to understand at what values does a; attains its maximum. We consider
2t+2 §p order to determined when is the sequence increasing and when it is
decreasing (we take t + 2 and not ¢ + 1 to avoid rounding issues).

(n7t72)! 3 3 _
Gryr _ eTEO-D 30710 ((“tﬂ; )) ((t+2)!(n—(t+2))!>d ’
- (n—t)! 3¢ | —_ !
at CSERERED] (") tn =)

_<G§ﬂ+3x@ﬂ+2xﬁﬂ+1»
S\ 2+ D)([2+1-10)
((n—fgﬂ)

(n—1)

d—1

(—Wﬁkﬂﬂn—@ﬂ—%)( (t+2)(t+1) )*2
(n—t—1)([3t]+1-1) (n—t)(n—t—1) '
Note that:

d—1

(([gﬂ +3)([3] +2)([2¢] +1)) e (27>d—1

3 - - )
(t+2)t+1)([5t] +1 1) 4
and this sequence is bounded by some constant M (independent of n). Also note

(n*(%ﬂ)(n*[%ﬂ*l)(n*[%ﬂﬂ)) ( (t+2) (t+1) )diQ
(n—t)(n—t—1)([3t]+1-t) (n—t)(n—t—1)
is a positive number that is very close to 0. Thus for small values of ¢ (assuming

(n=[3)(=[§1-D(=[31-2)\ (241 477 __
(n—t)(n—t—1)([3t]+1-t) (n—t)(n—t—1)
< 1. For large values of ¢, t = fn,

(o2l ) s ()
and

(& 3D = 36 = (n — [3¢] - NE 38)° _o<pey
m-Om-t-D[F+1-0 ) @-pgs- &

that assuming that for n >> t, (

that n is sufficiently large), (

1 L ai42
+7 and thus v
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d—2
Thus when ¢t > fn and 4% (%) > (277)% the sequence is increasing.
4

This argument is cheating by a little, since we replaced all the expression with
their limits, but it can be shown that this does not change much: the sequence
first decrease rapidly, then stagnate a little and then increase (when the propor-

tion of the increasing ratio is also increasing). Thus for even t’s the sequence
n

gets its maximum at ¢ = 2 and ¢ = § and for odd t’s the sequence gets its

maximum at t = 1 and ¢t = % It is easy to check that a; > ag and therefore

the maximum of a; is achieved either in ¢ = 1 or in ¢ = 5. Thus, the number of

bad choices is bounded by % (a1 + a%). To finish the proof, we will show that
nay nan

2
W%O, aHdW—}O.

First,

na n(n!)?(n —1)(n —2)2¢ 1 ((n — 1)!)4-2 1(n=1)(n—-2
LA UESVUES - lC R
Second,

e () () o ()
S

%
Recall that by

d—2

tirling approximation

vV o tie " <nl< en"tze ",

(( )')2 62( ) ! —
2/ 2 " n

< < C .
I l € efOIe

"5« opon(3d-1)+1-(d-2)

(n!)d — ’
and if d > 7, then 2(d — 1) + 3 — (d — 2) < 0 and this expression tends to 0 as
n — 00. O

7 Metric distortion of expander graphs

The following result shows that spectral expansion is “non-euclidean”, specifi-
cally, the graph metric of a spectral expander is distorted when mapped into a
euclidean space. Given a graph G, define

. . [®(u) — (v)]|gr dist (u, v)
—inf inf [ s :
c2(G) = fnf inf | (u?fé’v dist(u, v) o o) — @(0)ar )

where ||.||g+ denotes the euclidean norm.
Note that by definition, ¢o(G) > 1 and it measures the distortion of the
metric of G when it is be mapped into some R*. Examples:

1. G, = (Vo, Ep) where V,, = {1,...,n}, E, = {{i,i+ 1} : 0 <i <2n-—1}.
In this case c3(Gy) = 1 for every n, isometrically embedding the graph in
R.
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2. Fix k € N and define G,, = (V,,, E,,) as
Vi ={(a1,...,ax) : a1, ...ax € Z,1 < ay,...,ar < n},

E, = {{(al, ...,a;.c), (bl, ,bk)} : Hio,aio +1= biO,Vi 75 10, @; = bz}

Here there is also a very natural embedding of the graph into R¥. We
leave it to the reader to check that using that embedding, co(G) < Vk for
every n.

In the above examples, the distortion c2(G,,) is fixed and independent of the size
of G,,. The reader may recall that these examples were used before as examples
of families of graphs that are clearly not expanders.

Theorem 7.1. Let 0 < A < 1 be a constant and G = (V, E) be a finite connected
A-spectral expander. Let d € N,d > 2 such that d > max,cy m(v). Then
for any k € N and any map ® : V. — R¥ if [|[®(v) — ®(u)||< B for every
{u,v} € E, then there are vertices v,u € V such that dist(u,v) > log,(|V]) — 3
and || ®(u) = ®(v)|lar< 2

Proof. We note that ® = (¢1, ..., %), when ¢; € £2(V). For every 1 <i <k, we
denote ¢! € £2(V) to be the projection of ¢; on the space of constant maps in
(2(V) and define ¥ : V — R* as U = (¢1 — @9, ..., ¢ — ¢9) = (¥1, ..., ¥r). We
note that since ¢? € £2(V') are constant maps for every 1 < i < k, we have that
for every two vertices u,v € V,

19 (u) — @ ()5 = Z\ ¢iu () = (¢i(v) — ¢ (V))]* =

ZI@ 3 (V)7 = [®(u) — B(v)[2s.

Therefore, it is enough to prove the theorem for ¥ instead of ®. Using a previous
proposition regarding the Laplacian, we note that for every 1 <i < k,

(Loisdi) = D |oilw) — i(v)

{uv}eFl

By the assumption of A-spectral expansion, it follows that

D 16i(w) = ¢i0)P= (Li, di) = (1=A) Y m(v)|gi — 67,

{u,v}ekE veV

Summing this inequality over all 1 < i < k yields

(1=2 > m@I¥@)E< D [12u) = )]

veV {u,v}eE

Let Med ({||¥(v)||gr: v € V'}) be the median that the of the set {||¥(v)||gs:
v € V} when accounting to the degree defined as follows: order V' such that
[T (v1)||re < [P (v2)||Re< ..., denote ipeq to be the maximal index such that
{01, s Viea}) < Sm(V) and set Med ({1 (0) g v € V}) = ¥ (0nsea) s
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By this definition,

S me @Rz "y (e (190 v € VD
Thus,
(1= 2™ (ed ({00 s 0 € V) < 3 I900-00lE <121 < mV) g
Therefore 5

Med ({{[¥(v)||gs: v € V}) < Ny

Let U C V such that
U={veV:|¥)lg:< Med ({[|¥(v)[lr: v e V}H}
By definition, m(U) 4+ d > # and therefore

%—dg@—dgmw)gdm

It follows that |U|> %‘ — 1. Recall that we saw that |B,(v)|< d"*! and note

141
\U|> % —1> % = dlosa5d)-1,

Therefore it follows that for any fixed v € U,

o (V1)
UI> do82) " > B, vy, ()],

In other words, there is some u € U such that u ¢ B
V]

dist(u, v) > IOgd(ﬁ) —1=1logy(|V[) —logy(d) —log,(2) — 1 > log,(|V]) — 3.

lo@Id(%)—Q(”) and thus

On there other hand, since u,v € U, it follows that

1) = Pl 1900 s+l 2Med (20 s v € V}) < 2 .

O

Corollary 7.2. Let 0 < A\ < 1 be a constant and G = (V, E) be a finite
connected \-spectral expander. Let d € N;d > 2 such that d > max,cy m(v).
Then c2(G) > ¥ 12_)‘(10gd(\V\) -3).

In particular, if {G,, = (Va, En) }nen s an expander family, then lim,, co(Gp) =
00.
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8 Application of expanders to error-correcting
codes

Definition 8.1. A binary code of block length n is a subset C C {0,1}".
binary code C' is called linear if it is a linear subspace of {0,1}™ over the field Fs,

e., if for every v,u € C, it follows that v+ u € C where addition is performed
mod 2.

Some terminology: let C' C {0,1}™ be a code.

e Every v € C is called a codeword.

e The rate of the code is Rate(C) = W. If C is a linear code, then we

note that the rate is equal to dlm(c).

e Denote ||.|; to be the Hamming norm (i.e., the £* norm) in {0,1}" and
define the relative distance of C' to be

0(C)=_ min —|v—7u

( ) quCv;éunH Hh

(the word “relative” in the definition refers to normalizing by %) We note
that if C is linear then the relative distance of C' is equal to

1
w(@) = min_ -7,

which is called the weight of C.

Motivation: The idea behind error correcting codes is sending a massage
over a noisy channel such that the person receiving this massage can correct
it after it has been (slightly) corrupted by the noise. Think about Phonetic
Alphabet in Ham radio: people using Ham radio do not say “Bee” and “Cee”
on it, since these words are “too close” to each other and when there is noise
in the channel, the person on the other side may think you said “Bee” when
you actually said “Cee”. Instead, Phonetic Alphabet is used: “Bravo” and
“Charlie” are used in lieu of “Bee” and “Cee”. Since “Bravo” and “Charlie”
are “far apart”, the listener will not confuse one for the other.

In our case, the codewords are words that we allow to transmit and the noise
is changing some of the bits in our codewords. There is a trade-off between the
rate of the code and the distance of the code. For instance, we can consider the
following extremes:

1. If we just want to send a yes/no answer, then we can take C = {0,1} C
{0,1}". Tt is easy to check that Rate(C) = L (which is the smallest
possible) and §(C) = 1 (which is the best possible).

2. If we want the rate of C to be 1, we have to take C' = {0, 1}". For this C,
§(C) =L (which is the smallest possible).

Proposition 8.2 (Hamming bound). Given a code C C {0,1}", if §(C) = 4,
then

715 1

Rate(C) < 1——10g2 Z ()

=0
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Proof. Denote for s,
Bs(@) ={y € {0,1}" : [l — 7|1 < s}.

Note that for sy = L”‘SQ’IJ, we have for every 7,7 € C,T # @,

By, (%) N By, (T') = 0.

Thus
2" > 37|B., (@)].

zel

Also, note that for every =,

L2552

@ Y (7).

Jj=0

Therefore
L1252

2" > |C] (”) ,
=0 M
and the proposition follows. O

As in the case of expander graphs, we will be less interested in a single code
and more in a family of “good codes”:

Definition 8.3. A family of codes {C; C {0,1}" };en will be called asymptoti-
cally good codes if

1. The block length grows to infinity: lim; n; = oo.
2. The rates is uniformly bounded from below: inf; Rate(C;) > 0.
3. The relative distances are uniformly bounded from below: inf; §(C;) > 0.

Moreover, we will be interested in good linear codes with an addition extra-
feature defined below.

It is not hard to see that a linear code C' C {0, 1}™ is determined by a basis of
C. The following terminology connects a linear codes to the following matrices.

1. A generator matriz for a linear code C of rate % is an n X k matrix that A
whose columns form a basis of C. By definition, A is a generator matrix
if and only if for every v € {0,1}*, Av € C.

2. The space C* is define as
C*t={ue{0,1}": Vv e C,u'v = 0}.

Equivalently, if A is the generator matrix of C, then O+ is the kernel of
the map @ — @' A. Thus, from linear algebra, C* is of rank n — k.

3. A parity check matrix of C, is a generator matrix of C*. In other words,
H is an n x (n — k) matrix whose columns form a basis for C+. We
note that H is a parity check matrix of C' if and only if for every v € C,
H'v =0.
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4. (non-standard name) We will call a parity check matrix H, D-sparse if
the number of 1’s in every row and every column is less then D.

Definition 8.4. A family of codes {C; C {0,1}™ };en will be called LDPC (low
density parity check) codes if n; — 0o and there is a fized D such that for every
i, the parity check matriz of C; is D-sparse.

In 1995, Sipser and Spielman showed how to use expander graphs in order
to construct a family of asymptotically good LDPC codes which we shall now
describe.

Let G = (V, E) be a d-regular connected bipartite graph with sides Sy, S1.
Fix a linear code Cy C {0, 1} with rate Ry > % and dp = §(Cp). Define a code
C(G, Cy) with block length |E| as follows

1. For every vertex v € V, denote E, = {e € E : v € E} and choose a map
7y 2 By — {1,...,d}.

2. Index the space {0,1}/Z as {0,1}F.

3. For a word (z.)ecr = 7 € {0,1}F, T € C(G,Cy) if and only if for every
veV, (xm,(e))eGEu € Cy.

Theorem 8.5. If A\¢ > A, then C = C(G,Cy) is a d-sparse code with rate
> 2Ry — 1 and relative distance > 6o(do — A).

Proof. First, consider the parity matrix of Cy: this is a d x (d — dRy) matrix.
Thus, C is defined by |V|(d — dRy) = 2|F|(1 — Ry) equations (which may be
linearly dependent) and thus it is a space of dimension >

|E|=2|E|(1 = Ro) = |[E|(2Ro — 1),

and thus the rate is > 2Ry — 1 as needed.

Second, the parity check matrix of Cy is of size less than d x (d(1 — Ry)),
thus every equation defining the parity check matrix of H is of length < d and
every edge is in at most 2(d(1 — Ry)) < d equations (d(1 — Ry) for each of its
vertices).

Last, let 0 # 7 € C. We need to prove that ||[Z|[1> |E|do(dp — A). Denote

U={veV:3e€ E,,z. =1},
and Uy = U NSy, U; = U N S;. Note that for every v € U,

{e € E, : . = 1}|> ddp.

Therefore,

|Z]l1= ddo|Usl,
and

[Z[11= ddo|Un |-
Thus,

1Z]l1> ddor/|Uo||Un.

Also note that
{fee E:a. =1} C E(Uy,U),
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and thus
ddo/|Uol|U1| < |E(Uo, Uy)|. (1)

Combining the previous inequalities yields that
By the expander mixing lemma (for bipartite graphs)

|E(Uo, Uh)| _ |Uol|Ux| U] jmieatsoaiss) g2 |TolIUA] )
< A — o o 2PllY s oy L oL
B[ = Sollsi M ISelIS B g VIl

2
Therefore, after multiplying by % and using the inequality , we get

SolE[/|Uo||Ur| < d|Uo||Ur |+ E|/|Uo||U1].

Thus,
0(d0 — M| E|< ddo/|Uol|Us| < [|Z |1,

as needed.
O

Corollary 8.6. Fiz Cy to be a code with block length d, rate Ry > % and
do = 6(Cy). For any family of d-regular bipartite \-expanders {G;}ien with
A < dp, the family of codes C(Gy, Cy) is a family of asymptotically good LDPC
codes.

A decoding algorithm of an error-correcting codes is an algorithm from find-
ing the closest codeword in C for a given (corrupt) word 7 € {0,1}"™. A brute
force algorithm for decoding always exists: for a given word § € {0,1}", cal-
culate all the distances ||y — T||; over all T € C and find T € C with the min-
imal distance. Since calculating each distance requires n step, the brute force
algorithm decodes a corrupt word in n|C|= n2"Rat(C) steps. For the Sipser-
Spielman codes defined above, Zemor gave an efficient decoding algorithm that
can decode a corrupt word given that the number of corrupt bits is not too
large.

Zemor decoding algorithm: given a code C(G,Cy) first decode the edges
using brute force by the constraints induced by the vertices of Sy (note that
every edge is connected to only one vertex in Sy, therefore there is no conflict
here). Second, decode decode the edges using brute force by the constraints
induced by the vertices of S7.

Theorem 8.7. Assume the following:

The are fized constants dg, \,e such that 0 < e <1 and A < %0 5=~

The graph G = (V, E) is a connected d-regular bipartite finite graph with
Aa < A

Fiz Cy to be a linear code with block length d, relative distance §y and rate
Ry > %

e Fiz C =C(G,Cy) as above.
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Then, for any word 5 € {0, 1}1F1, if there is a word T € C such that

do , o
2 = 4l 0%

B =197 G N
then applying Zemor decoding algorithm on § converges to T after applying the
algorithm O(log|E|) times and thus it decodes § in O(|E|log|E|) steps (each
application of the algorithm takes O(|E|) steps).

Proof. For convenience assume that 7 is a corrupt word such that the closest
code word to 7 is 0. This makes no difference in the proof, but psychologically
it allows us to think of error edges as edges with the value 1 and correct edges
as edges with the value 0.

Also, for convenience, let us think about Sy as “left” and S; as “right” and
refer to the first decoding in Zemor’s algorithm as “left decoding” and to the
second decoding in Zemor’s algorithm as “right decoding”. For ¢ € N denote by
A; the false decoded vertices in Sy after the i-th left decoding step and by B;
the false decoded vertices after the i-th right decoding step. Repeat.

Note that for every v € A, the number of errors in E, was > d%‘) before
the decoding. Thus,

-yl _ [EI0-9)%(F -
s - %

A< | _|B]

(L-e)(% - N
v antoy

Observe that every vertex in Bj have at least d%“ error edges before the right
decoding step and each of these edges have a vertex in A;. Thus,

0
A7 |Bi|< [E(A1, By)|

By the bipartite expander mixing lemma,
|A1][ By | A1 B| | A1||B1|
|E(A1, B1)|< |E| <d2 BE + M 2 EE )" =d* = B + Mdy/|A1]| By

Therefore

5 A1||B|
d5°|31|< g2 Ail|By +/\d\/\A1||Bl|<d1—e A)| By |+Ady/| A1 ]| By

|E|
This yields that
% — (1 —e)A

B 222 < VIAB

After squaring both sides and applying obvious algebraic manipulations yields

2
|B1|< 5; | Ay
e —(1-¢)A

2
Denote a = (85’\) . The assumption that \ < %02; implies that
2

D —(1—e)A
a < 1 and repeating the same argument yields that

|A2|§ a2|A1|.
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By induction, 4 .
[Ail< (@) 7HA < (o) 7Y B

Since | A;| is always an integer, it follows that for ig = —[log,2 (|E])|+1, |4 ]< 1
and therefore |A;,|= 0 and there are no corrupt edges. O

9 Gabber-Galil-Margulis expanders

Here we present an explicit construction of an expander family, given by Gabber
and Galil who simplified the construction of Margulis.

Define the graph G,, = (V,,, E,;) (in which we allow loops and multiple edges)
as follows: Denote Z,, = Z/(nZ) and define

Voo = Ly, X Ly,
and each vertex (z,y) has 8 edges that contain it and is connected to

(.’b, y+1)7 (xvy_ ]-)7 (:E'i_ lvy)v (1._ ]-73/)7 (amy—i—x), (‘T,y_ﬁ), (x+yay)7 (x_yvy)
where all operations are mod n.
Theorem 9.1. For everyn >4, A\g, <1-— L

1000 *

Remark 9.2. The bound in the Theorem above is far from optimal - it was
chosen to keep the proof (relatively) simple.

Proof. To avoid cumbersome notation, fix some n and denote G,, = G,V,, =
V, E, = E. Assume that the second largest eigenvalue of G is 1 — € or equiva-
lently, that there is a function ¢ | 1, such that

(Lo, ¢) =ellg|*=< (Z 8|¢<v>|2> :

veV

. 1
Below, we will show that ¢ > 1000 -

We think of G as composed of 3 graphs on V:

1. The 4-regular graph G! in which (z,y) is connected to
(zy+1),(z,y - 1), (x+1,y),(x—-1y).
2. The 2-regular graph G? in which (z,y) is connected to
(z,y + ), (z,y — 2).
3. The 2-regular graph G* in which (x,%) is connected to

('T + yvy)a (Z‘ - yay)-
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We denote L; = I — Mg: and note that

(Lo, ¢) =
Yo (@) = o+ L) +é((z.y) = ¢((x,y + 1)

(,Y)EZp XL,

+lo((@,9) = o((z,y + 2))I* + [6((2,y) — ¢((x + y,9))°)
= > (I8l(xy) = e+ 1Ly +o((,y) - $((z,y + 1)) +

(2,Y)ELn XL,

Yo ol y) = dl(@y + ) +

(2,Y)€ELn XL,

Y o((@y) = él(@ +y.y))f

(2,Y)€ELn XL,

= (L19,¢) + (L29, ¢) + (L3¢, ®).

Thus by our assumption, for ¢ 1 1, and for i = 1,2, 3,

(Lig, ¢) < |||

To avoid confusion, throughout ||.|| will denote the norm in the graph G and
not in the subgraphs, i.e.,

lol* =" >_  Slox,y)f.

(2,Y) ELn X Ln,

For the graph G', we have an explicit basis of orthogonal eigenfuctions:

2rikz  27Wijy

Prj(T,y) =e m e

(we will discuss how did we know this, when we get to group representations).
Indeed,

1 2mik(z+1)  2migs 2mik(z—1) 2mij mikz 2mij(y+1)
(M) () = 7 (50 B 4 ST o o2
2mikz  27ij(y—1)
+ e n e n )
1 2k 1 2mj
= ¢p;(z,y) <2 COS(T) + 3 Cos(n)) .
(checking orthogonality is straight-forward and left to the reader).

Note that
= Y 8lgw(zy)’=8n?,
(,y) €Ly XL,

and that ¢g,0 = 1. Thus if ¢ L 1, then there are constants ay ; € C such that

| Px.5

¢ = > A, Pk,

(k,3)€Zn xZn\{(0,0)}

and

[[6]|*= 8n? > k1.

(k,j)E€Zn xZn\{(0,0)}
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Without loss of generality, we can assume that Z(k $)EZn XZo\{(0 0)}\ak?j|2: 1.

Our proof strategy: We define a measure p on the space X = Z,, X Zj, \
{(0,0)} as follows: for every A C X, define

wA) = Y lawgl®

(k,j)EA

By our normalization, yx is a probability measure. Then, we partition X into 5
disjoint subsets A1, ..., A5 and show that for each such subset

1(A;) < Bound that tends to 0 as € — 0.

Thus, we will get that
5
1=p(X)= Z Z 1(A;) < sum of our bounds,
i=1 (k,j)€A;

and deduce that € cannot be too small.
Step 1 - actions on sets in X: Observe that for every (k,j) € Z,, X Z,
and for every (z,y),

2nika 27j(ytx) 2mi(kt+j)x 275y

Prjle,ytx)=e me T =e e =y (7, y)
By this
e(8n?) = el|o|?
> (L2, ¢)
= > (ola,y) - dla,y + o)
(2,Y)€Zn XL,
= > 1Y ity — D anons(xy+ o)
(2,Y)€Zn XLy, (k,j)EX (kj)EX
= > 1Y aibks(my) = Y arbkss(ny)
(2,Y)€Zn XLy, (k,j)EX (kj)EX
= D 1Y (k) ()P
(2,Y)€Zn XLy, (k,j)EX
1
=gl D (@ — a—j)ons(x.9)?
(k,j)eX
1
:§8n2 > ok — eyl
(k,j)ex
Thus,

22> [ ) Jak; — an_j;l%

(k,j)eX

or equivalently,

2v/2e Z Z \ak,j — Q44,5 2.

(kj)eX

41



Define T : X — X by T1((k,j)) = (k+ 4,7). Then for every A C X,

> lak 2

(k,j)eA

triangle ineq.
<Hens 4 E , |a,; — artj;l?

(k,j)EA (k,j)eEA
< VA(Ti(A) + 2v/2.

After squaring both sides,

p(A) < u(Ty(A)) +4vV2e + 8e.
By similar considerations,
p(A) < (T H(A)) + 4v/2e + 8.
Using the inequality regarding L3 and the fact that
Pk, (@ + 1Y) = P jrr(T,Y),
we deduce a similar result: define 75 : X — X:
To((k, ) = (k,j + k),
then for every A C X,
w(A) < p(Ta(A)) +4v2¢ + 8e,

w(A) < u(Ty H(A)) + 4v/2e + 8e.

Step 2 - bound on the set A;: By our computation above, for every
(k,j) € Zn X ZLn,

Diony = (50— eosZZ0) 4 501 = eos*2L) ) o

n
Denote

g = (;(1 —eos(TEy) 4 200 - cos(QZj))> ,

and by this notation, Li¢y ; = Kk ;Pr,;. Denote

and observe that for every (k, j) € Ay, kyj > 3.
Thus, by our assumptions

e (8n®) =elgll’ > (L1, ¢) = > Kk glan,j | lor s 11* =
(k,3) €Zn xZn\{(0,0)}
1
8n? | Z K jlak,;|° > 8n? Z §|ak7j|2.
(k,7)EZnxZ,\{(0,0)} (k,j)eEAL
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As a result,
= p(Ar).

2e > Z la,;

(k,j)€AL

Step 3 - bounds on the sets As,...,As: In order to define the sets
Ay, ..., As, we will think about Z, as numbers between —4 and 4 ( mod n)
with the usual absolute value. With this notation,

. n n .
Ay ={(k,j) € X: 1 < |k| or 1 < |il}-

Define
Ay = {(k,j) € X : [jI< [k|< = and kj > 0},
Ag ={(k,j) € X : [k|< |j|< § and kj > 0},
Ag={(k,j) € X : [kI< |jl< T and kj <0},
As = {(k.j) € X : |jl< [k|< © and kj < 0}.

Observe that
Tl(AQ U Ag) g A1 U A2 :

by the assumption that kj > 0 in both As, A3, we have that
|k +jl= [k[+il.

Therefore for every (k,j) € Ay U Az, Ti(k,j) = (k+ j,4) and |k + j|> |j|.
Therefore if |k +j[< %, then T1(k, j) € Ay and if |[k+j|> %, then T1(k, j) € A;.
Note that by the previous steps:

Ap) + p(Ag) +4v2e + 8¢
As) + 42 + 10e

As a result,
1(Az) < 4v/2¢ + 10e.

By similar reasoning:

To(As2 U A3) C Ay U A,

Ty (AgU As) C AU Ay,

Ty ' (A4 U A5) C Ay U As.
Therefore, for every i = 2,...,5,

w(Ay) < 4v/2e + 10e.
After summing,
1= p(A) + ... + p(A45) < 42¢ +16V/2¢,

1
Thus, ¢ > Toog @S needed. O
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1.

Exercises

(Power of a graph) Let G = (V, E) be a connected d-regular graph. Define
G* = (V, E,) to be the graph in which we allow multiple edges and loops
such that the number of edges between u,v € V' is the number of paths of
length k between u and v. Prove that:

(a) The graph G* is d*-regular.
(b) If Ag < A then for every odd k, Ag, < Ak

(c) If G is bipartite, then for every even k, G* has two connected com-
ponents and the spectrum of the random walk in each of these com-
ponents is contained in [0, \¥] U {1}.

(d) If X is an eigenvalue of G with multiplicity n, then A* is an eigenvalue
of G* with multiplicity n.

(Bipartite cover of a graph) Let G = (V,E) be a graph. Define the
bipratite cover G’ of G as follows:

e The vertices of G’ are two copies of V, denoted Sy, S;. Formally,
|So|= |S1|= |V] and there are bijection maps 7; : S; — V).

e The edges of G’ are {{u,v} : u € Sp,v € Sy, {mo(u), m(v)} € E},
ie., u € Sy,v € S; are connected by an edge if and only if v and v
are connected in G.

(a) Prove that A # 0 is an eigenvalue of Mg with multiplicity k if and
only if £\ is an eigenvalue of Mg with multiplicity k. Prove that
0 is an eigenvalue of Mg with multiplicity & if and only if 0 is an
eigenvalue of Mg, with multiplicity 2k.

(b) Show that using the bipartite cover, one can deduce the expander
mixing lemma in the non-bipartite case from the bipartite case.

(Tensor product of graphs) Let Gy = (V1, E1),Gy = (Va, E1) be finite
connected graphs. Define G1 ®Gs as follows: Vg, wa, = VixVa, Eg, o, =
{{(v1,v2), (u1,u2)} : {vi,u1} € E1,{va,uz} € Es}. Prove that if ); is
an eigenvalue of Mg,, then A is an eigenvalue of Mg, ga, and all the
eigenvalues of Mg, g, are of this form (Hint: for ¢; € £2(V;) eigenfunction
of Mg, with eigenvalue \;, consider ¢((v1,v2)) = ¢1(v1)p2(v2) ).

(Kroncker sum of graphs) Let G; = (Vi,E1),Gy = (Va, Eq) be finite
connected graphs such that G; is d;-regular for ¢ = 1,2. Define G; & G4
as follows: Vg,9c, = Vi X Vo, Egyec, = {{(v1,v2), (u1,u2)} : v1 =
up and {ve,us} € E5 or vg = ug and {vi,u;} € E1}. Prove that if )\; is
an eigenvalue of Mg, for ¢ = 1,2, then dldTldz)\l + ﬁ)\g is an eigenvalue
of Mg, pc, and all the eigenvalues of Mg, g, are of this form (Hint: use
the hint regarding the Tensor product).

(Line graph of a graph) Let G = (V, E) be a finite connected d-regular
graph, where d > 2. Define the Line graph of G, denoted Line(G) as
follows: the vertices of Line(G) are the edges of G or formally, Viine =
{ue : e € E} and two vertices of Line(G) are connected if the edges in G
share a vertex, or formally, Erine = {{te,uc'} : e, € E;ene’ # (1}
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The aim of the following exercise is to prove that the eigenvalues of
Miine(a) can be computed if one knows the eigenvalues of Mg.

Define the incidence matrix of G, denoted by H, to be |V|x|E| matrix
indexed by V' x E as follows:

1 vee

H(v,e):{o vde’

(a) Prove that HH' = dIy| + Ag, where I}y is the |V|x|V]| identity
matrix. Also prove that H'H = 21 g + ALine(@)-

(b) Prove that for any real matrix H and any A # 0, A is an eigenvalue
of H'H of multiplicity k if and only if A is an eigenvalue of HH? of
multiplicity & (this is a general claim regarding matrices).

(c) Observe that Line(G) is (2d — 2)-regular (and recall that G is d-
regular) and therefore éHHt = Ijy|+Mg and ﬁHtH = TZI\EI'F
Mtine(a)-

(d) Find the connection between the spectrum of Mg and My ine(q)-

(e) Show that Mp,e(e) always have the eigenvalue —ﬁ and calculate
the multiplicity of this eigenvalue as a function of |V| (remark: note

that you have to distinguish between the case where G is bipartite
and the case where G is not bipartite).

6. (The incidence graph of a finite projective plane) Fix p € N;p > 2 to be a
prime and denote F, = {0, ...,p — 1} to be the field with p elements (both
addition and multiplication are taken mod p). We use the following
conventions in Fg: a vector x € Fg is considered to be a column vector.
For two vectors z,y € ]Fi, g@ is the usual inner-product taken modulo p.

Define the following bipartite graph G with sides Sy, S1:

e The vertices in Sy are the linear spans of non-zero column vectors in
F3: for 2 € F3 \ {(0,0,0)} we take

[z] ={kz : k € Fp}

and define
So = {[z] : z € F; \ {(0,0,0)}},
for convenience we will call this vertices “point vertices” (or simply
“points”).
° T?l)le vertices in S are the linear spans of non-zero column vectors in
Fo:
' S1={ly'] -y € F3\ {(0,0,0)}).

for convenience we will call this vertices “line vertices” (or simply
“lines”).

e A point vertex [z] and a line vertex [y'] are connected by an edge if

ytg =0.
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(The motivation behind all these definitions is the point-line geometry
where Sy are the points, S are the lines and a line passes through a point
if the corresponding vertices are connected by an edge. By the exercise
below, this geometry do not have parallel (i.e., not intersecting) lines and
thus it is a geometry of a projective plane).

Show that the graph is well-defined, i.e., that for [z1] = [x2] and
[yi] = [¥5], ya*z1 = 0 if and only if yo'zy = 0.

Show that |So|= |S1|=p* +p+ 1.

Show that G is (p + 1)-regular.

Show that for every two (different) point vertices there is a unique
line vertex that is connected by an edge to both of them. Similarly,
show that for every two (different) line vertices there is a unique point
vertex that is connected by an edge to both of them.

Calculate the spectrum of Mg (Hint: consider G? and use the rele-
vant result regarding power of a bipartite graph).
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Part II: Expansion in groups
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11 Locally finite graphs

A graph G is called locally finite if every vertex has a finite degree. From now
on, when we talk about graphs, we mean locally finite connected graphs that
can be infinite.

12 Groups - basic concepts

This section is aimed to review some basic concepts regarding groups.

12.1 Basic definitions

Definition 12.1 (Generating set, Finite generation). For a group T a set S C T
is a generating set if I = oy S*, where S¥ = {s1..sp €Tt s1,..., 50 € S}. In
other words, every element in I' can be written as a finite product of elements
in S.

A generating set S is called symmetric if that S = S™1L.

A group T is called finitely generate if it has a finite generating set.

Throughout, I" will denote a countable (i.e., either finite or infinite denumer-
able) finitely generated group.

Remark 12.2. Not every countable group is finitely generated, e.g., @, oy Z is
countable but not finitely generated.

Definition 12.3 (Cosets). Given a group T' and a subgroup H < T, a left-coset
is a set of the form
gH ={gh:he H},

where g € I'. Similarly, a right-coset is a set of the form
Hg={hg:hec H},

where g € T".
The index of H, denoted |G : H|, is the number of left (or right) cosets.

Remark 12.4. Note that there is a natural bijection between left and right
cosets: gH — Hg™ ' and g1H = g2 H if and only if Hgf1 = Hg;l.

We recall that a subgroup N < T is called normal and we denote N < T if
for every g € I', gN = Ng or equivalently, if for every g € I', g~ Ng = N.

We also recall that for a normal subgroup N < T', the cosets of N form a
group with the multiplication defined as

(1) - (92N) = g192N,

and this group is denoted by I'/N and called the quotient of I" by N.
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12.2 Group action on sets

Definition 12.5. Given a group I' and a set X, an action of I' on X is a group
homomorphism p : T' — Aut(X), where Aut(X) is a group of bijections from X
to itself. In other words, for every g € T, p(g) : X — X is a bijection and for

every g1,92 € I', p(g192) = p(g1)p(g2)-
Sometimes, p is implicit: we denote ' ~ X and for x € X, g € T, g.x is

the image of © under (the implicit) p(g).

Examples:

1. T' =7Z acts on X = Z by translation: a.b = a + b.

2. More generally, every I' acts on itself X =T in three natural ways:
(a) Left-action: g.¢' = gg’.
(b) Right-action: g.g’ = ¢’g~!. Note that the inverse is necessary -

(9192)-9' = 9'(9192) "' = d'95 97" = 91.(9'95 ") = g1.(92.9")-

(c) Conjugation: g.¢' = gg'g'.

3. ' =7 acts on X = R by translation: a.b =a + b.

4. More generally, for every I' if I' < € then it acts on it in the three ways
defined above.

5. ' =7 acts on X = Z/NZ by translation (with addition mod N).
6. More generally, for every I' and every N <T', T" acts on I'/N from the left.
Terminology: let ' ~ X,
1. For z¢ € X, the stabilizer of xo, denoted Stab(zg), is
Stab(zg) = {g € ' : g.xg = x0}.
Note that this is a subgroup of T'.
2. The action of I' on X is called free if for every x € X, Stab(x) = {e}.

3. For zy € X, the orbit of xq is the set

Orbit(zo) = {g.xo: g € T'}.

4. Note that for every x,y € X, either Orbit(z) = Orbit(y) or Orbit(z) N
Orbit(y) = @. Thus, we define an equivalence relation x ~r y if Orbit(z) =
Orbit(y). Define I'\ X to be the equivalence classes of ~r.

5. A fundamental domain of the action is a subset D C X such that X =
U.ep Orbit(z) and for every z,y € D, if x # y, then Orbit(x)NOrbit(y) =
(.

6. The action of T on X is called transitive if for every x € X, Orbit(z) = X.
In other words, the action is transitive if every {z} C X is a fundamental
domain.
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Exercise 12.6. Prove that ~r is an equivalence relation.

Usually, one studies an action of a group on X that has some structure such
that the action preserves this structure. We will be interested in two types of
group actions - action on a graph and action on a vector space (action on a
vector space is called representation).

12.3 Group action on a graph

Definition 12.7 (Group action on a graph). Given a group T' and a graph
G = (V,E), an action of T on G is an action of T on the set V such that for
every g € T' and every {u,v} € E, we have that {g.u,gv} € E. In other words,
if we denote Aut(G) to be the group of symmetries of G, the action of T' on G
is a homomorphism of T into Aut(G).

Examples:

1. A finite group T', with |T'|= n always acts on the complete graph on n
vertices: label the vertices by elements of I and act by the left (or right)
group action on itself. This action is transitive and free. This is just
another way of stating the known fact that a finite group with n elements
is isomorphic to a a subgroup of the permutation group.

2. The ring graph on n vertices is the graph on Z/nZ, where E = {{i,i+1} :
i € Z/nZ} and addition is mod n. The group I' = Z acts on the ring
graph of n vertices a.i = a+ ¢ (this action is transitive, but not free). The
group of I' = Z /27 on the ring graph of n vertices by reflection: 1.i = n—i
mod n (for n > 1 this action is neither free nor transitive).

Proposition 12.8. Let T" be a group acting transitively on a locally finite, con-
nected graph G. Fiz vg € V and let {uy,...,uq} € V be the neighbors of vg. For
every 1 <i <d, choose s; € I such that s;.vg = u; and denote S1 = {s1, ..., 84}
and H = Stab(vg) < T'. Then the set S = S1 U H is a generating set of .

Proof. Let g € T and denote k = dist(vg, g.vg). We will show by induction on
k, that g € SFH.

If kK =0, then g.vg = vg and by definition g € Stab(vg) = H.

Next, we assume that the assertion is true for k& and prove it for k + 1.
Let vg, vy, ...,v541 = ¢.vg be a path between vy and g.vg. Note that v, is a
neighbor of vy and therefore there is some s € S7 such that s.vg = v;. Then
sl =vp and s~ Ly, ..., (s71g).vg is a path of length k from vy to (s71g).vg.
By the induction assumption, s 'g € S¥H and therefore g € sSFH C SF'H
as needed. O

Exercise 12.9. Let I' be a group acting on a locally finite, connected graph G.
Show that:

1. If T\G is finite, then we can choose a fundamental domain of the action
that is a connected subgraph of G.

2. If the action is transitive, then graph G is reqular.

3. Assume that the action is transitive and free. Then for every vy € V,
if {u1,...,uq} € V are the neighbors of vy then there is a symmetric set
S1 ={s1,...,84} €T such that s;.vg = u;.
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Exercise 12.10. Show that Proposition [12.8 can be generalized as follows: let
T be a group acting on a locally finite, connected graph G such that T\G is finite.
Choose a fundamental domain D and recall that Oy D as the set of vertices in
V' \ D that have at least one neighbor in D. For every w € Oy D choose s, € T
such that u € s,.D and denote S1 = {sy, : u € OpueD}. Prove that for every
v € D, S =5;UStab(v) is a generating set for I.

Definition 12.11. Let I" be a group acting a locally finite, connected graph G.
The quotient graph T\G is a graph with the vertex set T\V and the edge set
T\E.

Remark 12.12. Note that T\G may have loops and multiple edges even if G
did not.

12.4 Cayley and Schreier graphs

Definition 12.13 (Cayley graph). Let I' be a finitely generated group with a
finite, symmetric generating set S. The Cayley graph Cay(I';S) is defined as
follows: V.={g:9g€T}, E={{g,9s} :g€T,seS}

There is a natural action of T on Cay(T"; S) is defined by the left-action of
T on itself, i.e., ¢’.g = ¢’g. We note that this is indeed an action on the graph,

since for every edge {g,9s}, ¢’ {g,9s} = {9'g,g'gs} is also an edge.
Examples:

1. For every finite group I', we can take S = I"\ {e} and it that case Cay(T’; S)
is the complete graph on |T'| vertices.

2. ForI' =Z/nZ and S = {1}, Cay(I'; S) is the ring graph on n vertices.
3. For ' =7 and S = {£1}, Cay(T'; S) is the infinite 2-regular graph.

Definition 12.14 (Schreier graph). Let I" be a finitely generated group with a fi-
nite, symmetric generating set S, and H < T'. The Schreier graph, Sch(T', H; S)
is H\Cay(T'; S) or more explicitly, the graph with vertices V.= {Hg : g € T'}
and edges E = {{Hg,Hgs}:g€T,s € S}.

Remark 12.15. Note that there is generally no action of T' on Sch(T', H; S)
and Sch(T', H; S) does not have to be symmetric. Indeed, a Theorem of Gross
states that every d-regular finite connected graph with d even is a Schreier graph
of a permutation group.

Observation 12.16. If N<T', then Sch(I', N; S) is (isomorphic to) Cay (N\I'; N\S).

13 Representations of finite groups - a crash
course

Throughout U is a finite dimensional vector space over C. Denote GL(U) to be
the linear invertible maps T : U — U.

Definition 13.1 (Representation of a group). Let I' be a finite group. A rep-
resentation of (m,U) of T is a homomorphism w : T' — GL(U). The dimension
of U is called the degree of the representation.

o1



Example 13.2. 1. For every group I' and every space U, there is the trivial
representation w(g) = I for every g € T, where I € GL(U) is the identity
operator.

2. ForT =7Z/nZ, define the representation m; € GL(C) for 0 <j <n-—1 by

2mijm

mi(m) = (e
where (ehffm) should be thought of as a matriz, i.e.,

2mijm 2mijm

(e )ax=e n =z

(verify that for every j this is indeed a representation).

Definition 13.3 (Equivalence of representations). Let I' be a finite group and
(m1,U1), (w2, Us) be representations of I'. Two representations (w1, Uy), (w2, Uz)
are called equivalent if there is an invertible linear map T : Uy — Uy such that
mooT =T oy, i.e., for every g € T,

m2(9)T = Tmi(g)-

Example 13.4. Let I' = Z/nZ and U = C2%. Define the following representa-

tions: ) )
cos(£™)  —gin(<f™
mim) = (Gnfan) ootseh) )

sin(<™)  cos(Z™)

and

(verify that those are in fact representations). Then w1 and mo are equivalent:

take ‘ _
-
=i )
Then )
o1
AT =5 (—1 i)’
and
41 (m)A—i 1 4\ [cos(3Z2)  —sin(2Tm) —i
m T2 \~1 i) \sin(Zm)  cos(Zmm) J\1 1
2mwim . 2mim .
l e n e i —1
T 9 ( —zmm Ze"‘””) (1 1)
. eI O_
0 e "
= ma(m)

Definition 13.5 (Direct sum of representations). Let T be a finite group and let
(m1,Un), (72, Us) be representations of T'. We denote w1 &7 : T' — GL(U; ® Us)
to be the direct sum of the representations defined as

(m1 @ m2)(g)-(x1,22) = (m1(g).21,72(g).22).

52



Example 13.6. ForI'=7/nZ, U; = Uy =C,
mi(m) = (7).

__2mim

"),

ma(m) = (e

T @ 7o is a representation on C? by

eM 0
(m @ ) (m) = ( m) .
0 e T n

Definition 13.7 (I-invariant subspace). Let I' be a finite group and (w,U) be a
representation of I'. Subspace U' C U 1is called T-invariant, if for every x € U’
and every g €T, n(g).x € U'.

Note that if U’ is a T-invariant space, then we can define a representation
(7ly,U') of T' by restricting m to U’ and such a representation is called a
sub-representation .

Example 13.8. For every (m @ ma, Uy ® Us), Uy @ {0} and {0} & Uy are both
T-invariant subspaces.

Definition 13.9 (Irreducible representation). Let T' be a finite group and (w,U)
be a representation of I'. The representation w is called irreducible if the only
T-invariant subspaces of U are {0} and U.

Example 13.10. Every 1-dimensional representation is irreducible.

Definition 13.11 (Decomposable representation). Let I' be a finite group and
(m,U) be a representation of I'. The representation m is called decomposable if
there are two non-zero I'-invariant subspaces Uy, Us C U such that U = U1 G Us,.

Definition 13.12 (Completely reducible representation). Let T be a finite group
and (w,U) be a representation of I'. The representation w is called Completely
reducible if there are non-zero subspaces Uy, ...,U,. C U such that 7T|Uj 18 irre-
ducible and U = U1 @ ... ® U,..

Lemma 13.13. Let T be a finite group and (w1,Un), (w2, Uy) be equivalent rep-
resentation of I'. Then m is irreducible/decomposable/completely reducible if
and only if w1 is irreducible/decomposable/completely reducible.

Proof. We will only prove the lemma for decomposable representations - the
other two proofs are similar.

Assume that 7 is decomposable and let T : U; — U, invertible such that
moT = T'm. By our assumption, there are non-zero I'-invariant Uy, Uy C U;
such that Uy = Uy @ U{’. Define U} = TU{,UY = TU{. We claim that U, U}
are non-zero I'-invariant subspaces and that Uy = Uj @ UJ. The fact that
if Uy = Uy @ Uy, Uj,U;" are non-zero and T : Uy — U, is invertible, then
Us = U)y @ UY and U}, Uy are non-zero is an elementary exercise in linear
algebra and is left for the reader.

To finish the proof, we will show that Uj is I'-invariant. Let y € Uj and
g € T arbitrary. By definition, there is € U] such that T« = y and therefore

m2(9).y = ma(g)T.x = T(m1(g).7).

Note that € U] implies that m1(g).x € U and therefore T'(m1(g).z) € Uj as
needed. O
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Fact 13.14 (Unitary operators - reminder). For a finite dimensional inner-
product space U, a linear operator T : U — U 1is called unitary if T*T = 1. The
following are equivalent:

1. The operator T is unitary.

2. The operator T preserves the inner-product, i.e., for every xz,y € U,
(Tz,Ty) = (z,y).

3. The operator T preserves the norm, i.e., for every x € U, ||Tz||= ||z||.

Denote U(U) to be all the unitary operators from U to U and note that this is
a group.

Definition 13.15 (Unitary representation). Let (U, {.,.)) be an inner-product
space and T' a finite group. A representation (w,(U,{.,.))) is called unitary if
for every g € T', m(g) is unitary.

Definition 13.16. Let (U, (.,.)1), (U1, (.,.)2) be inner-product spaces and T
a finite group. Two unitary representation (m1,Ur), (e, Us) are called unitary
equivalent if there is an invertible linear operator such that for every g € T,
Tmi(g) = m2(g)T and such that for every x,y € Uy, (x,y)1 = (Tx,Ty)2.

Proposition 13.17. For a finite group ', every representation on an inner-
product space is equivalent to a unitary representation.

Proof. Let (U,({.,.)) be an inner-product space (m, (U, {(.,.))) a representation.
Define an inner-product (.,.)" on U by

(w,y) = Ze;ﬁ(g’)wﬁ(g’)-y%
Then for every z,y € U and every g € T,
(m(g).x,m(g).y)" = %(W(g)ﬂ(g’)-%W(g)ﬂ(g’)~y>
m

Proposition 13.18. Let I' be a finite group. Every unitary representation of
T is either irreducible or decomposable. Moreover, if (w,U) is a decomposable
unitary representation, then there are non-zero Uy, Us C U that are I'-invariant,
U LU; and U =U; @ Us.

Proof. Let (w,U) be a unitary representation of I'. If 7 is irreducible, we are
done. Assume that there is a I'-invariant subspace U; C U such that U; #
{0},U; # U. Denote

Uy =Ui ={yeU:Vx U, x,y) =0}

By definition U; L U, and by linear algebra U = Uy & Us and Us # {0}, Us # U.
Thus, we are left to prove that Us is I'-invariant. We need to prove that for
every y € Uy and every g € T, m(g).y € Uy = Uj-. In other words, we need to
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show that every y € Us, every x € Uy and every g € I', (7(g).y,z) = 0. Fix
y€Us,xelU; and g eT.

(m(g).y, ) =" ) By (g~ Dyn(g).y, m(g ™))

= (y,m(g™ "))
:w(g’l).mGUl O,

as needed. O

Corollary 13.19. Let ' be a finite group. Every representation of T is either
irreducible or decomposable.

Proof. Follows from the fact that every representation is equivalent to a unitary
representation. O

Theorem 13.20 (Maschke’s Theorem for vector spaces over C). Let T be a fi-
nite group. Every unitary representation of I' is completely reducible and more-
over the I'-invariant subspace can be taken to be orthogonal.

Proof. Let (m,U) be a unitary representation of I'. We prove the theorem by
induction on the dimension of .

If 7 is 1-dimensional, we are done since every 1-dimensional representation is
irreducible. Assume that 7 is n-dimensional with n > 1. If 7 is irreducible, we
are done. Otherwise, 7 is decomposable into orthogonal I'-invariant non-zero
subspaces U’,U”. The dimension of U’,U" is < n and thus by the induction
they are completely reducible and we are done. O

Corollary 13.21. Let I' be a finite group. Every representation of I' is com-
pletely reducible.

Definition 13.22 (Morphism of representations). Let T' be a finite group and
(m1,U1), (w2, Uz) be representations of I'. A morphism T € Hom(wy,m2) is a
linear map T : Uy — Uy such that mgoT =T omy, i.e., for every g € T,

m2(9)T = Tm1(g).

Recall that two representations (mwy,Ur), (m2,Us) are called equivalent if there
is T € Hom(my,m2) such that T is invertible (i.e., bijective) and in that case,
T lomyoT =m.

Proposition 13.23. For every (w1, Us), (72, Us), Hom(my, m2) is a linear space
over C.

Proof. Let T, S € Hom(m, ) and let @ € C, then for every g € T,

m2(g) (T + aS) = ma(g)T + am(g)S
= Tri(g) + aSmi(g)
= (T + aS)mi(g).

O

Proposition 13.24. For every (mw1,Uy), (72, Us), and every T € Hom(my,ms),
ker(T') C Uy and Im(T) C Uz are I'-invariant subspaces.
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Proof. Let x € ker(T) and g € T, then
T(m1(g).z) = m2(g).(Tx) = m2(9).0 = 0,

and therefore 7 (g).x € ker(T') as needed.
Let y € Im(T) and g € T, then there is « € Uy such that Tz = y and

m2(9).y = m2(g).(Tx) = T'(m1(g).x) € Im(T).
O

Lemma 13.25 (Schur’s Lemma). LetT" be a finite group and let (71, Uy), (72, Uz)
two irreducible representations of I'. Then every T € Hom(m,ma) is either
T = 0 or invertible. Consequently:

1. If my = ma, then Hom(my,m) = {0}.
2. If (m,U) is irreducible, then Hom(w, ) = {\I : A € C}.

Proof. Let T € Hom(my,m2). If T = 0, we are done. Assume T # 0, then
ker(T') # Uy. By Proposition[13.24] ker(T) is I-invariant and by the assumption
that 7 is irreducible it follows that ker(T") = {0} (note that we established that
ker(T') # Uy), i.e., T is injective. It follows that Im(7) # {0}. By Proposition
Im(T") is T-invariant and since 7o is irreducible, it follows that Im(7T") =
Us, i.e., T is also surjective as needed.

It follows immediately that if w1 = 7o, then Hom(7my, m5) = {0}.

To prove the last assertion, we note that for every A € C, AI commutes with
every matrix and therefore 7(g)(AI) = (A)w(g), i.e., {\I : A € C} C Hom(w, ).
In the other direction, let T € Hom(n, 7). Since we are working over C, T :
U — U has some an eigenvalue which we done A € C. By definition, T'— AI is
not invertible and by the above proposition, (T' — AI) € Hom(w, 7). It follows
from the first part of the Lemma that T'— AI = 0 or T = AI as needed. O

Corollary 13.26. Let I" be a finite Abelian group. All the irreducible represen-
tations of I' are 1-dimensional.

Proof. Let (m,U) be an irreducible representation of I'. Fix x € U be some
non-zero vector. We will show that span{z} is I'-invariant and therefore U is
1-dimensional.

Let go € T’ and denote m(gg) = T. Then for every g € T,

Tr(g) = 7(g0)m(9) = 7(g09) = w(990) = 7(g)7(90) = 7(9)T,

ie, m(go) = T € Hom(mw,7) and by Schur’s Lemma there is A € C such that
7(g0) = AgoL. Then m(go).x = Az € span{x}. Since this is true for every go € T,
it follows that span{z} is I'-invariant as needed. O

Definition 13.27 (Regular representations). Let ' be a finite group. Denote
?2(T) to be the vector space of functions ¢ : T — C with the inner-product

(0, 9) = ¢(9)¥(9)-

gerl
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The left-reqular representation of I on (*(T') is defined by
(M9)-0)(9") = d(g7'g").
The right-regular representation of I' on £2(T) is defined by

(p(9)-0)(g") = d(d'9).

Proposition 13.28. The left and right reqular representations are indeed group
representation and moreover, they are both unitary representation.

Proof. We will prove the proposition only for the right-regular representation
and leave the (symmetric) proof for the left-regular representation for the reader.

First, we verify that p is in fact a representation. For every g € T, p(g) is
obviously linear and therefore we are left to show that p(gi1g2) = p(g1)p(g2).
Let ¢ € ¢*('), g1,92 € T, then for every ¢’ € T,

(p(g1)(p(g2)¢))(g") = (p(g2)¢)(d'91)
= ¢(9'9192)
= (p(9192)0)(g").

Second, we show that p is unitary: let ¢, € £3(T'), and g € T, then
(p(9)¢, p(9)) = > (p(9)0)(g)(p(9)¥)(g")
g'er

= 6(d'9)¥(d9)

g'el’

=9"=9'9 3" 6(g")0(g")

g”EF

= (6,¢).
O

Theorem 13.29 (Peter-Weyl Theorem - without proof). Let I" be a finite group.
Let A be a set of representatives for the equivalence classes of irreducible unitary
representations of T', i.e.,

A ={(m, E;) : 7 is an irreducible unitary repsentation of T'},

such that no two different w1,m9 € A are equivalent and for every irreducible
unitary representation @ of T there is m € A such that © and 7 are equivalent.
Then the right (or left) regular representation decomposes orthogonally as

p= (P mesm).

TEA

In other words, there are orthogonal subspaces of ¢*(T), {UT 1 <j <deg(nm):
7w € A} that are I'-invariant such that

fm=@ D U

TEA 1< <deg()

and such that for every m and every j, p|,~ is unitary equivalent to .
J
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Corollary 13.30. For every finite group I', we have that

0= 3" deg(m)>.

TEN

In Peter-Weyl Theorem the decomposition is given more explicitly than
stated above: using the language of matrix coefficients (which we will not de-
fine), one can describe the subspaces UT. We will not do so, but only observe
the following: the subspace of constant functions in ¢?(T) is I-invariant with
respect to the left and right regular representations and the representation p
restricted to this subspace is the trivial representation. Thus, we define

() ={p € A1) : Y _élg) =0},
gel
and note that by Peter-Weyl Theorem,
Aoey= @ =0

TEN,T*¥Tirivial

13.1 Exercises

1. Prove that for every finite group I', the left-regular representation and the
right-regular representation are equivalent.

2. Recall that for T' = Z/nZ, we saw that

2mijm

j (m) = (6 " )7
are representations for every j =0,...,n — 1.
(a) Prove that A = {m; : j = 0,...,n — 1} is a set of representatives for
the equivalence classes of irreducible unitary representations of I'.

(b) Let T' = Z/nZ x Z/nZ. Show that all the irreducible unitary rep-
resentations (up to equivalence) of I' are given by 7 ;((m1,m2)) =
7 (m1)mj(ms), where k,j =0,...,n — 1.

3. Let I' be a finite group and N < I' be a normal subgroup. Show that
if (m,U) is a representation of I'/N, then «’ : ' — GL(U) defined as
7'(g) = w(gN) is a representation of T'.

4. Let T be a finite group acting on a finite graph (V, E') and define ¢£2(V) as
above. Prove that (m,#2(V)) defined as

is a unitary representation of I' and that the constant functions and ¢2(V)
are both I'-invariant subspaces of this representation.
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14 Representation theory of finite groups and
expansion of graphs

Let T be a finite group with a symmetric generating set S. Let Cay(T';S) =
(V, E) be the Cayley graph of I'. We observe the following: the space ¢?(V') and
the space £2(T") are isomorphic as inner-product spaces, where the inner-product
differs by a factor of |S|. In other words, both ¢2(V) and ¢2(T") are spaces of
functions ¢ : I' — C, with the following (slight) difference in the inner-product:

(V) eevy = > _ISIo(9)e(g)
gel
(60w = o(9)d(g)
gel

Thus, (¢, V) e2(v) = [S|(d,¥)e2(r) and we identify between ¢2(V') and ¢*(T') (the
difference in the inner-product will not matter when considering expansion).

We also identify between ¢3(V') and ¢3(T).

Proposition 14.1. Let I' be a finite group with a generating set S. The graph
Cay(I'; S) = (V, E) is a A-spectral expander if and only if for every ¢ € £3(T),

<|S| > (s ) 6, e (ry < Al oy

ses

Proof. Let ¢ € (V) and g€ V =T,

(M¢)(g) |5|Z¢ r;zp(s)(b( <S|ZP >

ses ses

where p is the right-regular representation.
Recall that Cay(I';S) = (V,E) is a A-expander if and only if for every
¢ € 3(V),
(Mg, d) vy < Moll72 vy

Passing to ¢2(T), this reads as follows - for every ¢ € ¢3(T),

1S|( <|S| > (s ) 6, 8)e2ry < AS6ll72r).

ses
and dividing by | S| yields the needed inequality. O

Proposition 14.2 (Expansion of the Cayley graph of a finite group can be
deduced using the unitary representations). Let I' be a finite group with a gen-
erating set S. The graph Cay(I';S) = (V, E) is a A-spectral expander if and
only if for every non-trivial irreducible unitary representation (mw,U), for every
zelU

—
|~
]
)

(8)) 2,2y < Al
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Proof. Assume first that for every non-trivial irreducible unitary representation

(m,U), for every x € U
ses

Recall that from Peter-Weyl Theorem,
-® D o
mEA 1<j<deg(r)

where A are representatives of equivalence class of irreducible representations,
W . . ) . . .
UT are I'-invariant subspace and for every 7 and every j, p|U;r is unitary equiv-

alent to 7. Thus ¢ € £3(T") decomposes orthogonally to
o= 2 > 4
TEN,TXTrivial 1<j<deg(m)

where ¢7 € UT.
The composition above is orthogonal, thus

lol*=" > > eI

TEN,TX¥Trivial 1<j<deg(m)

Note that for every ¢7 € UT, ((ﬁ >ses p(s)) .¢7) € UT. Therefore,

L D S

sES TEN, T Tt rivial 1<j<deg(m) s€S

By our assumption, for every , j,

<|5|ZP >.¢§,¢§>sx|¢§|2,

ses

and thus by summation,

(SIZP ) 2 > ( 5 2 >~¢}”¢?>s

ses TEN, T Tirivial 1<j<deg(m) ses

> Yo MeFIE = Al

TEN,TX¥Tirivial 1§j§deg(7r)

In the other direction, assume towards contradiction that Cay(T’; S) is a A-
expander and that there is some non-trivial irreducible unitary representation
(m,U), for every z € U

—
|~
™
3

<s>> &, 2)y > Ml

From Peter-Weyl, that there is ¢ = ¢T € ¢2(T) such that

( |Zp >¢>¢>All¢||2

ses

and the contradiction follows. O
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Definition 14.3. Let I" be a group and (w,U) be a representation. The repre-
sentation m is said to have a non-trivial invariant vector if there is x € U,x # 0
such that for every g € T, ©(g).x = x.

Observation 14.4. A representation © has a non-trivial invariant vector if and
only if the trivial representation is a sub-representation of w.

Corollary 14.5. Let T' be a finite group with a generating set S and A < 1
some constant. If Cay(T';S) is a A-expander, if and only if for every unitary
representation (m,U) that does not have a non-trivial invariant vector

—
|~
™
3

(8)) 2, 2)r < Alz]g

Proof. Assume that Cay(T;S) is a A-expander, then for every non-trivial ir-
reducible unitary representation the assertion holds. By Maschke’s Theorem
every unitary representation is an orthogonal sum of unitary irreducible repre-
sentations and by our assumption non of them is the trivial representation and
we finish by a computation similar to that in the proof of proposition above.
In the other direction, observe that p| () is a representation that does not
have a non-trivial invariant vector. O

Exercise 14.6. Let T' be a finite group with a generating set S and (m,C)
a one dimensional unitary representation of I'. Show ¢, € (*(T) defined as
#(g) = w(g).1 is an eigenfunction of M : (*(T) — ¢*(T'), where M is the
random walk operator on Cay(I'; S). Deduce that if T' is an Abelian group, we
can find explicitly all the eigenfunction of M on the Cayley graph and note
that this is exactly what we did for Z, X Z, in the beginning of the proof of
Gabber-Galil-Margulis expanders.

15 The mother group approach to expanders

Proposition 15.1. Let I be a finite group with a generating set S and A < 1
some constant. Assume that for every (w,U) unitary representation of T' that
does not have a non-trivial invariant vector, it holds that:

—
|~
]
)

(8)) 2,2y < Allall?

Then for every subgroup H < T, Sch(I', H; S) is a A-ezpander.

Proof. Recall that the vertex set of Sch(I', H; S) are cosets V = {Hg: g € '}
and Hg, Hg' are connected by an edge if and only if g='¢g’ € S (or in other
words, there is s € S such that ¢’ = gs). Define a representation 7 as follows:

U=6(V)={¢:V—=C: ) o(v) =0},
veV

and for every g € T define (7(g).¢)(Hg') = ¢(Hg'g) (verify that this is indeed
a representation). Note that this representation has no non-trivial invariant
vector, because if ¢ is invariant, then for every g € T,

p(Hg) = (r(g9).¢)(He) = ¢p(He),
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i.e., ¢ is the constant function, but the only constant function in ¢Z(V) is the
0-function.
Thus, by the assumption of the proposition, for every ¢ € ¢£3(V),

<|S| Z ) B, 0)e2 vy < Ml 1y

ses

We finish by noting that for every Hg € V,

<|5|Z ) Hg) |S|Z¢Hgs (Mg)(Hg),

seS sES

and therefore we showed that for every ¢ € ¢£3(V),

(Mg, ¢) < o],
as needed. O

The above proposition hints towards a way to construct expanders that is
called the “Mother group approach”. Start with a finitely generated group I'
which is expanding in the following sense: there is a finite generating set S and
a constant A < 1 such that if (7,U) is a unitary representation that does not
have a non-trivial invariant vector, then

<|S| ; > v < All=]E

For every H < T, Sch(T', H; S) will be a A-expander and thus if I has “many”
subgroups, then we get many graphs. However, if I' is a finite group, this
approach cannot yield and infinite family of graphs, since for every H < T,
Sch(T', H; S) has at most |I'| vertices.

To make this approach work, we need to pass to infinite groups. We note
that Proposition did not use the fact that I' was a finite group, but only
the fact that H\I" was finite and therefore Sch(T', H; S) was finite.

We will show below that the expansion property of I' stated above is in
fact a slightly “watered-down” version of what is known as Kazhdan’s property
(T). To define Kazhdan’s property (T), we will first need to give a (very) brief
overview on Hilbert spaces.

16 Hilbert spaces - a crash course
A Hilbert space is meant to generalize the finite-dimensional inner-product

spaces to the setting of an infinite dimension. We will no go into the theory of
Hilbert spaces - just give the basic definitions and state a few facts.

16.1 Normed spaces

Definition 16.1 (Norm). Given a vector space U over C, a norm on U is a
function ||.||— Rx>o such that:
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1. ||z||= 0 if and only if x = 0.
2. For every a € C and every x € U, |lax|= ||z
3. For every x,y € U, ||z + y||< [|z]|+|y]-
The couple (U, ||.||) is called a normed space.
The example to keep in mind the norm induced by an inner-product.

Definition 16.2 (Convergence). Let (U, ||.||) be a normed space. A sequence
{Zn}nen C U is said to converge to xg € U if for every € > 0, there is N such
that for everyn > N, ||z, — zo|< €.

Definition 16.3 (Operator terminology). Let (U, ||.||) be a normed space and
T:U — U be a linear operator.

1. The operator T is called continuous if for every convergent sequence {Zp tnen C

U such that x,, — xg, we have that Tx, — Txg.

2. The operator norm of T is

Tx
ITI=  swp [Tel= sup 1E2L
zeU,||z||=1 veUzzo |17l

3. The operator T is called bounded if ||T||< co. We denote B(U) to be the
space of all bounded linear operators.

Fact 16.4. Let (U, ||.||) be a normed space and T : U — U be a linear operator.
The operator T is continuous if and only if it is bounded.

Definition 16.5 (Cauchy sequence). Let (U, ||.||) be a normed space. A sequence
{Zn}nen C U is called a Cauchy sequence if for every e > 0 there is N such
that for every m,n > N, ||z, — x| < .

Remark 16.6. It is an easy exercise to show that every convergent sequence is
Cauchy.

Definition 16.7 (Banach spaces). A normed space (U, ||.||) is called complete
if every Cauchy sequence is convergent. A complete normed space is called a
Banach space.

16.2 Hilbert spaces

Definition 16.8 (Hilbert Space). An inner-product space H is called o Hilbert
space if it is complete with respect to the norm induced by the inner-product.

Example: C” is a complete space with respect to the norm and therefore a
Hilbert space.

The most classical example of a Hilbert space of infinite dimension is the
space £2:
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Example 16.9 (¢?). Let Q be a countable set. We denote (%(Q) to be the
following space

CQ)={p: Q> C: > [p(v)]*< oo}

vEQ

We claim that £*(Q) is a Hilbert space with respect to the inner-product defined

(6, 0) =Y d(v)y(v),

ISY)

lgll= /> lo()I>.
vEQN

We omit the proof that (?(Q) is a Hilbert space, and we note that there are
few things we need to check here:

and the induced norm is

1. £? is a vector space.
2. (.,.) defined above is well defined and an inner-product.

3. 02 is complete with respect to the norm induced by the inner-product.

16.3 Unitary operators and orthogonal projections

Definition 16.10 (Adjoint operator). Let H be a Hilbert space and T € B(H).
The adjoint of T is an operator denoted T* : H — H and defined such that for
every x,y € H,

(T, y) = (x, T"y).

Fact 16.11. For every T € B(H) there is T* € B(H) (i.e., T* exists, T* is
unique and T* is bounded).

Example 16.12. If H = C™ with the usual inner-product and T is given by a
matriz A, then T is given by the matriz A*.

Definition 16.13 (Unitary operator). Let H be a Hilbert space. An operator
T € B(H) is called unitary of T*T = TT* =1 (I is the identity operator). We
denote U(H) to be the group of all unitary operators of H.

Fact 16.14. The following are equivalent:
1. The operator T is unitary.

2. The operator T is invertible and preserves the inner-product, i.e., for every
z,y € H, (Tx,Ty) = (z,y).
3. The operator T is invertible and preserves the norm, i.e., for every x € H,
1Tz]|= [|]-
Remark 16.15. Note that since T € U(H) preserves the norm, it follows that
[T]]=1.

Definition 16.16 (Orthogonal projection). Let H be a Hilbert space and T €
B(H). The operator T is called an orthogonal projection if T = T* and T?> =T
(T? denotes ToT ). An orthogonal projection P is called in orthogonal projection
on H' if Im(P) =H'.
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Exercise 16.17. If P is an orthogonal projection on H' C H, then I — P is an
orthogonal projection on

(HYr={zecH :VYyeH (x,y) =0}

Fact 16.18. An operator T € B(H) is an orthogonal projection if and only if
T2 =T and |T|< 1.

Definition 16.19 (Closed subspace). Let H be a Hilbert space and H' C H be
a linear subspace of H. The subspace H' is called closed if for any convergent
sequence X, — g, if {Tn}nen C H', then g € H'.

Fact 16.20. Let H be a Hilbert space and H' C H be a closed subspace of
H. There is a unique orthogonal projection Py € B(H) such that Py is an
orthogonal projection on H' and for this Py the following holds: for every
T €H,
— Pyz||= inf ||y — z||.
o = Proa= int Iy~ z]

In other words, Py sends each x € H to the point closest to it in H'.

17 Unitary representations of infinite groups and
definition of Kazhdan property (T)

Definition 17.1. Let I' be a countable (finite or infinite) group and H be a
Hilbert space (of finite or infinite dimension). A unitary representation (m,H)
of T is a group homomorphism m : T — U(H).

This definition generalizes our definition for finite dimensional representa-
tions for finite groups. To see an infinite dimensional example, we consider the
regular representation:

Example 17.2. Let T be an infinite countable group. Define (2(T') as:

{6:T = C:) [¢°< oo},

ger

with the inner-product

(0, 9) = ¢(9)¥(9)-

gel’

(As noted above, it is a Hilbert space, but this is not a trivial fact). Define
p: T = UWT)) to be the right-reqular representation: (p(g).9)(g") = ¢(d'g).
One can verify that this representation is unitary.

Note that if ' is infinite, then p does not have non-trivial invariant vector,
since every invariant vector must be a constant function and if I is infinite, the
only constant function in ¢*(T) is the zero function.

We recall that our original motivation was to define an expansion notion
of a group regarding unitary representations. This notion is called “Kazhdan
Property (T)”. We will start by giving the standard definition of property (T)
and then show that it coincides with expansion:

65



Definition 17.3 (Kazhdan Property (T)). Let T' be a countable group. The
group T is said to have property (T) if there is a finite set S C T and a constant
e > 0 such that for every unitary representation (w,H) that does not have a
non-trivial invariant vector it follows that for every v € H,

— .x||> .
max|lz — 7(s).z[|2 e

We quantify this definition as follows: let I' and S C I as above. For a
unitary representation (mw,H) without an invariant vector, we denote k. (T, .S)
to be:

kx(T,8) =max{e > 0:Vzx € H,rileachx —m(s).z||> ellz||}

We further denote, x(I',S) = inf, k(T',S), where the infimum is taken over
all unitary representations that do not have a non-trivial invariant vector. The
constant (T, S) is called Kazhdan’s cosntant of T' with respect to S and T has
property (T) if and only if there is a finite set S such that k(T,S) > 0.

Note that S in the definition above does not have to be a generating set. In
fact, originally, Kazhdan defined property (T) as a tool to prove finite generation
(he showed that every group with property (T) is finitely generated). However,
if we know that I' is finitely generated, then S can be taken to be a finite
generating set as this exercise implies:

Exercise 17.4. Let I be a finitely generated group and S’ C T be a finite set
such that k(T',8") > 0. Prove that for every finite generating set S, «(I', S) > 0.

In the literature the following are standard variations on the definition:
1. Normalizing: we note that for every = # 0,

— .x||>
ma|z — 7(s).2]12 elja],

is equivalent to
max]| o — 7(s). 7[> €
ses ] "=

and thus the definition is sometimes written as follows:

The group T is said to have property (T) if there is a finite set S C T" and
a constant £ > 0 such that for every unitary representation (m,H) that
does not have a non-trivial invariant vector it follows that for every unit
vector x € H,

max||z — 7(s).z||> e.

ses

2. Almost invariant vectors imply invariant vectors (contra-positive): for a
group T', a finite set S CT', a constant € > 0 and a representation (m, H),
a unit vector x € H is called e-almost invariant, if

rileaSXHx —7(s).z||< e.

By passing to the contra-positive, one can give the definition of property
(T) in the following form:

The group T is said to have property (T) if there is a finite set S C T
and a constant € > 0 such that for every unitary representation (w,H) if
there is a e-almost invariant unit vector x € H, then it has a non-trivial
invariant vector.
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At this point, the reader might be confused since earlier when discussing the
“mother group” approach to expanders we have put forward a different notion
of group expansion, namely, we asked that for I" there is a finite symmetric set
S and a constant A < 1, such that for every unitary representation (m, H) that
does not have a non-trivial invariant vector, it follows for every z € H that

|S|Z a,z) < A|z|?

seS
The following proposition states that this condition is in fact equivalent to
property (T):
Proposition 17.5. Let I' be a group with a finite generating set S. Then I’
has property (T) if and only if there is X\ < 1, such that for every unitary

representation (mw, H) that does not have a non-trivial invariant vector, it follows

for every x € ‘H that
1
<|S| > w(s)m, ) < Aa*.

ses

Moreover, k(I',S) > \/2(1 —\) and A < (1 — H(;gﬁ)z)-

This proposition will easily follow from the following lemma:

Lemma 17.6. Let ' be a group with a finite generating set S and (w,H) be
any unitary representation. Then,

1 2
BE Z )).x,x) = 39| ZH:E —m(s).z|]*.
ses ses

Proof of the proposition based on the lemma. If k(I',S) > e > 0, then for every
unitary representation (mw, ) that does not have a non-trivial invariant vector,
it follows that

2 1 —
o = (7 3 m(s)).,2) =

seS
2
).z, T) x —7(s).x|? > x||?
w; -3 Sl wto)a* 2 g el
and thus,
(LS () ana) < (1— )]
5] 2, ")) < (L= ggplel”

In the other direction, assume that there is A < 1 such that for every unitary
representation (m,7) that does not have a non-trivial invariant vector,

1
<E > w(s)a,z) < Az
seS
Then
(1= Nl < (1 i Yo
| IeES
LS o (o)l < & (masls - n()al)
25| T =g et T M)
seS
and it follows that (T, S) > /2(1 = \) > 0. O
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Proof of the lemma. Let I", S as above and let (7, H) some representation. Then
for every x € H,

Do lle—w(s)al® = (I —n(s).x, (I —7(s)).a) =

ses ses
;W_ m(s))" (I = m(s)).x,x) =

Z;(I —m(sTU = 7(s)).x,x) = 2;(21 —m(s) = m(s™h)).x, ) =
Si((z —7(s)).x, x) + X;(I - W(Sif)).a:, z) =

ZEZS«J —7(s)).z, z) :Se

2<S(€|S|1 — ;9#(3)).33,@ =

21S|((1 g ;S

O

Example 17.7. FEvery finite group T’ has property (T): take S = T and let
(m,H) be some unitary representation without a non-trivial invariant vector.
Let x € H. Note that 2’ = ﬁ > eer ™(8).x is an invariant vector: for every

sel’
gel,
n(g).2’ = ).x = m(gs) :E—S*gs ) =1,
7 2o = g ot PR
Thus, for every x, m > ser T(s).x =0 and it follows that
1
<‘5| > w(s).a,z) = 0 =0|z|?,
sel

i.e., A <0 and thus x(T,S) > /2.

Example 17.8. The group I' = Z does not have property (T). Consider (*(Z)
with the regular representation (p(n).¢)(a) = ¢(n + a). This representation is
unitary, since it preserves the norm and does not have a non trivial invariant
vector (any invariant vector is a constant function, and the only constant func-
tion in (*(Z) is the zero function). Fiz S = {41} (recall that T has property
(T) if and only if it has it with respect to any finite generating set). Denote

n = ﬁX{l,...,n}- Then, ||¢)n||: 1, p(1)¢n = ﬁX{O,..A,n—l} and

1060 = = (1) 60— dnll= Y2

Thus, k,(I",S) = 0.

One can give an entire one semester course on Kazhdan’s property (T) alone
and not cover half of the essentials regarding this property. Of course, we will
not do this here, but mainly use property (T) in order to construct expanders.
A reader who wants to learn more about this property is referred to the book
titled “Kazhdan’s property (T)” by Bekka, de la Harpe and Valette.
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17.1 Exercises

Throughout, I' is a countable group and S C I is a finite symmetric generating
set.

1. Let N <T be a normal subgroup. Show that if " has property (T), then
N\T has property (T). Moreover, show that if S C T' is a finite set, then
k(N\T', N\S) > (T, S).

2. Let (m,7#) be a unitary representation of I'. We denote H™™) to be the
subspace of invariant vectors, i.e.,
H™D = {z e H:VgeT,n(g)x =z}
Denote Py~ to be the orthogonal projection on H™D),
(a) Show that the image of I — Py« is a I'-invariant subspace of H

with no non-trivial invariant vectors.

(b) Note that for every x € H, we can write = Pyrmyx + (I — Py~m)x.
Using this decomposition, show that that for every g € I' and every
r € H,

x—7(g).x = (I — Pyroy)x — 7(g).(I — Pynm)).
(¢) Deduce that for every x € H,

max|jz — 7 (s).z[|2 w(T, ST — Ppreo )2].

(d) Let 0 < 6 <1 be a constant. Show that for z € H, if

max|lz — 7 (s).zl|< ox(T, S)l«ll,

then
(1 = Pymry )| < 6|,

and by triangle inequality,
[ Ppymery ]| > (1 = 8)|]].

(one can actually deduce a better inequality using the Pythagorean
theorem, which states that ||Py~x z||?>+|/(I — Py~m)z|*= ||z|?).

3. A countable group I' is called amenable if there is a sequence of finite sets
{F,, C T}, such that for every g € T, lim,, % = 0 (for sets A, B,
A A B denotes the symmetric difference: AA B = (A\ B)U(B\ 4) ).

(a) Show that every finite group is amenable.

(b) Show that if I' is infinite and amenable, then it does not have property
(T). (Hint: consider the indicator functions yr, € ¢*(I') and show

that for every s € S, W tends to 0).

(c) Show for a finitely generated group I' with a finite generating set S, T’
is amenable if and only if there is a sequence of finite sets {F,, CT'},,

such that for every s € S, lim,, % =0.
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d) Show that for every k, ZF is amenable.
( y k,

4. Let I' be a group I' with a finite generating set S. For n € N denote B,,(e)
to be the ball of radius < n in Cay(T;.S) centred at e (e is the identity
of T'). A group T is said to have exponential growth if there is a constant
a > 1 such that |B,(e)|> a™ for every n. Show that if I" is infinite and has
property (T), then it has exponential growth (Hint: you can either show
this directly, by taking the definition of Kazhdan constant and applying
it on indicator functions of balls or show more and prove that if a group
does not have exponential growth it is amenable and then use the previous
exercise).

18 Elementary matrix groups over polynomial
rings

Our aim for the rest of the course is to show that elementary matrix groups
over F,[t] defined below have property (T) (when p is large enough) and can be
used to explicitly construct expanders.

Notation: for a prime p, F,, denotes the field with p elements, i.e., the set
{0,...,p — 1} with addition and multiplication modulo p. Also, F,[t] denotes
polynomials with coefficients in IF,, i.e., expressions of the form ag + a1t + ... +
ant™, where ag, ...,a, € Fp.

We will be interested in the group (generated by) 3 x 3 elementary matrices
over F,[t]. Given 1 <i,j < 3,1 # j, and r € F,[t], denote e; j(r) to be the 3 x 3
matrix with 1’s along the main diagonal, r in the i-th row and j-th column and
0 in all the other entries. For example,

1 24+t 0
e122+t) =0 1 0
0o 0 1

Matrix of the form e; ;(r) is called an elementary matriz.

Define I' = EL3(FF, [t]) to be the group generated by all elementary matrices
with entries in F,[t], i.e., EL3(F,[t]) is the group generated by the matrices of
the form

{eij(r):1<14,5<3,i#j,r€Fylt]}.

We note that this is in fact a group: matrix multiplication is associative, the
identity matrix I is the trivial element and for every 4, j, 7 as above, e; ;(r)e; ;(—r)
I and thus any product of elementary matrices has an inverse.

We note that T' is infinite (since F,[t] is infinite) and our goal is to show
that we can apply the “mother group approach” to expanders on I' and use it
to produce an infinite family of expander graphs. Namely, we need to show two
things:

Theorem 18.1. Let I' = EL3(F,[t]). Then the following holds:

1. There is an infinite sequence N,<I' such that |N,\I'|< oo and lim, | N,\I'|=
0.

2. If p > 49, then the group T has property (T).
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Consequently: For any generating set S of T, the family Cay(N,\I'; N,\\S)
is an expander family.

The easy part is showing that 1. above is satisfied:

Proof that the of elementary matrices has “many” finite index normal subgroups.
For n € N, denote F,[t]/(t") to be polynomials in F,[t] with degree < n such
that multiplication is taken modulo ¢", i.e., by eliminating all the summands of
degree > n. For example, let 1+t + 2 € Fy1[t]/(t?), then

(L+t+)(1+t+1%) =1+ 2t + 262

The group I';, = EL3(F,[t]/(t")) of matrices generated by

{eij(r):1<4,j <3,i#jreF,t]/{t"},

is a finite group and there is an obvious homomorphism ®,, : EL3(F,[t]) —
EL3(Fp[t]/(t™)), where every entry of a matrix in ELg(Fp[t]) is taken mod-
ulo t". Thus, if we denote ker(®,) = N,, we get a a finite index subgroup
of EL3(F,[t]) and |N,\EL3(F,[t])|= |EL3(F,[t]/(t"))| grows to infinity with n
(since |FF,, [ 1/(t™)| grows to infinity with n).

Therefore if we show that I' has property (T), then for a fixed generating
set S of I, Cay([',,; N,,\S) will be an expander family. O

We note that above we actually showed more than needed as explained
below:

Definition 18.2. A group T is called residually finite if there is a sequence of
finite index normal subgroups {N,, <T}nen such that Npi1 <Ny, and (), Np =

{e}.
Observation 18.3. Above we showed that EL(F[t]) is residually finite.

Proposition 18.4. Let I' be a countable group with a finite generating set S.
Show that if T is residually finite, then for every R € N, there is a finite group
T'r and a homomorphism ® : I' — I'g that induces an isomorphism of graphs
between the ball of radius R centred at e in Cay(T', S) and the ball of radius R
center at e in Cay(T'g, ®(9)).

Proof. Fix some R € N. Denote distr to be the distance in Cay(T’; S). By the
definition of residual finiteness, there is a finite index normal subgroup N < T
such that for every g € T, g # e if distr(e,g) < 2R, then g ¢ N. Fix such a
normal subgroup and take I'r = N\I'. Define ® : I' = I'r to be ®(g) = Ng.

First, we will show that ® is injective when restricted to the ball of radius
R in Cay(I';S). Let g1, 92 € I such that distr(e, g1) < R, distr(e, g2) < R and
®(g1) = ®(g2). Then Ng; = Ngo, i.e., there is g € N such that gg1 = g2. We
will show that in that case g = e. Assume toward contradiction that g # e,
then distr(e, g) > 2R + 1, and by triangle inequality,

9)
= distr(e, gg1) + distr(gg1, g)

(e,
(
= distr(e, gg1) + dlStF(gla e)
< distr(e, gg1) +

2R+ 1 < distr
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This implies that R > distr(e, g2) = distr(e,gg1) > R+ 1 which is a contradic-
tion.

Second, we note that for every g1, go in the ball of radius R in Cay(T; S), g1
and go are connected by an edge if and only if go = g1s and by the injectivity
we showed above this holds if and only if Ngs = Ngys, i.e., if and only if ®(g;)
and ®(g2) are connected by an edge in Cay(I'r, ®(5)) O

The proof that EL3(F,[t]) has property (T) will require much more work,
namely we will show the following:

1. The group EL3(F,[t]) is generated by 4 finite subgroups.

2. There is a method to prove property (T) for groups generated by finite
subgroups, using the notion of the angle projections.

3. Applying the above method for EL3(FF,[t]) show that it has property (T)
given that p is large enough.

19 The Steinberg relations and generation by
finite subgroups for the elementary matrix
group

The group EL3(F,[¢]) has the following relations, called the Steinberg relations:

1. For every 1 < 4,5 < 3,1 # j and every ri,ro € Fplt], e; j(ri)e; ;j(r2) =
6i7j(7’1 + 7‘2).

2. For every 1 < 4,5 < 3,14 # 4,5 # k,k # i and every ri,ry € F,[t],
lei;(r1), e k(r2)] = €; x(r1r2) ([, ] is the commutator: [g, h] = ghg=th™1).

Next, we will note an important fact:
Proposition 19.1. T' = EL3(F,[t]) is generated by 4 finite subgroups: denote
Ky ={e12(at) :a €Fp},
Ky ={ei2(a) 1 a € Fpl,
K3 ={es3(a) :a € Fp},
Ky ={e31(a):a€F,}.

Observe that these are all subgroups of size p. We claim that K1 U...U Ky is a
generating set of T.

Proof. First, by Steinberg relations, the subgroup generated by Ko, K3, K4
contains all matrices of the form e;;(a), a € F,. For example: ejs(a) =

[e1,2(a), €2,3(1)].
Second, using the first step, the subgroup generated by Ki, Ko, K3, K4 con-
tains all matrices of the form e; ;(a + bt). Indeed,

6173(bt) = [6172(1)15),6273(1)],

e3,2(bt) = [e3,1(1), e1,2(bt)],
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e2,3(bt) = [e2,1(1), e1,3(bt)],

e31(bt) = [es2(bt), e2,1(1)],

e2,1(bt) = [e2,3(bt), e3,1(1)].
Last, we will show that for every n € N, the group generated by K, ..., K4
contains e; ;j(ag + ... + ant™) for every i # j and ao, ..., a, € Fp. The proof is by
induction: we proved n = 1 above. Assume that the assertion is true for n. It

is enough to show that for every e; ;(bt" ') for every i # j and every b € F,,.
For every i # j, we pick k # i,k # j and by the Steinberg relations:

€5, (") = [eqr (bt), 5 (1),

where e; (bt), ex ;(t™) are in the group generated by Kj, ..., K4 by the induction
assumption. O

20 Criterion for property (T) for a group gen-
erated by finite subgroups

Proposition 20.1. Let K be a finite group and let (w,H) be a unitary repre-
sentation of K. Denote H™5) to be the space of K -invariant vectors, i.e.,

H™E) = (z e H : Vg € K,n(g).x = x}.
Define P™ = ﬁ > gex ™(9), then PT is the orthogonal projection on HTE,

Proof. To avoid cumbersome notation, we denote P™ = P.
Note that for every ¢’ € K,

1 1
(g )P = el > wlg'g) = Il > w(g) =P
K| K|
This implies two things, first,
1
P’=r= > w(d)P=P
|K| g €K
and second, for every x € H and every ¢’ € K,
7(¢")Px = Pz,

ie., Im(P) € H™5),
Also note that for every z € H™),

i.e., Im(P) = H™K),
Last, we note that 7 is a unitary representation and therefore 7(g)* =
7(g~1). This implies that

1 1
Pr=—> "m(g)== ) 7lg")=P
|K| g%;( |K| g;{

as needed. O
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Let I" be a countable group and let K7, ..., K,, be finite subgroups such that
K1 U...UK, is a generating set of I". Let (m, H) to be a unitary representation.
Define PI" = ITll >_gex; T(9)- By the above proposition, P/ in the orthogonal

K2

projection on H™),

Observation 20.2. In the setting above, ), H™ KD s the subspace of T-invariant
vectors. In particular, if (w,H) is a unitary representation without a non-trivial
invariant vector, it follows that (), H™ %) = {0}.

Indeed, let x € ), H™KD | For every g € Ky U...UK,, (g).x = x. By
our assumption, K1 U...U K, is a generating set and therefore for every g € T,

m(g).x = x.

Proposition 20.3. Let I', K1, ..., K,, as above. In order to prove that I' has
property (T), it is sufficient to prove that there is a constant k € N such that
for every unitary representation (w, H) without a non-trivial invariant vector, it

holds that .
Pr+ ...+ P7
n

Proof. Assume that the conditions of the claim holds, then for every unitary
representation (w,H) without a non-trivial invariant vector it holds for every

x € H. Denote T = w

1
< -
-2

. By the assumption,
(7 =T%) 2| > Jl] - || 7"«

1
> (1= 3)lzl
Thus,

SIS (T =T al| < |(7 4T+ o+ T+) (T = T) ]| <
LNHIT |+ + 1T DI = T

Observe that [|T]|< £ 3.||PF[|< 1 (an orthogonal projection has norm < 1).
Thus,

1
WHI‘HS (I = T)x||.

Therefore, the definition of T" and the triangle inequality yields

1 1 —
— ] g I — PMzll=
sl 7 I = Pl
1w, 1
EZ”@ Z (I —m(g))-xl<
=1 geEK;
LS~ LS o~ n(g)als -
o 2= K| x—7(g).z||< geKrlrbs}.)FuKn x—7(g).x|.
=1 geK;
Thus, (T, K; U...UK,) > m > 0 as needed. O
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This leads us to a general question in functional analysis: Let P, ..., P, be
orthogonal projections such that Im(P;)N...NIm(P,) = {0}. How can we bound

the norm of H(%)k 1?7

It turns out that this can be done using the notion of angles between pro-
jections:

Definition 20.4 (Angle between projections). Let H be a Hilbert space and
Py, Py be orthogonal projections. Denote Py 2 to be the orthogonal projection on
Im(Py) NIm(Pz) and define

cos(L(P1, Py)) = ||PrP2 — Py o]
Remark 20.5. Recall that ||T*||=||T||. Then
[PLPy = Pra|l= [[(PLPy = Pr2)"[|= [Py Pt — Proll= [|P2Py — Pral|.
Thus, cos(Z(Py, P2)) = cos(Z( Py, P1)).
Using this notion, one can prove the following theorem:

Theorem 20.6. Let H be a Hilbert space and let Py, ..., P, be orthogonal pro-

jections such that there is some 0 < e < 277,1_1 such that for every 1 <i < j <n,

cos(Z(P;, P;)) < e, then there are constants C > 0, r < 1 that depend only on
such that for every k, || (W)k |< Ork.

In particular, there is some k that depends only on € such that ||

k
(Petla) 1<

1

PR

Remark 20.7. This theorem is not sharp - one can actually demand € < ﬁ
and get the same result, but the proof becomes more complicated. In the sake of

completeness, we only use the non-sharp version in these notes.

We delay the proof of this Theorem (it is given in an appendix) for later and
for now see how we apply it.

Combining Proposition and Theorem we get the following criterion
for property (T):

Theorem 20.8. Let I' be a group generated by finite subgroups K, ..., K.
Given a representation (w,H), denote as above: P = ﬁ > ger: ™(9)-

3
If there is e < in_l such that for every unitary representation (w, H) without
a non-trivial invariant vector, it holds for every i,j that

cos(£(PF, PT)) <,

then I has property (T).

21 Property (T) for EL3(F,[t])

In order to apply this criterion, we need a way to bound cos(Z(F[, P[)) for
all unitary representations. In the example that interests us, this will be done
analysing representation of a specific finite group.

Recall that in the example of I' = EL3(IF, [¢]), the generating subgroups were

K, = {6172((115) a e Fp}7

75



Ky = {61,2(0/) rac Fp},
K3 ={ez3(a):a€F,},
Ky ={es1(a):aclF,}.

We note that in this example not only K7, ..., K4 are finite, but each subgroup
generated by 2 of these subgroups are finite. Denote K; ; to be the subgroup
generated by K; and K; and note that by a previous observation,

fHﬂ'(Ki,j) — ’HW(Ki) N ’H“(Kj)'

Thus P]; is given by
1
K] > 7(g).
il

€K,

Observation 21.1. In the example of T' = EL3(F,[t]) with the subgroups above,
cos(L(Pf, PJ)) =0 for every unitary representation. Indeed,

K2 ={e12(a+bt):a,belF,},

and

us us 1 us
P2 P1 = Z? E 77(61’2(@ + bt)) = PLQ.
a,belF,

Another way to prove the same result, is noting that K1 and Ko commute and
therefore PT P = P Py. Observe that Im(Py P) C Im(PJ) and Im(PFPJ) C
Im(P), but since the two are equal, we get that

Im(PPy) C Im(Pf") NIm(Py) = Im(P,).

Proposition 21.2. In the ezample of I' = EL3(F,[t]) with the subgroups above,
for every 2 <i < j <4 and every unitary representation (w,H),

™ T i
cos( (P, PJ) <

Proof. We will give the proof for i = 2,5 = 3, the proofs in the other cases are
similar. Let (7,) be some unitary representation. We need to show that for
every unit vector x € H,

s s T 1
(P Py — P2,3):c||2§ —-

3

Fix = € H to be some unit vector, then

I(P5 S — Pig)x||* = (P P§ — Pig)a, (PFPT) — Pg)x) =
(PSPFPS — Pyg)x, (I — Pig)x) <
(P P35 P5 = Pla)a|[|[(I — Pig)a|| < ||P5 Py P — Pyl

Thus, it is sufficient to prove that

(P3P P — Pglg)l|<

S
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This can be done via direct computation:

Pg}):% Z T

a,b,celF, ( 0 0 1

o
—_
(=

) 1 0 0\ /1 a 0\ /1 0 0
PFPgPf=— > (|0 1 ¥][o 1 0]fo 1 b
ab b€k, 00 1/\o o0 1/\o 0 1
1 1 a ab
== > 7|0 1 b+¥
pa,b,b/e]F,, 0 0 1
1 1 a c 1 1 0 0
=5 oooaffo b +5> {01 0b
a,b,c€F,,a#0 0 0 1 beF, 0 0 1
Thus,
L (1 1 0 0
PIPfP] —Pfy=-| - (o 1 b I
P\Pycr, 0 0 1
1 0 ¢
1
S (o 1 0
P e, 0 0 1
1 1
= -Py(l— - Z m(e1,3(c)))-
p ch]F
P

Note that PJ is an orthogonal projection and therefore ||PJ||< 1. Also note that
% Zce]Fp m(e1,3(c)) is an orthogonal projection and therefore I—% Zce]Fp m(e1,3(c))
is an orthogonal projection and thus of norm < 1. It follows that

T T T s 1
| P5 Py Py _P2,3||§ 5’

as needed. O

Corollary 21.3. Let p > 49 be a prime number and let T' = EL3(F,[t]), then T’
has property (T).

Proof. Let Ki,..., Ky, be the subgroups of I' defined above. Then for every
unitary representation (w,H) of T' it follows that for every 1 <i < j <4,

1 1
/(PT,PT)) < — < =,
cos(¢(PT, ) < = < 7

and therefore by Theorem m " has property (T). O

Remark 21.4. In fact, the corollary above can be improved such that it is
enough to ask that p > 5. This is done in the following way: First, using a
sharp version of Theorem that only requires that the cosines as <
Second, defining

n—1-°

K ={e12(a+bt):a,beF,},

and using K{, K3, K4. Then n = 3 and one can prove (using representation
theory of the subgroups K1 3, K1 4 that the cosines are < ﬁ. Then we need that
1

75 < % and it s enough to take p > 5.
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A Complex numbers

The aim of this appendix is to cover very basic facts regarding complex numbers.
A complex number is a number of the form a + ib, where a,b € R and i2 = —1.
Thus, we can add and multiply two complex numbers:

(a+1ib)+ (c+id) = (a+¢)+i(b+d),

(a +b)(c +id) = ac — bd + i(bc + ad).
We denote by C the set of the complex number and note that under the defini-
tions of addition and multiplication defined above, this is a field.

The norm on C is the function |a+ib|= v/a? + b2 and with this norm we can
think of C as a norm space isometric to R? with the euclidean norm. Thus, we
think about (a + ib) as a vector written in Cartesian coordinates on two axes -
the real axis and the imaginary axis.

As in the case of polar coordinates in R?, every complex number can be
written as

(a + ib) = r(cos(f) + isin(h)),

where 0 < 7 < 00 equals to the norm of a+4b and 6 is the angle between (a+-b)
and the real axis. We note that for every m € Z,

r(cos(f + 2mm) + isin(f + 27m)) = r(cos(6) + isin(0)).
We also norm that when multiplying, we get the following:

(r1(cos(01) + isin(61)))(r2(cos(f2) + isin(6z)))
= r173((cos(f) cos(02) — sin(6y) sin(fz)) + i(sin(6;) cos(fz) + sin(bs) cos(y)))
= rira(cos(fy + 63) + isin(6; + 62)).

We define e = cos(#) + isin(f) and note that by the computation above,
ef1eif2 = i 011+92)  Noreover, for every | € R, we define e/T% = ele’® and note
that for every r > 0,

r(cos(f) + isin(h)) = e+,

The reason that we work with C when studying group representations is that
C is an algebraically closed field:

Theorem A.l1 (Fundamental Theorem of Algebra). Let p(z) = an,z™ + ... +
a1z + ap be a polynomial, where n € N and ay, ...,a0 € C,a,, # 0, then p(z) has
a root o € C, i.e., there is a € C such that p(a) = 0. Consequently, there are
aq, ..., an € C (not necessarily distinct) such that

p(z) = an(z — a1)(z — a2)...(z — ag).

Corollary A.2. Every n X n matriz A with complex entries has at least one
complex eigenvalue.

Proof. The characteristic polynomial det(A — zI) has at least one complex root.
O
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Remark A.3. This corollary is false for R, e.g.,
0 -1
=0 3)

Last, by the Fundamental Theorem of Algebra, the equation z™ = 1 has n
solutions (when counting with multiplicity) and these solutions are called the

has no real eigenvalue.

n-roots of unity. These solutions can be written explicitly as {ey :0<j<n}
(note that we see that the multiplicity of every root is in fact 1).

B Angle criterion for convergence of averaged
projections

Definition B.1 (Angle between projections). Let H be a Hilbert space and
Py, Py be orthogonal projections. Denote Py 2 to be the orthogonal projection on
Im(Py) NIm(Pz) and define

cos(L(P1, Py)) = ||PrP2 — Pyo|.
Remark B.2. Recall that ||T*||= ||T||. Then
[PrP2 — Pral= [(PLPe — Pr2)"||= [Py P — Prsl= | PaPr — Pra-
Thus, cos(Z(Py, P2)) = cos(Z(Py, Py)).

We will show that for n orthogonal projections Pi, ..., Py, if cos(Z(P;, P})) is

k
small enough for every i, j, then || (%) | decays to 0 exponentially fast.

In order to do that we will need some preliminary results.
A basic fact that we will use below (without proof) is the following: given a
Hilbert space H with closed subspaces H” C H’, then

PH//PH/ = PHN = P’H’PH”'

Thus, in the notations above, for any two projections P;, Py, PPy 2 = P1 2P, =
P172 and similarly, PQPLQ = PLQPQ = PLQ. It follows that Pl—PLQ and PQ—PLQ
are both orthogonal projections:

(Pr—Pi2)" =P —Ply=P — Py,
(P — Pi2)? =P — PPy~ PP + Pﬁg =P —2Pi o+ Pio=PFP — Pips.
It also follows that
PiPy—Py g =P Py—P Py = P(P,~Pi5) = Pi(Po—P13)* = (P Py~ P, 5) (P2~ Py 2).

and similarly,
PPy — Py o = (PP — Py o)(P1 — Py 2).

Lemma B.3. Let H be a Hilbert space, Py, P» be orthogonal projections. Then
for every x € H,

cos(Z(Py, Py))
—cos(/(Py, P»))

(PP = PoPr)al|< (T = POzl[+ (I = P2)xl]) -

79



Proof. We start by observing that
(P12 — PyPy)z||<
[(PLPy — Pyo)x + (P12 — PaPr)z|| <
[(PrP2 — Pro)z||+[(PaPr — Pro)z|=
[(P1P2 — Pr2) (P2 — Pro)z|+|(PePr — Pr2) (P — Pr2)z|<
cos(L(Pr, P2)) ([ (P2 — Pr2)z||+[|(P1 — Pr2)z|).

Thus, we are left to show that

(P = Pro)z||+[|(P2 — Pro)z
1 —cos(Z(P1, Py))
We note that

[(P2 — Pr12)z||<
[(P2 = Pro)Prz|[+[[(P2 — Pr2)(I — Pr)z||<
[(P2Pr — Pro)z|[+|| P2 — Pra|||(I — Pr)z||<
[(P2Pr — Pro2)(Pr — Pro)z|+|( — P)z||<
cos(L(Pr, P))||(Pr — Pr2)z|+||(I — Pr)z||.

< = Poz|+[I(T = Pr)z|.

Similarly,
1(P1 = Pra)x||<

cos(£(Py, P2))|[(Py — Pr2)z|+[|(1 — Pr)xl].
Adding these two inequalities yields

[(Pr = Pr2)x||+[|(P — Pr2)z| <
cos(Z (P, Po))([[(Pr— Py 2)z|[+][(P2— Py 2)z|) + | (I = Pr)x|+||(I — P2)z]|.

Thus,

(P = Pro)z|+][(2 — Pr2)z]]
1-— COS(Z(P1, PQ))

as needed. O

< = Pozl+I( = Pa)zl),

Let H be a Hilbert space and let Py, ..., P, be orthogonal projections. Define
the following energy function on #:

B@)= (T - Pal.
i=1

Note that by definition, E(z) > 0 for every z. Also note that since I — Py, ..., —
P, are orthogonal projections (and as such of norm < 1), it follows that for every
z, B(z) < =]

Proposition B.4. If Im(P;) N...NIm(P,) = {0}, then E(x) = 0 implies that
z=0.

Proof. Assume that E(x) = 0, then for every 4, (I — P;)x = 0 or equivalently
2 = P;z. This means that z € Im(P;) for every 4 and thus

z € Im(Py)N...NIm(P,) = {0},
as needed. O
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Lemma B.5. Let H be a Hilbert space and let Py, ..., P, be orthogonal projec-
tions such that there is some 0 < & < 5-— such that forevery1 <i<j<n,

cos(Z(P;, P;)) <e. Denote T = w. Then there is a constant r < 1 that
depend only on € such that for every x € H, E(Tx) < rE(x).
Consequently, for every x and every k € N, BE(T*x) < r*E(x) < r¥||z|.

Proof. Fix some z € H. We note that

(I = P)T||= [|(I - P1)

P+...+ Pn»’CHS
n

1 & 1 &
it I— P)Px|= = P, — PP, PP, — P,P)z||<
nE I 1) Pl nE I 1)z + (PP — PPz

i=2 =2

1 — o
~ D MBI = POzl 4 (PPr — Py <Py preview lemme
i= 2

COS( (Pl?P’L)) ound on cosine
*ZII 1= POl i pyy 10 = Pl = Poall) <o

LS - Pl)leli_E(H(If Py)e|+|(I - P)all) =
=2

n—1

)| = Poel+ Y Il - P)all

=2

(

By a similar computation, for every 7,

It BTl 2+ TN - Bpelle 3

i=1,i#

h= )zl

Thus, by summing over all the j’s and dividing by n, we get

%Zn 1i5)||(I—Pj)5'3||=n;1(1+21i€)E(x).

Jj=1

Denote r = ”T_l(l +27=). The assumption ¢ < 3 L
thus E(Tx) < rE(z).

Since this is true for every x, we can apply induction and get F(T*x) <
r*E(z) < rF|z|. O

7 implies that r < 1 and

After this, we are ready to state the theorem regarding convergence of
P +..4+P, k .
(=)
Theorem B.6. Let H be a Hilbert space and let Py, ..., P, be orthogonal projec-
tions such that there is some 0 < e < ﬁ such that for every 1 <i < j <mn,
cos(Z(P;, P;)) < ¢, then there are constants C > 0, r < 1 that depend only on ¢

such that for every k, || (%)k < Ork.

k
In particular, there is some k that depends only on e such that || (PlJrniHJ”) 1<

N[
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Proof. Denote T = %. Fix some k € N. Then for every x € H,

P+..+P,
JTHH = TRyl = (7 - 2

1 n
Trz||< - Z;H(I - P)T"z||=
i—
BE(T"z) <r*||z],
where 7 < 1 is as in the previous lemma. Therefore, for every k, j and every =z,

(T = T%)a| <
(T = TN 4 (TH 7 = T2z 4 [(TEF = TRz <
k
,

(PPt k2 R ) < 1—r

[l]]-

Thus, for every = , {T*z}ren is a Cauchy sequence and therefore convergent.
Let 2 € H be arbitrary and denote limy 7%z = xy. Then Txo = o, but by the
previous lemma, F(xg) = E(Tz) < rE(zo), which implies that E(xq) = 0 and
thus zo = 0. It follows that for every z, lim; T*z = 0.

Fix « € H to be some unit vector, then by the previous computation, for
every k, 7,

rk

1—7r’

(T = TF)a <

and taking j — oo, yields that || T*z| < 1’1; as needed (in the notations of the

theorem C = ). O

1—r
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