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Preface

Please note that this is a rapidly evolving draft. You will find warning messages at
the start of sections that need substantial editing.

This book is about how combinatorial properties of graphs are related to algebraic properties of
associated matrices, as well as applications of those connections. One’s initial excitement over this
material usually stems from its counter-intuitive nature. I hope to convey this initial amazement,
but then make the connections seem intuitive. After gaining intuition, I hope the reader will
appreciate the material for its beauty.

This book is mostly based on lecture notes from the “Spectral Graph Theory” course that I have
taught at Yale, with notes from “Graphs and Networks” and “Spectral Graph Theory and its
Applications” mixed in. I love the material in these courses, and find that I can never teach
everything I want to cover within one semester. This is why I wrote this book. As this book is
based on lecture notes, it does not contain the tightest or most recent results. Rather, my goal is
to introduce the main ideas and to provide intuition.

There are three tasks that one must accomplish in the beginning of a course on Spectral Graph
Theory:

e One must convey how the coordinates of eigenvectors correspond to vertices in a graph.
This is obvious to those who understand it, but it can take a while for students to grasp.

e One must introduce necessary linear algebra and show some interesting interpretations of
graph eigenvalues.

e One must derive the eigenvalues of some example graphs to ground the theory.

I find that one has to do all these at once. For this reason my first few lectures jump between
developing theory and examining particular graphs. For this book I have decided to organize the
material differently, mostly separating examinations of particular graphs from the development of
the theory. To help the reader reconstruct the flow of my courses, I give three orders that I have
used for the material:

put orders here

There are many terrific books on Spectral Graph Theory. The four that influenced me the most
are



PREFACE vi

“Algebraic Graph Theory” by Norman Biggs,
“Spectral Graph Theory” by Fan Chung,
“Algebraic Combinatorics” by Chris Godsil, and

“Algebraic Graph Theory” by Chris Godsil and Gordon Royle.
Other books that I find very helpful and that contain related material include

“Modern Graph Theory” by Bela Bollobas,

“Probability on Trees and Networks” by Russell Llyons and Yuval Peres,

“Spectra of Graphs” by Dragos Cvetkovic, Michael Doob, and Horst Sachs, and
“Eigenspaces of Graphs” By Dragos Cvetkovic, Peter Rowlinson, and Slobodan Simic
“Non-negative Matrices and Markov Chains” by Eugene Seneta

“Nonnegative Matrices and Applications” by R. B. Bapat and T. E. S. Raghavan
“Numerical Linear Algebra” by Lloyd N. Trefethen and David Bau, III

“Applied Numerical Linear Algebra” by James W. Demmel

For those needing an introduction to linear algebra, a perspective that is compatible with this
book is contained in Gil Strang’s “Introduction to Linear Algebra.” For more advanced topics in
linear algebra, I recommend “Matrix Analysis” by Roger Horn and Charles Johnson, as well as
their “Topics in Matrix Analysis.” For treatments of physical systems related to graphs, the topic
of Part 11, I recommend Gil Strang’s “Introduction to Applied Mathematics”, Sydney H. Gould’s
“Variational Methods for Eigenvalue Problems”, and “Markov Chains and Mixing Times” by
Levin, Peres and Wilmer.

I have gained a lot of intuition for spectral and algebraic graph theory by examining examples. 1
include many examples so that you can play with them, develop your own intuition, and test your
own ideas. My preferred environment for computational experiments is a Jupyter notebook
written in the Julia programming language. All of the code used in this book may be found at
this GitHub repository: https://github.com/danspielman/sagt_code. If you want to start
running the code in this book, you should begin by importing a few packages and setting some
defaults with the lines

using Laplacians, LinearAlgebra, Plots, SparseArrays, FileIO, JLD2, Random
gr(); default(fmt=:png)
Random.seed! (0)


https://github.com/danspielman/sagt_code
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Notation

This section lists the notation that I try to use throughout the book. I sometimes fall into
different notations when the conventions surrounding a topic are so strong that failing to follow
them would make it difficult for experts to understand this book, or would cause cognitive stress.

I almost always treat vectors as functions, and thus write () for the ith component of the vector
x. In spectral and algebraic graph theory, we usually treat vectors as functions from vertices to
the real numbers, so you are more likely to encounter x(a) for a vertex named a. Similarly, we
denote the entry in row a and column b of a matrix M by M (a,b). I place subscripts on vectors,
like x;, to indicate the ith vector in a set of vectors.

I An identity matrix

J An all-1s matrix

D The diagonal matrix of weighted degrees of a graph
L Laplacian Matrix

M Adjacency Matrix or a generic matrix, Page 3
N Normalized Laplacian Matrix

w The diagonal matrix of edge weights, or

W The Walk Matrix, M D~*

W Lazy Walk Matrix, I/2+ W /2

AT The Moore-Penrose pseudoinverse of A.

A*t/?2 The square root of of A™.
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The set of vertices, Page 2
The set of edges, Page 2
usually the number of vertices in a graph, Page 3
vertices
an edge
wep the weight of edge (a,b)
the weight of edge e
the component of the vector & corresponding to vertex a.
the weighted degree of vertex a
the vector of weighted degrees of the vertices in a graph.
the sum of the weights of edges in /' C E
an eigenvalue, usually of a graph Laplacian
an eigenvalue, usually of an adjacency matrix, Page 35
an eigenvalue of a normalized Laplacian matrix
an eigenvalue of a walk matrix
an eigenvector, usually of M
the ith eigenvector, associated with eigenvalue \;, usually of a Laplacian
the elementary unit vector in direction a; d,(a) = 1, Page 29
the orthogonal matrix with columns 1,
the stable distribution of a random walk
the largest eigenvalue of M
the smallest eigenvalue of M
the kth largest eigenvalue of M
the kth smallest eigenvalue of L
the trace of the matrix M, Page 20
the operator norm of the matrix M
the Hamming weight of the vector x
the characteristic vector of the set S, Page 38

a is a neighbor of b, Page 34

the subgraph induced on the vertices in S Page 37

the submatrix of M induced on the rows and columns in S, Page 37
the chromatic number of the graph G, Page 164

the independence number of the graph G, Page 164

the boundary of a set of vertices, Pages 44 and 171

the isoperimetric ratio of S, Pages 44 and 171

the conductance of S

the isoperimetric ratio of G

the conductance of G

A — B is positive semidefinite, Page 53

Lg = Ly, Page 54

the result of multiplying all edge weights of G by ¢, Page 54
the set {1,2,...,n}

the “floor” of z, Page 38

the field with p elements, aka the integers modulo the prime p
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Chapter 1

Introduction

In this chapter we present essential background on graphs and spectral theory. We also introduce
some spectral and algebraic graph theory, describe some of the topics covered in this book, and
try to give some useful intuition about graph spectra.

1.1 Graphs

First, we recall that a graph G = (V, E) is specified by its vertex' set, V, and edge set, E. In an
undirected graph, the edge set is a set of unordered pairs of vertices. We use the notation (a,b) to
indicate an edge between vertices a and b. As this edge is undirected, this is the same as edge
(b,a). Some prefer to write undirected edges using set notation, like {a, b}; but, we won’t do that.
Unless otherwise specified, all graphs discussed in this book will be undirected, simple (having no
loops or multiple edges) and finite. We will sometimes assign weights to edges. These will usually
be positive real numbers. If no weights have been specified, we will assume all edges have weight
1. This is an arbitrary choice, and we should remember that it has an impact.

Graphs (also called “networks”) are typically used to model connections or relations between
things, where “things” are vertices. When the edges in a graph are more important than the
vertices, we may just specify an edge set F and omit the ambient vertex set.

Common “natural” examples of graphs are:
e Friendship graphs: people are vertices, edges exist between pairs of people who are friends
(assuming the relation is symmetric).

e Network graphs: devices, routers and computers are vertices, edges exist between pairs that
are connected.

e Circuit graphs: electronic components, such as transistors, are vertices: edges exist between
pairs connected by wires.

1T will use the words “vertex” and “node” interchangeably. Sorry about that.



CHAPTER 1. INTRODUCTION 3

e Protein-Protein Interaction graphs: proteins are vertices. Edges exist between pairs that
interact. These should really have weights indicating the strength and nature of interaction.
So should most other graphs.

It is much easier to study abstract, mathematically defined graphs. For example,

e The path on n vertices. The vertices are {1,...n}. The edges are (i,7+ 1) for 1 <i < n.

e The ring on n vertices. The vertices are {1,...n}. The edges are all those in the path, plus
the edge (1,n).

e The hypercube on 2F vertices. The vertices are elements of {0, 1}k. FEdges exist between
vertices that differ in only one coordinate.

1.2 Matrices for Graphs

The naive view of a matrix is that it is essentially a spreadsheet—a table we use to organize
numbers. This is like saying that a car is an enclosed metal chair with wheels. It says nothing
about what it does!

We will use matrices to do two things. First, we will view a matrix M as providing a function
that maps a vector x to the vector M x. That is, we view M as an operator. Second, we use the
matrix M to define a quadratic form: a function that maps a vector « to the number &’ M x.

1.2.1 A spreadsheet

We will usually write V' for the set of vertices of a graph, and let n denote the number of vertices.
There are times that we will need to order the vertices and assign numbers to them. In this case,
they will usually be {1,...,n}. For example, if we wish to draw a matrix as a table, then we need
to decide which vertex corresponds to which row and column.

The most natural matrix to associate with a graph G is its adjacency matrix?, Mg, whose
entries M ¢(a,b) are given by
1 if (a,b) € E

0 otherwise.

M(;(a,b) = {

If G is weighted with edge (a,b) having weight w,, we set Mg (a,b) = wqp.

It is important to realize that we index the rows and columns of the matrix by vertices, rather
than by numbers. Almost every statement that we make will remain true under renaming of
vertices. The first row of a matrix has no special importance. To understand this better see the
exercises at the end of this section.

2] am going to try to always use the letter M for the adjacency matrix, in contrast with my past practice which
was to use A. I will almost always use letters like a and b to denote vertices.
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While the adjacency matrix is the most natural matrix to associate with a graph, I find it the
least useful. Eigenvalues and eigenvectors are most meaningful when used to understand a
natural operator or a natural quadratic form. The adjacency matrix provides neither.

1.2.2 An operator

The most natural operator associated with a graph G is probably its diffusion operator. This
operator describes the diffusion of stuff among the vertices of a graph. Imagine a process in which
each vertex can contain some amount of stuff, such as a gas or the probability that a random walk
is at that vertex. At each time step, the stuff at a vertex will be uniformly distributed to its
neighbors. None of the stuff that was at a vertex remains at the vertex, but stuff can enter from
other vertices. This is a discrete-time and slightly unnatural notion of diffusion, but it provides a
nice matrix. We define the operator for the continuous-time process below.

To construct the matrix realizing this process, which we call the walk matriz or the diffusion
matriz, let D¢ be the diagonal matrix in which Dg(a,a) is the degree of vertex a. We will
usually write d(a) for the degree of vertex a. In an unweighted graph, the degree of a vertex is
the number of edges attached to it. In the case of a weighted graph, we call the number of edges
attached to a vertex its combinatorial degree, and the sum of the weights of the edges attached to
it the weighted degree. When we refer to the degree of a vertex in a weighted graph, you should
assume we mean the weighted degree. Algebraically, we can obtain the vector of degrees from the

expression

d¥ Mo,

where 1 is the all-ones vector.

We then set
Woeg=M GDél.
When the graph is regular, that is when every vertex has the same degree, W is merely a

rescaling of M 53, In the event that a vertex a has degree 0, we adopt the convention that
Wa(a,a) =0.

Formally*, we use a vector p € RV to indicate how much “stuff” is at each vertex, with p(a)
being the amount of stuff at vertex a. After one time step, the distribution of stuff at each vertex
will be Wp. To see this, first consider the case when p is an elementary unit vector, d,, where
we define d, to be the vector for which d,(a) = 1, and for every other vertex b, d,(b) = 0. The
vector D'8, has the value 1/d(a) at vertex a, and is zero everywhere else. So, the vector

M GDéléa has value 1/d(a) at every vertex b that is a neighbor of a, and is zero everywhere else.
If this is not immediately obvious, think about it until it is.

It is sometimes more convenient to consider a lazy random walk . These are usually defined to be
walks that stay put with probability one half and take a step with probability one half. The
matrix corresponding to this operator is given by

We 12+ we)2.

31 think this is why researchers got away with studying the adjacency matrix for so long.
4We write RY instead of R™ to emphasize that each coordinate of the vector corresponds to a vertex of the graph.
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One of the purposes of spectral theory is to provide an understanding of what happens when one
repeatedly applies a linear operator like Wg.

1.2.3 A quadratic form

The most natural quadratic form associated with a graph is defined in terms of its Laplacian
matrix,

Lo ¥ Do - Mg

Given a function on the vertices, z € IRV, the value of the Laplacian quadratic form of a weighted
graph in which edge (a,b) has weight w,p > 0 is

e’ Lox = Z wap(z(a) — x(b))?. (1.1)
(a,b)EE

This form measures the smoothness of the function x. It will be small if the function & does not
vary too much between the vertices connected by any edge.

We will occasionally want to consider the Laplacians of graphs that have both positively and
negatively weighted edges. As there are many reasonable definitions of these Laplacians, we will
only define them when we need them.

1.3 Spectral Theory

We now review the highlights of the spectral theory for symmetric matrices. Almost all of the
matrices we consider will be symmetric or will be similar® to symmetric matrices.

We recall that a vector 1 is an eigenvector of a matrix M with eigenvalue A if 9 is not identically
zero and

My = M. (1.2)
That is, A is an eigenvalue if and only if A\I — M is a singular matrix. Thus, the eigenvalues are
the roots of the characteristic polynomial of M:

det(xI — M).

Theorem 1.3.1. [The Spectral Theorem] For every n-by-n, real, symmetric matric M, there
exist real numbers Ai, ..., A, and n mutually orthogonal unit vectors ¢, ..., v, and such that 1,
s an eigenvector of M of eigenvalue \;, for each 1.

This is the great fact about symmetric matrices. If the matrix is not symmetric, it might not have
n eigenvalues. And, even if it has n eigenvalues, their eigenvectors will not be orthogonal®. If M
is not symmetric, its eigenvalues and eigenvectors might be the wrong thing to study.

5A matrix M is similar to a matrix B if there is a non-singular matrix X such that X "' M X = B. In this case,
M and B have the same eigenvalues. See the exercises at the end of this section.
5You can prove that if the eigenvectors are orthogonal, then the matrix is symmetric.
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Recall that the eigenvectors are not uniquely determined, although the eigenvalues are. If v is an
eigenvector, then —1) is as well. Some eigenvalues can be repeated. If \; = \j;1, then 9, + ),
will also be an eigenvector of eigenvalue \;. The eigenvectors of a given eigenvalue are only
determined up to an orthogonal transformation.

Definition 1.3.2. A matriz is positive definite, written M = 0, if it is symmetric and all of its
etgenvalues are positive. It is positive semidefinite, written M > 0, if it is symmetric and all of
its etgenvalues are nonnegative.

Fact 1.3.3. The Laplacian matrixz of a graph is positive semidefinite.

Proof. Let @ be a unit eigenvector of L of eigenvalue A. Then,

YL ="M = AW ) = A= ) wap(¥p(a) — (b)) > 0.

(a,b)EE

We always number the eigenvalues of the Laplacian from smallest to largest. Thus, Ay = 0. We
will refer to Ao, and in general A\; for small k, as low-frequency eigenvalues. A, is a high-frequency
eigenvalue. We will see why soon.

1.4 Some examples

Before we start proving theorems, we will see examples that should convince you that the
eigenvalues and eigenvectors of graphs are meaningful.

1.4.1 Paths

A path graph on n vertices has vertices {1,...,n} and edges (i,7 + 1) for 1 < i < n. Here is the
adjacency matrix of a path graph on 4 vertices.

M = path_graph(4)

Matrix (M)

0.0 1.0 0.0 0.0
1.0 0.0 1.0 0.0
0.0 1.0 0.0 1.0
0.0 0.0 1.0 0.0

And, here is its Laplacian matrix

Matrix(lap(M))
1.0 -1.0 0.0 0.0
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-1.0 2.0 -1.0 0.0
0.0 -1.0 2.0 -1.0
0.0 0.0 -1.0 1.0

Here are the eigenvalues of a longer path.

L = lap(path_graph(10))
E = eigen(Matrix(L))
E.values’

0.0 0.097887 0.381966 0.824429 1.38197 2.0 2.61803 3.17557 3.61803 3.90211

The eigenvector of the zero-eigenvalue is a constant vector (up to numerical issues):

E.vectors[:,1]

.31622776601683755
.31622776601683716
.31622776601683766
.3162277660168381
.31622776601683855
.3162277660168381
.3162277660168385
.31622776601683805
.3162277660168378
.3162277660168378

O O O O O O O O o o

The eigenvector of A is the lowest frequency eigenvector. As we can see, it increases
monotonically along the path:

v2 = E.vectors[:,2]

0.44170765403093926
0.3984702312962002
0.31622776601683794
0.20303072371134548
0.0699596195707542
-0.06995961957075394
-0.2030307237113458
-0.3162277660168378
-0.39847023129619985
-0.44170765403093826

Let’s plot that.
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04

0.2 |

0.0

value in eigenvector

2 4 6 8 10
vertex number

plot (v2,marker=5,legend=false)
xlabel! ("vertex number")
ylabel! ("value in eigenvector")

The x-axis is the name/number of the vertex, and the y-axis is the value of the eigenvector at
that vertex. Now, let’s look at the next few eigenvectors.

04

0.2

0.0

Value in Eigenvector

—@— v
—0— v
—@— v

AWN

—-0.4 +

I
2 4 6 8 10
Vertex Number

plot(E.vectors[:,2:4],1label=["v2" "v3" "v4"] ,marker = 5)
xlabel! ("Vertex Number")
ylabel! ("Value in Eigenvector")

You may now understand why we refer to these as the low-frequency eigenvectors. The curves
they trace out resemble the low-frequency modes of vibration of a string. The reason for this is
that the path graph can be viewed as a discretization of the string, and its Laplacian matrix is a
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discretization of the Laplace operator. We will relate the low-frequency eigenvalues to
connectivity.

In contrast, the highest frequency eigenvalue alternates positive and negative with every vertex.
We will see that the high-frequency eigenvectors may be related to problems of graph coloring
and finding independent sets.

0.4

021

0.0

Value in Eigenvector

-02+

_04

2 4 6 8 10
Vertex Number

Plots.plot(E.vectors[:,10],label="v10" ,marker=>5)
xlabel! ("Vertex Number")
ylabel!("Value in Eigenvector")

1.5 Highlights

We now attempt to motivate this book, and the course on which it is based, by surveying some of
its highlights.

1.5.1 Spectral Graph Drawing

We can often use the low-frequency eigenvalues to obtain a nice drawing of a graph. For example,
here is 3-by-4 grid graph, and its first two non-trivial eigenvectors. Looking at them suggests that
they might provide nice coordinates for the vertices.

M = grid2(3,4)

L = lap(M)

E = eigen(Matrix(L))
V = E.vectors[:,2:3]

-0.377172  0.353553
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-0.15623 0.3535563
0.15623 0.3535563
0.377172  0.353553

-0.377172 -1.66533e-16
-0.15623 -4.16334e-16
0.15623 -5.82867e-16
0.377172  2.77556e-16
-0.377172 -0.353553
-0.15623  -0.353553
0.15623  -0.353553
0.377172 -0.353553

In the figure below, we use these eigenvectors to draw the graph. Vertex a has been plotted at
coordinates ¥5(a), ¥3(a). That is, we use 1, to provide a horizontal coordinate for every vertex,
and 13 to obtain a vertical coordinate. We then draw the edges as straight lines.

plot_graph(M,V[:,1],V[:,2])

Figure 1.1: A 3-by-4 grid graph.

Let’s do a fancier example that should convince you something interesting is going on. We begin
in Fig. 1.2 by generating points by sampling them from the Yale logo.

We then construct a graph on the points by forming their Delaunay triangulation’, and use the
edges of the triangles to define a graph on the points. We draw those edges as straight lines in
Fig. 1.3.

Since the vertices came with coordinates, it was easy to draw a nice picture of the graph. But,
what if we just knew the graph, and not the coordinates? As we did with the grid, we could

"While it does not make sense to cover Delaunay triangulations in this book, they are fascinating and I recommend
that you look them up.
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@load "yale.jld2"
scatter(xyl:,1],xy[:,2],legend=false)
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generate coordinates by computing two eigenvectors, and using each as a coordinate. In Fig. 1.4,

we plot vertex a at position ¥4(a),13(a), and again draw the edges as straight lines.
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Figure 1.4: The spectral drawing of the graph of the Delaunay triangulation.

That’s a great way to draw a graph if you start out knowing nothing about it®. Note that the
middle of the picture is almost planar, although edges do cross near the boundaries.

INTRODUCTION
m"?‘(v‘ié?i = = :
AR | S

E
\

eigen(Matrix(lap(a)))
E.vectors[:,2:3]
plot_graph(a,V[:,1],V[:,2], dots=false);

1.5.2 Graph Isomorphism

12

It is important to note that the eigenvalues do not change if we relabel the vertices. Moreover, if
we permute the vertices then the entries of the eigenvectors are similarly permuted. That is, if P
is a permutation matrix, then

Lp = \p if and only if (PLPT)(Pv) = PLyp = A(Pv),

because PTP = I. To prove it by experiment, let’s randomly permute the vertices, and plot the

permuted graph.

8Tt’s the first thing I do whenever I meet a strange graph.
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Random.seed! (3)
p = randperm(size(a,1))

M = alp,p]
E = eigen(Matrix(lap(M)))
V = E.vectors[:,2:3]

plot_graph(M,V[:,1],V[:,2], dots=false);

Note that this picture is slightly different from the previous one: it has flipped vertically. That’s
because eigenvectors are only determined up to signs, and that’s only if they have multiplicity 1.
This gives us a powerful heuristic for testing if one graph is a permutation of another (this is the
famous “Graph Isomorphism Testing Problem”). First, check if the two graphs have the same sets
of eigenvalues. If they don’t, then they are not isomorphic. If they do, and the eigenvalues have
multiplicity one, then draw the pictures above. If the pictures are the same, up to horizontal or
vertical flips, and no vertex is mapped to the same location as another, then by lining up the
pictures we can recover the permutation.

As some vertices can map to the same location, this heuristic doesn’t always work. We will learn
about the extent to which it does. In particular, we will see in Chapter 39 that if every eigenvalue
of two graphs G and H has multiplicity 1, then we can efficiently test whether or not they are
isomorphic.

These algorithms have been extended to handle graphs in which the multiplicity of every
eigenvalue is bounded by a constant [BGMS82]. But, there are graphs in which every non-trivial
eigenvalue has large multiplicity. In Chapter 9 We will learn how to construct and analyze some,
as they constitute fundamental examples and counter-examples to many natural conjectures. For
example, here are the eigenvalues of a Latin Square Graph on 25 vertices. These are a type of
Strongly Regular Graph.

M = latin_square_graph(5);
println(eigvals(Matrix(lap(M))))
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(0.0, 10.0, t10.0, 10.0, 10.0, 10.0, 10.0, 10.0, 10.0, 10.0, 10.0, 10.0, 10.0,
15.0, 15.0, 15.0, 15.0, 15.0, 15.0, 15.0, 15.0, 15.0, 15.0, 15.0, 15.0]

All Latin Square Graphs of the same size have the same eigenvalues, whether or not they are
isomorphic. We will learn some surprisingly fast (but still not polynomial time) algorithms for
checking whether or not Strongly Regular Graphs are isomorphic.

1.5.3 Platonic Solids

Of course, some graphs are not meant to be drawn in two dimensions. For example let’s try
drawing the skeleton of the dodecahedron using 1, and 5.

o— \ 4

read_graph("dodec.txt")
eigen(Matrix(lap(M)))
E.vectors[:,2]

E.vectors[:,3]

plot_graph(M, x, y; setaxis=false);

M
E
bq
y

Figure 1.5: The 1-skeleton of the dodecahedron.

You will notice that this looks like what you would get if you squashed the dodecahedron down to
the plane. The reason is that we really shouldn’t be drawing this picture in two dimensions: the
smallest non-zero eigenvalue of the Laplacian has multiplicity three.

E = eigen(Matrix(lap(M)))
E.values’

3.556271e-15 0.763932 0.763932 0.763932 2.0 2.0 2.0 2.0 2.0
3.0 3.0 3.0 3.0 5.0 5.0 5.0 5.0 5.23607 5.23607 5.23607
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So, we can’t reasonably choose just two eigenvectors. We should be choosing three that span the
eigenspace. When we do, we get the canonical representation of the dodecahedron in three
dimensions.

x = E.vectors[:,2]
y = E.vectors[:,3]
z = E.vectors/[:,4]

plot_graph(M, x, y, z; setaxis=false)

As you would guess, this happens for all Platonic solids. In fact, if you properly re-weight the
edges, it happens for every graph that is the one-skeleton of a convex polytope [Lov01].

We finish this section by contemplating an image of the high-frequency eigenvectors of the
dodecahedron. This code plots them in three dimensions, although we can only print them in two.
Observe that vertices are approximately opposite their neighbors.
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x = E.vectors[:,20]
y = E.vectors[:,19]
z = E.vectors[:,18]

plot_graph(M, x, y, z; setaxis=false);

1.5.4 The Fiedler Value

We prove in Lemma 3.1.1 that the second-smallest eigenvalue of the Laplacian matrix of a graph
is zero if and only if the graph is disconnected. If G is disconnected, then we can partition it into
two graphs G; and G5 with no edges between them, and then write

([ Lg, 0
Le = ( 0 LG2> '

As the eigenvalues of Lg are the union, with multiplicity, of the eigenvalues of Lg, and Lg, we
see that L¢ inherits a zero eigenvalue from each. Conversely, if G is connected then we can show
that the only vectors & for which 7 Lz = 0 are the constant vectors: if # is not constant and G
is connected then there must be an edge (a,b) for which x(a) # x(b). This edge will contribute a
positive term to the sum (1.1).

Fiedler suggested that we make this qualitative observation quantitative by considering Ao a
measure of how well connected the graph is. For this reason, he called it the “Algebraic
Connectivity” of a graph, and we call it the “Fiedler value”.

Fiedler [Fie73] proved that the further Ay is from 0, the better connected the graph is. In Chapter
21 we will the prove ultimate extension of this result: Cheeger’s inequality.

In short, we say that a graph is poorly connected if one can cut off many vertices by removing
only a few edges. We measure how poorly connected it is by the ratio of these quantities (almost).
Cheeger’s inequality gives a tight connection between this ratio and Ao. If A9 is small, then for

some t, the set of vertices
def

Si = {i1y(i) <t}
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may be removed by cutting many fewer than |S;| edges. This spectral graph partitioning heuristic
has proved very successful in practice.

In general, it will be interesting to turn qualitative statements like “G is connected if and only if
A2 > 07 into quantitative ones. For example, the smallest eigenvalue of the diffusion matrix is
zero if and only if the graph is bipartite. Trevisan [Tre09] showed that the magnitude of this
eigenvalue is related to how far a graph is from being bipartite.

1.5.5 Bounding Eigenvalues

We will often be interested in the magnitudes of certain eigenvalues. For this reason, we will learn
multiple techniques for proving bounds on eigenvalues. The most prominent of these will be
proofs by test vectors (Section 5.4) and proofs by comparison with simpler graphs (Chapter 6).

1.5.6 Planar Graphs

We will prove that graphs that can be drawn nicely must have small Fiedler value, and we will
prove very tight results for planar graphs (Chapter 25).

In Chapter 15 we will see how to use the graph Laplacian to draw planar graphs: Tutte [Tut63]
showed that if one reasonably fixes the locations of the vertices on a face of a planar graph and
then lets the others settle into the positions obtained by treating the edges as springs, then one
obtains a planar drawing of the graph!

1.5.7 Random Walks on Graphs

Spectral graph theory is one of the main tools we use for analyzing random walks on graphs. We
will devote a few chapters to this theory, connect it to Cheeger’s inequality, and use tools
developed to study random walks to derive a fascinating proof of Cheeger’s inequality

(Chapter 16).

1.5.8 Expanders

We will be particularly interested in graphs that are very well connected. These are called
expanders. Roughly speaking, expanders are sparse graphs (say having a number of edges linear
in the number of vertices), in which Ay is bounded away from zero by a constant. They are among
the most important examples of graphs, and play a prominent role in Theoretical Computer
Science.

Expander graphs have numerous applications. We will see how to use random walks on expander
graphs to construct pseudo-random generators about which one can actually prove something. We
will also use them to construct good error-correcting codes.
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Error-correcting codes and expander graphs are both fundamental objects of study in the field of
extremal combinatorics and are extremely useful. We will also use error-correcting codes to
construct crude expander graphs. In Chapter 30 we will see a simple construction of good
expanders. The best expanders are the Ramanujan graphs. These were first constructed by
Margulis [Mar88] and Lubotzky, Phillips and Sarnak [LPS88]. In Chapters 44 and 43 we will
prove that there exist infinite families of bipartite Ramanujan graphs.

1.5.9 Approximations of Graphs

We will ask what it means for one graph to approximate another. Given graphs G and H, we will
measure how well G approximates H by the closeness of their Laplacian quadratic forms. We will
see that expanders are precisely the sparse graphs that provide good approximations of the
complete graph, and we will use this perspective for most of our analysis of expanders in

Chapter 27. In Chapters 32 and 33 we show that every graph can be well-approximated by a
sparse graph through a process called sparsification.

1.5.10 Solving equations in and computing eigenvalues of Laplacians

We will also ask how well a graph can be approximated by a tree, and see in Chapter 36 that
low-stretch spanning-trees provide good approximations under this measure.

Our motivation for this material is the need to design fast algorithms for solving systems of linear
equations in Laplacian matrices and for computing their eigenvectors. This first problem arises in
numerous contexts, including the solution of elliptic PDEs by the finite element method, the
solution of network flow problems by interior point algorithms, and in classification problems in
Machine Learning.

In fact, our definition of graph approximation is designed to suit the needs of the Preconditioned
Conjugate Gradient algorithm.

1.5.11 Advice on reading this book

Throughout this book, we have tried to strike a balance between the simplicity and generality of
the results that we prove. But, whenever you want to understand a proof, you should try to make
as many simplifying assumptions as are reasonable. For example, that the graph under
consideration is connected, all of its edges have weight 1, and that of its eigenvalues have
multiplicity one.

When seeking generalizations of the material in this book, you should consult the source material
of the notes at the end of each chapter.
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1.6 Exercises

The following exercises are intended to help you get back in practice at doing linear algebra. You
should solve all of them.

1. Orthogonal eigenvectors. Let M be a symmetric matrix, and let 1 and ¢ be vectors so
that

My =pyp and Mo =vo.
Prove that if p # v then v must be orthogonal to ¢. Your proof should exploit the symmetry of
M, as this statement is false otherwise.

2. Invariance under permutations.
Let IT be a permutation matriz. That is, there is a permutation 7 : V' — V so that

TT(u, v) = {1 if u = 7(v), and

0 otherwise.

Prove that if
M = M,

then
(M) (M) = A(ITep).

That is, permuting the coordinates of the matrix merely permutes the coordinates of the
eigenvectors, and does not change the eigenvalues.

3. Invariance under rotations.
Let Q be an orthogonal matriz. That is, a matrix such that Q7 Q = I. Prove that if
My =\,
then
(@M Q") (Q¥) = NQy).
4. Similar Matrices.

A matrix M is similar to a matrix B if there is a non-singular matrix X such that
X 'M X = B. Prove that similar matrices have the same eigenvalues.

5. Spectral decomposition.

Let M be a symmetric matrix with eigenvalues A1,..., A, and let ¥,...,4,, be a corresponding
set of orthonormal column eigenvectors. Let ¥ be the orthogonal matrix whose ¢th column is ;.
Prove that

OTME = A,

where A is the diagonal matrix with Aq,..., A, on its diagonal. Conclude that

M = WAYT =" Nap,ap]
%
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6. Traces.

Recall that the trace of a matrix A, written Tr (A), is the sum of the diagonal entries of A. Prove
that for two matrices A and B,
Tr(AB)=Tr(BA).

Note that the matrices do not need to be square for this to be true: they can be rectangular
matrices of dimensions n x m and m X n.

Use this fact and the previous exercise to prove that
n
Tr (A) = Z )\Z',
i=1

where A1, ..., \, are the eigenvalues of A. You are probably familiar with this fact about the
trace, or it may have been the definition you were given. This is why I want you to remember
how to prove it.

7. The Characteristic Polynomial

Let M be a symmetric matrix. Recall that the eigenvalues of M are the roots of the
characteristic polynomial of M:

p(z) def det(zl — M) = H(:c — ).

Write

Prove that

ch= Y det(M(S,9)).

SCnl,|S|=k

Here, we write [n] to denote the set {1,...,n}, and M (S, S) to denote the submatrix of M with
rows and columns indexed by S.

8. Reversing products.

Let M be a d-by-n matrix. Prove that the multiset of nonzero eigenvalues of M M7 is the same
as the multiset of nonzero eigenvalues of M7 M.



Chapter 2

Eigenvalues and Optimization: The
Courant-Fischer Theorem

One of the reasons that the eigenvalues of matrices have meaning is that they arise as the solution
to natural optimization problems. The formal statement of this is given by the Courant-Fischer
Theorem. We begin by using the Spectral Theorem to prove the Courant-Fischer Theorem. We
then give a self-contained proof of the Spectral Theorem for symmetric matrices by leveraging a
special case of the Courant-Fischer Theorem.

The Rayleigh quotient of a vector & with respect to a matrix M is defined to be

I Max

e (2.1)

The Rayleigh quotient of an eigenvector is its eigenvalue: if M) = pap, then

YIMy Ty
Ty Ty

L.

The Courant-Fischer Theorem tells us that the vectors that maximize the Rayleigh quotient are
exactly the eigenvectors of the largest eigenvalue of M. In fact it supplies a similar
characterization of all the eigenvalues of a symmetric matrix.

Theorem 2.0.1 (Courant-Fischer Theorem). Let M be a symmetric matriz with eigenvalues
1> prg > -+ > . Then,

' Mz 2T Mzx
1 = max = min
a z20 xTx ’ fin 20 xlx
and for all k > 1,
CxTMe . T’ Mz
pk = max min — = min max —

SCR"™ zeS x'x TCR™ zel T T

dim(S)=Fk #0 dim(T)=n—k+1 70

21
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where the mazimization and minimization are over subspaces S and T of R™.

The corresponding eigenvectors satisfy

P, € arg max z! Mz, and W, € arg min = Mz,
zll=1 zll=1
and for2 <k <n
P, € arg thin e’ Mz, and p, € arg ”m”ax T M. (2.2)
z||=1 z||=1
mT1pj:0, forj>k :ET'l[Jj:O, forj <k

2.1 The First Proof

As with many proofs in spectral theory, we begin by expanding a vector x in the basis of
eigenvectors of M. Let’s recall how this is done.

Let 44, ...,,, be an orthonormal basis of eigenvectors of M corresponding to p1, ..., t,. For
every! vector ¢, we may write

T = Zcid)i, where ¢; = ! x. (2.3)

1

There are many ways to verify this. Let ¥ be the matrix whose columns are 1, ...,%,,, and
recall that the matrix W is said to be orthogonal if its columns are mutually orthogonal unit
vectors. Also recall that the orthogonal matrices are exactly those matrices ¥ for which
WP = I, and that this implies that 7 ® = I. We now verify (2.3) by

D_ati =D (Wl =) vilpiz) = (Z ¢i¢iT> z= (V0 )z =TIz =2z

i [

As you gain comfort with linear algebra, you will avoid summation over indices and instead write
¢ =¥ and £ = We. Until you get used to orthonormal bases, just pretend that they are the
basis of elementary unit vectors. For example, you know that

x(i) = 67 x,and that & = Z:c(z)él

i

The first step in the proof of Theorem 2.0.1 is to express the Laplacian quadratic form of  in
terms of the expansion of  in the eigenbasis. We will use this expansion often.

Lemma 2.1.1. Let M be a symmetric matriz with eigenvalues 1, ...,y and a corresponding
orthonormal basis of eigenvectors 1,...,1,,. Let  be a vector whose expansion in this basis is
n
T = Z cip;.
i=1

"When we say “every”, assume we mean every vector of the dimension of M.
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Then,

Proof. Compute:

as

Proof of Theorem 2.0.1. Let 4, ...,1,, be an orthonormal set of eigenvectors of M
corresponding to p1, ..., . We will just verify the identity

2T M
= max min
H SCR™ zcS zTx
dim(S)=k 7#0

as the expressions for p; and pu, are special cases of this, and the proof of the other
characterization is similar.

First, let’s verify that uy is achievable. Let S be the span of ©,,...,1;,. We can expand every

x €S as
k

T = Z ;.

i=1

Applying Lemma 2.1.1 we obtain

T k 2 k 2
' Mz > im1 MiC > [k D i C

T k - k = k-
-z P sz Diet sz

23
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So, 2
2T Me
min ——
zeS x'x

2> k-

To show that this is in fact the maximum, we will prove that for all subspaces S of dimension k,

2T Mzx
min ——
zeS XX

< -

Let T be the span of ¥, ...,%,,. As T has dimension n — k + 1, every subspace S of dimension k
has an intersection with 7" of dimension at least 1. In particular, S N7 is non-empty so we can

write
Mz .z Mz ' Max
min T < min T < max T
zcS xlx zeSNT x'x zcT x'x

Let x be a vector in T" at which this maximum is achieved, and expand « in the form

n

T = Z iy,

i=k

Again applying Lemma 2.1.1 we obtain

T n 2 n 2
z' Mz _ Zi:k i€y < 23 Zi:k G
T - n 2 = n 5 — Mk-
T T D ik G Yok Ci

As zp{szk = pg, and T' = {:B : :BTI/)j =0, for j < k},

P € arg max T Mux.
[z]=1
a:T'(/)jZO, for j < k

The other expression for 1), follows from S = {m : wTde =0, for j > k‘} O

2.2 Proof of the Spectral Theorem by Optimization
We now give a self-contained proof that the Rayleigh quotient is maximized at an eigenvector of

M.

Theorem 2.2.1. Let M be a symmetric matriz and let € be a non-zero vector that maximizes
the Rayleigh quotient with respect to M :

I Mz
zTx

Then, Mx = py1x, where py is the largest eigenvalue of M. Conversely, the minimum is achieved
by eigenvectors of the smallest eigenvalue of M .

2Be warned that we will often neglect to mention the condition  # 0, but we always intend it.
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Proof. We first observe that the maximum is achieved: as the Rayleigh quotient is homogeneous,
it suffices to consider unit vectors x. As the Rayleigh quotient is continuous on the set of unit
vectors and this set is closed and compact, the maximum is achieved on this set>.

Now, let £ be any non-zero vector that maximizes the Rayleigh quotient. We recall that the
gradient of a function at its maximum must be the zero vector. Let’s compute that gradient.

We have?
Velz = 2z,
and
V' Mz =2Mz.
So,

z'Mz (zTz)2Mz) - (x" Mz)(2x)
v Tz (zTx)? '

In order for this to be zero, we must have
(Tze)Mz = (" Mz)z,

which implies

T
" Mx
Mz =——F—=.
zlx
That is, if and only if x is an eigenvector of M with eigenvalue equal to its Rayleigh quotient. As
x maximizes the Rayleigh quotient, this eigenvalue must be the largest of M. O

Corollary 2.2.2. Every non-zero symmetric matric M has at least one eigenvector with
non-zero eigenvalue.

Proof. We first show that there is some vector & for which 7 Mx # 0. If M (i,i) # 0 for some i,
then §;, the elementary unit vector in direction 4, is such a vector. If all diagonals of M are zero,
let M (i, j) be a non-zero entry of M and set = §; + 8. This suffices because

' Mz =2M/ (i, j) # 0.

If 2" Mx > 0, we can use Theorem 2.2.1 to obtain an eigenvector 1 of M with eigenvalue u > 0.
If 2" Mx < 0, then apply Theorem 2.2.1 to —M to obtain an eigenvector ¥ of —M with
eigenvalue v > 0, and observe that 1 as an eigenvector of M with eigenvalue p = —v < 0. 0

We now give a self-contained proof of the Spectral Theorem for symmetric matrices. The idea of
the proof is to use Theorem 2.2.1 to obtain 1; and w1, and then proceed by induction.

3Here’s an explanation for those not familiar with analysis: we need to avoid the situation in which there are @
on which the function is arbitrarily close to its maximum, but there are none on which it is achieved. We also need
to avoid the situation in which the maximum is undefined. These conditions guarantee that the maximum is defined
and that there is a unit vector x at which it is achieved. You can read almost all of this book without knowing
analysis, as long as you are willing to accept this result.

4In case you are not used to computing gradients of functions of vectors, you can derive these directly by reasoning
like

8 T a 2
8$(a)m x = ax(a);m(b) = 2z(a).
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Theorem 2.2.3. For every real symmetric matriz M of rank r, there exist non-zero real numbers
Uiy ...y ty and orthonormal vectors iy, ..., 4, such that

M =3 bl (2.4)

i=1
The content of this theorem is equivalent to that of Theorem 1.3.1, because multiplying Eq. (2.4)
on the right by v, gives M, = pu;1,;.
We first recall an elementary property of symmetric matrices.

Theorem 2.2.4. The span of a symmetric matriz is orthogonal to its nullspace.

Proof. Let M be a symmetric matrix. Recall that its span is the set of vectors of the form Mz,
and its nullspace is the set of vectors z for which Mz = 0. For y = M x, we have

2ly=2"Mz = (z"M)x =0Tz =0,

because M is symmetric. O

The following lemma is the key to the inductive proof of Theorem 2.2.3.

Lemma 2.2.5. Let M be a symmetric matriz, and let 1 be a unit eigenvector of M with
non-zero eigenvalue 1. Let

M =M — .

Then, the nullspace ofl\/z\[ contains the span of ¥ and the nullspace of M. And, the rank of M s
larger by one than the rank of M .

Proof. We first show that the nullspace of M is contained in the nullspace of M. Let = be a
vector for which Ma = 0. As % is in the span of M, x is orthogonal to . So,

]\/me:Ma:—/uﬁsza::O—po:O.

As p # 0, 1 is not in the nullspace of M. However, our construction of M forces v to lie in its
nullspace:

My = My — pp(sp" o) = pap — pgp = 0,
where the second equality uses the fact that 1) is a unit vector.
Now, Theorem 2.2.4 tells us that ) is orthogonal to the span of M. Together with the fact that

M = M + papap”, this implies that the span of M equals the span of M and ¢, and thus is 1
dimensional larger than the span of M. O

Proof of Theorem 2.2.3. We proceed by induction on the rank of M. If M is the zero matrix,
then the theorem is trivial.
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We now assume that the theorem has been proved for all matrices of rank r, and prove it for
matrices of rank r + 1. Let M be a symmetric matrix of rank r + 1. We know from Corollary 2.2.2
that there is a unit eigenvector 1 of M of eigenvalue p # 0. Let M = M — ppyp? .

By Lemma 2.2.5, the rank of M is r. Our inductive hypothesis now implies that there are
orthonormal vectors 1), ..., %, and non-zero uq,..., i, such that

T
M=) ;.
i=1
Setting 1,.,1 = v and p,41 = p, we have

r+1

M = Z by
i=1

To show that 1), is orthogonal to v, for i < r, note that 1), is in the span of M and P, isin
its nullspace. O

2.3 Singular Values for Asymmetric Matrices

The characterization of eigenvalues by maximizing or minimizing the Rayleigh quotient only
works for symmetric matrices. The analogous quantities for non-symmetric matrices A are the
singular vectors and singular values of A, which are the eigenvectors of AAT and AT A, and the
square roots of the eigenvalues of those matrices.

Definition 2.3.1. The singular value decomposition of a matriz A is an expression of the form
A=UzVT,

where U and V are matrices with orthonormal columns and X is a diagonal matrix with
non-negative entries. The diagonal entries of 3 are the singular values of A, and the columns of
U and V are its left and right singular vectors.

Even rectangular matrices have singular value decompositions. If A is an m-by-n matrix and

r = min(m, n), we can assume that ¥ is square of dimension r, and that U and V are m-by-r
and n-by-r matrices with orthonormal columns. Let o1 > ... > o, be the diagonal entries of 3,
and let uy,...,u, and vq,..., v, be the columns of U and V. Then, the above decomposition

can be written i
Z T
A= o;u;v; .
i=1

As the columns of V are orthonormal, it follows that
A’Ui = 0;U;
for any singular vector v;.

We can use techniques similar to those we used to prove the Courtant-Fischer Theorem to obtain
the following characterization of the singular values.
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Theorem 2.3.2. Let A be an arbitrary real m-by-n matriz, and let o1 > ... > o, be its singular
values, where r = min(m,n). Then,

o1 = max ul Av,
[lul|=1
flvll=1

and
O = max min _ u’ Av,

dim(S)=k u€eSweT
dim(7)=k [luv[=1,lv|]=1

where in the minima above, u € R™, v € R", S is a subspace of R™ and T is a subspace of R™.
2.4 Exercise

1. Prove Theorem 2.3.2.

2. A tighter characterization.

Tighten Theorem 2.2.3 by proving that for every sequence of vectors x1, ..., x, such that
T; € arg max T Mz,
llz|l=1

:I:ijz(],for 7<i

each x; is an eigenvector of M.



Chapter 3

The Laplacian and Graph Drawing

3.1 The Laplacian Matrix

We begin this section by establishing the equivalence of multiple expressions for the Laplacian.

The Laplacian Matrix of a weighted graph G = (V, E,w), w : E — IR, is designed to capture the
Laplacian quadratic form:

T Loz = Z wap(z(a) — (D)) (3.1)
(a,b)EE

We will now use this quadratic form to derive the structure of the matrix. To begin, consider a
graph with just two vertices and one edge of weight 1. Let’s call it G 2. We have

ZBTLGLQIB = (z(1) — z(2))2% (3.2)

Consider the vector 61 — 2, where §, is the elementary unit vector with a 1 in coordinate a. We

have
z(1)—xz(2) =0Tz —6lx = (8, — )"z,

(@(1) — 2(2))* = (81 — 62)Tx)* = &7 (81 — 82) (61— 82)" =

:a;T[_”ﬂ —1]m:mT[_i _Hm

1 -1
S

Now, let G, be the graph with just one edge between vertices a and b. It can have as many
other vertices as you like. The Laplacian of G, can be written in the same way:

Thus,

Lg,, = (6a — 6p) (04 — o))"

29
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This is the matrix that is zero except at the intersection of rows and columns indexed by a and b,
where it looks looks like
1 -1
-1 1|

Summing the matrices for every edge, we obtain

Lo= > wep(8a—8)(8a—80)" = > wasla,,. (3.3)
(a,b)eE (a,b)EE

You should check that this agrees with the definition of the Laplacian from Section 1.2.3:
Lec = D¢ - Ag,

where

D¢g(a,a) = Z Wab-
b

This formula turns out to be useful when we view the Laplacian as an operator. For every vector
x we have
(Lez)(a) = d(@)z(a) = Y wapx(d) = D wep(@(a) — (b)), (3.4)
(a,b)EE (a,b)EE
because d(a) = >, pep Wa,b-

From (3.1), we see that if all entries of = are the same, then £ Lz equals zero. From (3.4), we
can immediately see that L1 = 0, so the constant vectors are eigenvectors of eigenvalue zero. If
the graph is connected, these are the only eigenvectors of eigenvalue zero.

Lemma 3.1.1. Let G = (V, E) be a weighted graph, and let 0 = A\ < Ay < --- <\, be the
etgenvalues of its Laplacian matriz, L. Then, Ao > 0 if and only if G is connected.

Proof. We first show that Ay = 0 if G is disconnected. If G is disconnected, then it can be
described as the disjoint union of two graphs, G1 and G9, with no edges between them. After
suitably reordering the vertices, we can write

| Lg, 0
L= [ 0 LGJ.

So, L has at least two orthogonal eigenvectors of eigenvalue zero:

HIEEE

where we have partitioned the vectors as we did the matrix L.

On the other hand, assume that G is connected and that 1) is an eigenvector of L of eigenvalue 0.
As
Ly =0,
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we have

L= ) wep(¥(a) —(b)* = 0.

(a,b)eFE

Thus, for every pair of vertices (a,b) connected by an edge, we have! (a) = 1(b). As every pair
of vertices a and b are connected by a path, we may inductively apply this fact along the path to
show that 1p(a) = 1 (b) for all vertices a and b. Thus, 1 must be a constant vector. We conclude
that the eigenspace of eigenvalue 0 has dimension 1. O

3.2 Drawing with Laplacian Eigenvalues

The idea of drawing graphs using eigenvectors demonstrated in Section 1.5.1 was suggested by
Hall [Hal70] in 1970.

To explain Hall’s approach, we first consider the problem of drawing a graph on a line. That is,
mapping each vertex to a real number. It isn’t easy to see what a graph looks like when you do
this, as all of the edges sit on top of one another. One can fix this either by drawing the edges of
the graph as curves, or by wrapping the line around a circle.

Let € RY be the vector that describes the assignment of a real number to each vertex. We
would like vertices that are neighbors to be close to one another. For an unweighted graph, Hall
suggested choosing an x minimizing

e'Le= > (z(a) - z(b)” (3.5)
(a,b)eE

Unless we place restrictions on «, the solution will be degenerate. For example, all of the vertices
could map to 0. To avoid this, and to fix the scale of the drawing overall, we require

S 2(0)? = 2 = 1. (3.6)
acV

Even with this restriction, another degenerate solution is possible: it could be that every vertex
maps to 1/4/n. To prevent this from happening, we impose the additional restriction that

Z x(a) =1T2z = 0. (3.7)

On its own, this restriction fixes the shift of the drawing along the line. When combined with
(3.6), it guarantees that we get something interesting.

As 1 is the eigenvector of smallest eigenvalue of the Laplacian, Theorem 2.0.1 implies that a unit
eigenvector of Ay minimizes £ Lz subject to (3.6) and (3.7).

Of course, we really want to draw a graph in two dimensions. So, we will assign two coordinates
to each vertex given by « and y. As opposed to minimizing (3.5), we will minimize the sum of

'Recall that edges weights are assumed to be positive.
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the squares of the lengths of the edges in the drawing:
= 1GE)-Gall
2 @) o) |-
This turns out not to be so different from minimizing (3.5), as it equals

> (@(a) - 2(6)* + (y(a) — y(v)* = 2" Lz + y" Ly.
(a,b)EE

As before, we impose the scale conditions
2 2
" =1 and [ly[|" =1,

and the centering constraints
1"2=0 and 1Ty =0.

However, this still leaves us with the degenerate solution = y = 1,. To ensure that the two
coordinates are different, Hall introduced the restriction that = be orthogonal to y. This is how
we drew the pictures in Figs. 1.1, 1.4 and 1.5. To draw a graph in k dimensions, Hall suggested
choosing k orthonormal vectors x1,. ..,z that are orthogonal to 1 and minimize ), .’BZTL:BZ A
natural choice for these is 1y through 1, and this choice achieves objective function value

ity A
The following theorem says that this choice is optimal. It is a variant of [Fan49, Theorem 1].

Theorem 3.2.1. Let L be a Laplacian matrixz with eigenvalues 0 = A\p < Ao < -+ < Ay,
corresponding to orthonormal eigenvectors 1y, ...,4,,, and let 1, ...,z be any orthonormal
vectors that are all orthogonal to 1. Then

k+1

k
Y @l La > ) N,
=1 =2

and this inequality is tight only when a:;r'l,bj =0 for all j such that \j > Ag41.

We would have liked to have said “this inequality is tight only when m?¢j =0forall j >k+1,
but this could be wrong if there are repeated eigenvalues.

Proof. Let py1,...,x, be vectors such that x1,...,x, is an orthonormal basis. We can find
these by choosing €y1,...,Z, to be an orthonormal basis of the space orthogonal to x1,...,xk.
We now know that for all 1 <i<n
n n
(pjz)>=1 and > (z]9)> =1
j=1 Jj=1

That is, the matrix with ¢, j entry (¢ij¢)2 is doubly-stochastic®.

2This theorem is really about majorization, which is easily established through multiplication by a doubly-
stochastic matrix.
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We can assume that ¢; = 1/y/n. For i <k, Il)lT:z:i = 0; so, Lemma 2.1.1 implies

:IIZTL:Bi = Z Aj(¢fxz)2
j=2

= Aert + (0 = M) (9] )%, by Y (] m:)* =1
=2 i=2
k1

> Mer1 + (N = Aer) (9] 24)%,
=2

as A\j > Ay4q for j > k+ 1. This inequality is only tight when (¢]Ta:,;)2 = 0 for all j such that
)\j > )‘k—i-l‘

Summing over ¢ we obtain

k+1 k
Za: Lz > khepr + (A = Aevn) () @)
=1 7j=2 =1
k+1
> kApg1 + Z()\j — Akt1)
=2
k+1
= Z A,
=2

where the second inequality follows from the facts that A\; — Ay41 <0 and Zle('tp?:cif <1
This inequality is tight under the same conditions as the previous one.

O]

The beautiful pictures that we sometimes obtain from Hall’s graph drawing should convince you
that eigenvectors of the Laplacian should reveal a lot about the structure of graphs. But, it is
worth pointing out that there are many graphs for which this approach does not produce nice
images, and there are in fact graphs that can not be nicely drawn. Expander graphs are good
examples of these.

Many other approaches to graph drawing borrow ideas from Hall’s work: they try to minimize
some function of the distances of the edges subject to some constraints that keep the vertices well
separated. However, very few of these have compactly describable solutions, or even solutions
that can provably be computed in polynomial time. The algorithms that implement them
typically use a gradient based method to attempt to minimize the function of the distances
subject to constraints, but can not guarantee that they actually minimize it. For many of these
methods, relabeling the vertices could produce very different drawings! Thus, one must be careful
before using these images to infer some truth about a graph.



Chapter 4

Adjacency matrices, Eigenvalue
Interlacing, and the Perron-Frobenius
Theorem

In this chapter, we examine the meaning of the smallest and largest eigenvalues of the adjacency
matrix of a graph. Note that the largest eigenvalue of the adjacency matrix corresponds to the
smallest eigenvalue of the Laplacian. Our focus in this chapter will be on the features that
adjacency matrices possess but which Laplacians do not. Where the smallest eigenvector of the
Laplacian is a constant vector, the largest eigenvector of an adjacency matrix, called the Perron
vector, need not be. The Perron-Frobenius theory tells us that the largest eigenvector of an
adjacency matrix is non-negative, and that its value is an upper bound on the absolute value of
the smallest eigenvalue. These are equal precisely when the graph is bipartite.

We will examine the relation between the largest adjacency eigenvalue and the degrees of vertices
in the graph. This is made more meaningful by the fact that we can apply Cauchy’s Interlacing
Theorem to adjacency matrices. We will use it to prove a theorem of Wilf [Wil67] which says that
a graph can be colored using at most 1 4 | 1] colors. We will learn more about eigenvalues and
graph coloring in Chapter 19.

4.1 The Adjacency Matrix

Let M be the adjacency matrix of a (possibly weighted) graph G. As an operator, M acts on a
vector ¢ € RY by

(Ma)(@)= > wasa(b). (4.1)

(a,b)eFE

When the edge set E is understood, we use the notation a ~ b as shorthand for (a,b) € E. Thus,
we may write (Mx)(a) =Y, Wapx (D).

We will denote the eigenvalues of M by uq, ..., u,. But, we order them in the opposite direction

34
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than we did for the Laplacian: we assume

The reason for this convention is so that u; corresponds to the ith Laplacian eigenvalue, \;. If G
is a d-regular graph, then D = Id,
L=dI — M,

and so

)\z:d_ﬂz

Thus the largest adjacency eigenvalue of a d-regular graph is d, and its corresponding eigenvector
is the constant vector. We could also prove that the constant vector is an eigenvector of
eigenvalue d by considering the action of M as an operator (4.1): if (a) = 1 for all @ € V, then
(Mz)(b) =dforallbe V.

4.2 The Largest Eigenvalue, 1

We now examine p for graphs which are not necessarily regular. Let G be a graph, let diq, be
the maximum degree of a vertex in GG and let dg,e be the average degree of a vertex in G. We will
show that p; lies between these. This naturally holds when we measure degrees by weight.

Lemma 4.2.1. For a weighted graph G with n vertices, we define

of 1 e
d(we o Z d(a) and dmax d:f max d(a)

T
If iy s the largest adjacency eigenvalue of G, then

dgve < p1 < Amaz-

Proof. The lower bound follows by considering the Rayleigh quotient of 1 with respect to M:

T T T
Mz _1'"M1 1'd > d(a)

e > e e a e .
T e n n dave

To prove the upper bound, let ¢; be an eigenvector of eigenvalue p;. We may assume without
loss of generality that ¢; has a positive value, because we can replace it by —¢; if it does not.
Let a be the vertex on which ¢; takes its maximum value. We show that 1 < d(a):

1 1 1
i = gy (M) = oos 3 wapbi(b) < oors 3 wapdi(a) = d(@) < da. (42)

¢1(a) b:b~a b:b~a

O]

Lemma 4.2.2. If G is connected and p1 = dpmaz, then G is dpaz-regular.
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Proof. If we have equality in (4.2), then it must be the case that d(a) = dpe: and ¢, (b) = ¢, (a)
for all (a,b) € E. Thus, we may apply the same argument to every neighbor of a. As the graph is
connected, we may keep applying this argument to neighbors of vertices to which it has already
been applied to show that ¢ (c) = ¢, (a) and d(¢) = dpqy for all c € V. O

The following is a commonly used extension of Lemma 4.2.1.

Theorem 4.2.3. Let M be an arbitrary n-by-n matrix with complex entries, and let A be an

etgenvalue of M. Then,

def
Al < max ) | M(a,b)] = [|M]|, -
b

Proof. Let ¢ be an eigenvector of M with eigenvalue A\, and let a be the index on which ¢ has
largest magnitude. We have

Al lg(a)| = [Ap(a)] = (M @)(a)| = | M(a,b)p(b)

b

< IM(a,0) [$(0)] < Y [M(a,0)] |(a)] = [(a)l Y | M (a,b)].

b b b
So, [\ < 33, | M (a,b)- O

There are graphs for which the bounds in Lemma 4.2.1 are very loose. Consider a large complete
d-ary tree, T'. It will have maximum degree d, an average degree just a little under 2, and u; close
to 24/d — 1. The following theorem establishes a tight upper bound on w1 by re-scaling the matrix
to average out the low and high degree vertices. We save the lower bound for an exercise.

Theorem 4.2.4. Let d > 2 and let T' be a tree in which every vertex has degree at most d. Then,
all adjacency eigenvalues of T have absolute value at most 2v/d — 1.

Proof. Let M be the adjacency matrix of 7. Choose some vertex to be the root of the tree, and
define its height to be 0. For every other vertex a, define its height, h(a), to be its distance to the
root. Define D to be the diagonal matrix with

h(a)
D(a,a) = (\/d - 1)
Recall that multiplying a matrix by a diagonal matrix from the left scales its rows, that
multiplying by a diagonal matrix from the right scales its columns, and that the eigenvalues of M
are the same as the eigenvalues of DM D!, Theorem 4.2.3 tells us that the magnitude of these
eigenvalues is at most the largest row sum of DM D!,

So, we need to prove that all row sums of DM D™! are at most 2v/d — 1. There are three types
of vertices to consider. First, the row of the root has up to d entries that are all 1/v/d — 1. For
d>2,d/v/d—1<2yd—1. Second, every leaf has exactly one nonzero entry in its row, and that
entry equals v/d — 1 The rest of the vertices have one entry in their row that equals v/d — 1, and
up to d — 1 entries that are equal to 1/v/d — 1, for a total of 2v/d — 1. O
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4.3 Eigenvalue Interlacing

We can strengthen the lower bound in Lemma 4.2.1 by proving that p; is at least the average
degree of every subgraph of G. We will prove this by applying Cauchy’s Interlacing Theorem.

For a graph G = (V, E) and S C V, we define the vertez-induced subgraph induced by S, written
G(S), to be the graph with vertex set S and all edges in E connecting vertices in S:

{(a,b) e E:a€ Sandbe S}.

For a symmetric matrix M whose rows and columns are indexed by a set V' and subset S of V|
we write M (S) for the symmetric submatrix with rows and columns in S.

Theorem 4.3.1 (Cauchy’s Interlacing Theorem). Let A be an n-by-n symmetric matriz and let
B be a principal submatriz of A of dimension n — 1 (that is, B is obtained by deleting the same
row and column from A). Then,

o> Pr>ag> P> > a1 > Bt 2> o,

where ap > g > -+ >y and B > Po > -+ > PBu_1 are the eigenvalues of A and B, respectively.

Proof. Without loss of generality we will assume that B is obtained from A by removing its first
row and column. We now apply the Courant-Fischer Theorem, which tells us that
Cz2T Az
ap = max min

SCR" zeS xlTax
dim(S)=k

Applying this to B gives

() 2()

fp= max min——-— = max min T
SCR"»~! zeS X' T SCR"~! z€eS Trt T
dim(S)=k dim(S)=k

We see that the right-hand expression is a maximum over the special family of subspaces of R"™ of
dimension & in which all vectors in the subspaces must have first coordinate 0. As the maximum
over all subspaces of dimension & can only be larger,

ag > .

We may prove the inequalities in the other direction, such as By > a1, by replacing A and B
with —A and — B, or by using the other characterization of eigenvalues in the Courant-Fischer
Theorem as a minimum over subspaces. ]

Lemma 4.3.2. For any S CV, let daye(S) be the average degree of G(S). Then,

dave(s) < M-
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Proof. If M is the adjacency matrix of G, then M (S) is the adjacency matrix of G(5). Lemma
4.2.1 says that dgye(S) is at most the largest eigenvalue of the adjacency matrix of G(S), and
Theorem 4.3.1 says that this is at most ;.

We can also prove this without using Cauchy’s Interlacing Theorem. Consider the Rayleigh
quotient in the characteristic vector of S, 1g, where

1 ifaesS
15((1):{

0 otherwise.
Theorem 2.2.1 tells us that p; is at least

1iM1g 20 bes, (ap)eE Wab B
1715 = 5| = dape(S). O
3

If we remove the vertex of smallest degree from a graph, the average degree can increase. On the
other hand, Cauchy’s Interlacing Theorem says that p; can only decrease when we remove a
vertex.

Lemma 4.3.2 is a good demonstration of Cauchy’s Theorem. But, using Cauchy’s Theorem to
prove it was overkill. A more direct way to prove it is to emulate the proof of Lemma 4.2.1, but
computing the quadratic form in the characteristic vector of S instead of 1.

4.4 Wilf’s Theorem

We now apply Lemma 4.3.2 to obtain an upper bound on the chromatic number of a graph.
Recall that a coloring of a graph is an assignment of colors to vertices in which adjacent vertices
have distinct colors. A graph is said to be k-colorable if it can be colored with only k colors'. The
chromatic number of a graph, written x(G), is the least k for which G is k-colorable. The
bipartite graphs are exactly the graph of chromatic number 2.

It is easy to show that every graph is (dpq. + 1)-colorable. Assign colors to the vertices
one-by-one. As each vertex has at most d,,q, neighbors, there is always some color one can assign
that vertex that is different than those assigned to its neighbors. The following theorem of Wilf
[Wil67] improves upon this bound.

Recall that for a real number x, |z] is the largest integer less than or equal to z.
Theorem 4.4.1.
X(G) < ] +1.

Proof. We prove this by induction on the number of vertices in the graph. To ground the
induction, consider the graph with one vertex and no edges. It has chromatic number 1 and

'To be precise, we often identify these k colors with the integers 1 through k. A k-coloring is then a function
c¢:{1,...,k} — V such that c(a) # ¢(b) for all (a,b) € E.
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largest adjacency eigenvalue zero’. Now, assume the theorem is true for all graphs on n — 1
vertices, and let G be a graph on n vertices. Let a be the vertex of minimum degree in G.
Lemma 4.2.1 tells us that the average degree of a vertex of GG is at most a is at most p1, and so
the degree of a can be no larger. As the degree of a must be an integer, it can be at most |u1].
Let S =V \ {a}. By Lemma 4.3.2, the largest eigenvalue of G(S) is at most 1, and so our
induction hypothesis implies that G(S) has a coloring with at most |[u;| + 1 colors. Let ¢ be any
such coloring. We just need to show that we can extend ¢ to a. As a has at most |u1] neighbors,
there is some color in {1,..., |1 | + 1} that does not appear among its neighbors, and which it
may be assigned. Thus, G has a coloring with |p1] + 1 colors. O

The simplest example in which this theorem improves over the naive bound of d,,q, + 1 is the
path graph on 3 vertices: it has dmax = 2 but 1 < 2. Thus, Wilf’s theorem tells us that it can be
colored with 2 colors, which is tight.

Star graphs provide more extreme examples. A star graph with n vertices has dpqa = n — 1 but
u1 = +v/n — 1. So, the upper bound on the chromatic number given by Wilf’s theorem is much
better than the naive d;,q, + 1. But its is far from the actual chromatic number of a star graph, 2.

4.5 Perron-Frobenius Theory for symmetric matrices

The eigenvector corresponding to the largest eigenvalue of the adjacency matrix of a graph is
usually not a constant vector. However, it is always a positive vector if the graph is connected.
This follows from the Perron-Frobenius theory (discovered independently by Perron [Per07] and
Frobenius [Frol2]). In fact, the Perron-Frobenius theory says much more, and it can be applied to
adjacency matrices of strongly connected directed graphs. Note that these need not even be
diagonalizable!

In the symmetric case, the theory is made much easier by both the spectral theory and the
characterization of eigenvalues as extreme values of Rayleigh quotients.

Theorem 4.5.1. [Perron-Frobenius, Symmetric Case] Let G be a connected weighted graph, let A
be its adjacency matriz, let H be a nonnegative diagonal matriz, let M = A+ H, and let
W1 > o > -0 > g be its eigenvalues. Then

a. The eigenvalue puy has a strictly positive eigenvector,
b. p1 = —fin, and

C. p1 > p2.

For simplicity, we just prove the theorem in the case where H is the zero matrix.

We begin with a helpful lemma. It says that a non-negative eigenvector of the adjacency matrix
of a connected graph must be strictly positive.

2If this makes you uncomfortable, you could use both graphs on two vertices



CHAPTER 4. ADJACENCY, INTERLACING, AND PERRON-FROBENIUS 40

Lemma 4.5.2. Under the conditions of Theorem 4.5.1, assume that some non-negative vector ¢
1s an eigenvector of M. Then, ¢ is strictly positive.

Proof. If ¢ is not strictly positive, there is some vertex a for which ¢(a) = 0. As G is connected,
and ¢ is not identically zero, there must be some edge (b, ¢) for which ¢(b) = 0 but ¢(c) > 0. Let
u be the eigenvalue of ¢. As ¢(b) = 0, we obtain a contradiction from

0=pe(d) = (Me)b) = > wp.¢(2) > wpe(c) >0,

(b,2)€EE
where the inequalities follow from the fact that the terms wy , and ¢(z) are non-negative.

So, we conclude that ¢ must be strictly positive. O

Proof of Theorem 4.5.1. Let ¢; be an eigenvector of y; of norm 1, and construct the vector x
such that
z(u) = |@,(u)], for all u.

We will show that x is an eigenvector of eigenvalue p;.

We have 7z = ¢T ¢,. Moreover,

p= o] M =Y M(a,b)i(a)py(b) <> M(a,b) ¢ (a)| |1 (b)] = 2" M.

a,b a,b

So, the Rayleigh quotient of x is at least uy. As pp is the maximum possible Rayleigh quotient for
a unit vector, the Rayleigh quotient of & must be p; and Theorem 2.2.1 implies that & must be
an eigenvector of pj. As x is non-negative, Lemma 4.5.2 implies that it is strictly positive and
satisfies the promise of part a.

To prove part b, let ¢,, be the eigenvector of p, and let y be the vector for which y(u) = |@,,(u)|.
In the spirit of the previous argument, we can again show that

ltin| = ¢, M| <> M(a,b)y(a)y(b) = y" My < my"y = . (4.3)
a,b

To show that the multiplicity of p; is 1 (that is, ua < p1), consider an eigenvector ¢,. As ¢y is
orthogonal to ¢, it must contain both positive and negative values. We now construct the vector
y such that y(u) = |¢y(u)| and repeat the argument that we used for . We find that

po =3 My < y" My < .

If o = p1, then y is a nonnegative eigenvector of eigenvalue 1, and so Lemma 4.5.2 says that it
is strictly positive. Thus, ¢, does not have any zero entries. As it has both positive and negative
entries and the graph is connected, there must be some edge (a,b) for which ¢y(a) < 0 < ¢5(b).
This forces the inequality ¢2 M ¢, < y” My to be strict because the edge (a,b) will make a
negative contribution to (;bgM ¢, and a positive contribution to y” My. This contradicts our
assumption that ps = p1. O
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Finally, we show that for a connected graph G, u, = —u1 if and only if G is bipartite. In fact, if
fn = —pt1, then pi,—; = —pi41 for every 7.

Proposition 4.5.3. If G is a connected graph and p, = —p1, then G is bipartite.

Proof. Consider the conditions necessary to achieve equality in (4.3). First, y must be an
eigenvector of eigenvalue p;. Thus, y must be strictly positive, ¢,, can not have any zero values,
and there must be an edge (a,b) for which ¢, (a) < 0 < ¢,,(b). It must also be the case that all of
the terms in

> M(a,b)¢,(a)d,(b)

(a,b)eEFE

have the same sign, and we have established that this sign must be negative. Thus, for every edge
(a,b), ¢, (a) and ¢,,(b) must have different signs. That is, the signs provide the bipartition of the
vertices. n

Proposition 4.5.4. If G is bipartite then the eigenvalues of its adjacency matriz are symmetric
about zero.

Proof. As G is bipartite, we may divide its vertices into sets S and T so that all edges go between
S and T. Let ¢ be an eigenvector of M with eigenvalue p. Define the vector x by

z(a) ¢(a) ifae S and
“= —¢(a) ifaeT.

To see that x is an eigenvector with eigenvalue —u, note that for a € .S,

(Mz)(a)= Y Mabz®)= Y M(@b)(-¢®b)=—-(Me)(a) = —u¢(a) = —pz(a).

(a,b)eE (a,b)eEE

We may similarly show that (M z)(a) = —px(a) for a € T. O

4.6 Singular Values and Directed Graphs

If G is bipartite, with all edges going between the sets S and T, then the adjacency matrix of G

can be written in the form
0 B
M - (BT O) )

where the first set of rows and columns are indexed by S and the second by T'. Instead of
examining the entire matrix M, we can instead understand G in terms of the spectral properties
of B. But, B is not necessarily symmetric nor even square. Instead of its eigenvalues, we consider
its singular values and singular vectors, defined in Section 2.3.

Returning to bipartite graphs, let s = |S|, t = |T'|, and assume without loss of generality that
s < t. One can show that the singular values of B are the square roots of the eigenvalues of BB,
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The multiset of eigenvalues of M is comprised of ¢t — s zeros and {+o071,...,+0s} where o1,...,05
are the singular values of B. The matrix of form M is often referred to as the dilation of B.

For a treatment of the general Perron-Frobenius theory, we recommend Seneta [Sen06] or Bapat
and Raghavan [BR97].

4.7 Exercises

1. Trees.

Prove that the bound prove in Theorem 4.2.4 is tight. Begin by figuring out how to state that
formally.



Part 11

The Zoo of Graphs
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Chapter 5

Fundamental Graphs

We will bound and derive the eigenvalues of the Laplacian matrices of some fundamental graphs,
including complete graphs, star graphs, ring graphs, path graphs, and products of these that yield
grids and hypercubes. As all these graphs are connected, they all have eigenvalue zero with
multiplicity one. We will have to do some work to compute the other eigenvalues.

We will see in Part IV that the Laplacian eigenvalues that reveal the most about a graph are the
smallest and largest ones. To interpret the smallest eigenvalues, we will exploit a relation between
Ao and the isoperimetric ratio of a graph that is derived in Chapter 20, and which we state here
for convenience. The boundary of a set of vertices S, written 0(5), is the set of edges with exactly
one endpoint in S. The isoperimetric ratio of S, written 6(S), is the size of the boundary of S
divided by size of S:

def |0(5)]

() S

In Theorem 20.1.1, we show

0(S) > Aa(1 — 5). (5.1)

5.1 The complete graph

The complete graph on n vertices, K, has edge set {(a,b) : a # b}.

Lemma 5.1.1. The Laplacian of K, has eigenvalue 0 with multiplicity 1 and n with multiplicity
n—1.

Proof. To compute the non-zero eigenvalues, let 1 be any non-zero vector orthogonal to the all-1s
vector, so

> 4p(a) =0. (5.2)

We now compute the first coordinate of Ly, 1. Using (3.4), the expression for the action of the

44
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Laplacian as an operator, we find

n

(Lic, ) (1) = D> _((1) = 9p(b)) = (n = 1)3p(1) = Y _3(b) = nap(1), by (5.2).

b>2 b=2

As the choice of coordinate was arbitrary, we have Lip = ntp. So, every vector orthogonal to the
all-1s vector is an eigenvector of eigenvalue n. O

Alternative approach. Observe that Ly, = nI — 117, 0

We often think of the Laplacian of the complete graph as being a scaling of the identity. For
every x orthogonal to the all-1s vector, Lz = nzx.

Now, let’s see how our bound on the isoperimetric ratio works out. Let S C [n]. Every vertex in S
has n — | S| edges connecting it to vertices not in S. So,

181 (n -1

6(S) 5]

=n—|S| = Xa(Lk,)(1 - s),

where s = |S| /n. Thus, Theorem 20.1.1 is sharp for the complete graph.

5.2 The star graphs

The star graph on n vertices, denoted S, has edge set {(1,a) : 2 < a < n}. The degrees of
vertices in star graphs vary considerably, and their Laplacian and adjacency matrices have very
different eigenvalues.

To determine the eigenvalues of S,,, we first observe that each vertex a > 2 has degree 1, and that
each of these degree-one vertices has the same neighbor. We now show that, in every graph,
whenever two whenever two degree-one vertices share the same neighbor, they provide an
eigenvector of eigenvalue 1.

Lemma 5.2.1. Let G = (V, E) be a graph, and let a and b be vertices of degree one with the same
neighbor. Then, the vector ¥ = d, — &y is an eigenvector of Lg of eigenvalue 1.

Proof. Just multiply L by v, and check (using (3.4)) vertex-by-vertex that it equals ). O
While the star graph has ("51) pairs of degree-one vertices with the same neighbor, the span of

the space of the corresponding eigenvectors only has dimension n — 1.

As eigenvectors of different eigenvalues are orthogonal, for every eigenvector 1 of the Laplacian of
the star with eigenvalue other than 1 and for every a and b of degree one, we have
T (8, — 8) = 0, and thus that 1(a) = 4 (b).

Lemma 5.2.2. The graph S, has eigenvalue 0 with multiplicity 1, eigenvalue 1 with multiplicity
n — 2, and eigenvalue n with multiplicity 1.
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Proof. Applying Lemma 5.2.1 to vertices ¢ and ¢ + 1 for 2 < i < n, we find n — 2 linearly
independent eigenvectors of the form §; — d;+1, all with eigenvalue 1. As 0 is also an eigenvalue,
only one eigenvalue remains to be determined.

Recall that the trace of a matrix equals both the sum of its diagonal entries and the sum of its
eigenvalues. We know that the trace of Lg, is 2n — 2, and we have identified n — 1 eigenvalues
that sum to n — 2. So, the remaining eigenvalue must be n. O

To determine the corresponding eigenvector, recall that it must be orthogonal to the other
eigenvectors we have identified. This tells us that it must have the same value at each of the
points of the star. Let this value be 1, and let « be the value at vertex 1. As the eigenvector is
orthogonal to the constant vectors, it must be that

(n—1)4+2z =0,

sor=—(n—1).

5.3 Products of graphs

We now define a product on graphs. If we apply this product to two paths, we obtain a grid. If
we apply it repeatedly to one edge, we obtain a hypercube.

Definition 5.3.1. Let G = (V, E,v) and H = (W, F,w) be weighted graphs. Then G x H is the
graph with vertex set V. x W and edge set

<(a, b), (a, b)> with weight v, 5, where (a,a) € E and

~

<(a, b), (a,A)> with weight w, 3, where (b,b) € F.

Figure 5.1: An m-by-n grid graph is the product of a path on m vertices with a path on n vertices.
This is a drawing of a 5-by-4 grid made using Hall’s algorithm from Section 3.2.
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Theorem 5.3.2. Let G = (V, E,v) and H = (W, F,w) be weighted graphs with Laplacian
eigenvalues A1, ..., A\p and pi1, ..., m, and eigenvectors ay, ...,o, and Bq,...,3,,, respectively.
Then, for each 1 <i<n and 1 < j <m, the Laplacian of G x H has an eigenvector vy, ; of
eigenvalue \; + pj; such that

’Yz‘,j(aa b) = ai(a)ﬁj(b)-

Proof. Let a be an eigenvector of Lg of eigenvalue A, let 3 be an eigenvector of Ly of eigenvalue
1, and let v be defined as above.

To see that -+ is an eigenvector of eigenvalue A + p, we compute

(Baxam)(ab) = > vag(v(a,b) = v@0) + Y. w,5(v(a,b) = v(a.b)

(a,8)eE (bb)eF

= Y s (@@Bb) — a@BO) + Y w5 (a(@)B) - a(a)80))
(a,@)EE (bb)EF

= Y waB) (o) —a@) + Y w,zalo) (B0) - B0))
(a,a)eE (bb)EF

= B(b)Aax(a) + ex(a) uB(b)

= (A + i) ((a)B(b).

An alternative approach to defining the graph product and proving Theorem 5.3.2 is via
Kronecker products. Recall that the Kronecker product A ® B of an m-by-n; matrix A and an
ma-by-ng matrix B is the (mimg)-by-(ning) matrix of form

A(1,1)B  A(1,2)B --- A(l,n)B

A(ml,l)B A(m1,2)B A(ml,nl)B
G x H is the graph with Laplacian matrix

(L@ Iw)+ (Iy @ Ly).

5.3.1 The Hypercube

The d-dimensional hypercube graph, Hy, is the graph with vertex set {0, 1}d that has edges
between vertices whose names differ in exactly one coordinate. The hypercube may also be
expressed as the product of the one-edge graph with itself d — 1 times.

Let H; be the graph with vertex set {0,1} and one edge between those vertices. Its Laplacian
matrix has eigenvalues 0 and 2. As Hy = Hy_1 x Hy, we may use this to calculate the eigenvalues
and eigenvectors of Hy for every d.
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The eigenvectors of Hy are

(1) = (5)

with eigenvalues 0 and 2, respectively. Thus, if 1) is an eigenvector of H;_1 with eigenvalue A, then

() = (%)

are eigenvectors of Hy with eigenvalues A and A + 2, respectively. This means that Hy has
eigenvalue 27 for each 0 <14 < d with multiplicity (Cf) Moreover, each eigenvector of Hy can be

identified with a vector y € {0,1}%

where @ € {0,1}¢ ranges over the vertices of Hy. Each y € {0,1}%"! indexing an eigenvector of
H,_1 leads to the eigenvectors of H; indexed by (y,0) and (y,1).

Using Theorem 20.1.1 and the fact that A2(Hy) = 2, we can immediately prove the following
isoperimetric theorem for the hypercube.

Corollary 5.3.3.
O, > 1.

In particular, for every set of at most half the vertices of the hypercube, the number of edges on
the boundary of that set is at least the number of vertices in that set.

This result is tight, as you can see by considering one face of the hypercube, such as all the
vertices whose labels begin with 0. It is possible to prove this by more concrete combinatorial
means. In fact, very precise analyses of the isoperimetry of sets of vertices in the hypercube can
be obtained. See [Har76] or [Bol86].

5.4 Bounds on \; by test vectors

If we can guess an approximation of ¥,, we can often plug it in to the Laplacian quadratic form
to obtain a good upper bound on As. The Courant-Fischer Theorem tells us that every vector v
orthogonal to 1 provides an upper bound on As:

vl Lo

Ay < ——.
vTv

IN

When we use a vector v in this way, we call it a test vector.

Let’s see what a natural test vector can tell us about A9 of a path graph on n vertices. I would
like to use the vector that simply maps each vertex to its index on the path, but that vector is not
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orthogonal to 1. So, we will use the next best thing. Let & be the vector such that
z(a) = (n+1) — 2a, for 1 < a < n. This vector satisfies L 1, so

Di<acn(z(a) = z(a+ 1))?
= S, #(0)?
o Zl§a<n 22
Y (n+1—2a)?
B 4(n—1)
 (n+1nn-1)/3
12

- n(n+1) (53)

X2 (Pp)

(clearly, the denominator is at least n3/c for some c)

We will soon see that this bound is of the right order of magnitude. This means that the relation
between A2 and the isoperimetric ratio given in Eq. (5.1) (and proved in Theorem 20.1.1) is very
loose for the path graph: The isoperimetric ratio is minimized by the set S = {1,...,n/2}, which
has 0(S) = 2/n. However, the lower bound provided by Eq. (5.1) is of the form ¢/n?. Cheeger’s
inequality, which appears in Chapter 21, will tell us that the error of this approximation can not
be worse than quadratic.

The Courant-Fischer theorem is not as helpful when we want to prove lower bounds on Ay. To

prove lower bounds, we need the form with a maximum on the outside, which gives
- vlLw
Ay > max min —-—.
S:dim(S)=n—1veS V'V

This is not too helpful, as it is difficult to prove lower bounds on

 vT'Lw
min —
veS VIV

over a space S of large dimension. We will see a technique that lets us prove such lower bounds
next section.

But, first we compute the eigenvalues and eigenvectors of the path graph exactly.

5.5 The Ring Graph

The ring graph on n vertices, R,, may be viewed as having a vertex set corresponding to the
integers modulo n. In this case, we view the vertices as the numbers 0 through n — 1, with edges
(a,a + 1), computed modulo n.

Theorem 5.5.1. The Laplacian of R, has eigenvectors

xi(a) = cos(2rka/n), for 0 <k <n/2, and
yi(a) =sin(2rka/n), forl <k <n/2.

FEigenvectors xy, and y;, have eigenvalue 2 — 2 cos(2wk/n).
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(a) The ring graph on 9 vertices. (b) The eigenvectors for k = 2.

Figure 5.2:

Note that z is the all-ones vector. When n is even the vector ,,/, exists, and it alternates +1.

Proof. We will first see that &; and y; are eigenvectors by drawing the ring graph on the unit
circle in the natural way: plot vertex a at point (cos(2wa/n),sin(2mwa/n)).

You can see that the average of the neighbors of a vertex is a vector pointing in the same
direction as the vector associated with that vertex. This should make it obvious that both the x
and y coordinates in this figure are eigenvectors of the same eigenvalue. The same holds for all k.

Alternatively, we can verify that these are eigenvectors by a simple computation, recalling that

cos(a+ b) = cosacosb —sinasinb, and

sin(a + b) = sinacosb + cos a sin b.

(Lr,®k) (a) = 2zk(a) — wr(a + 1) — @p(a — 1)
= 2cos(2mka/n) — cos(2mk(a + 1)/n) — cos(2mk(a — 1)/n)
= 2cos(2mka/n) — cos(2mka/n) cos(2mk/n) + sin(2wka/n) sin(2wk/n)
— cos(2mka/n) cos(2wk/n) — sin(2nka/n) sin(27k/n)
= 2cos(2mka/n) — cos(2mka/n) cos(2mk /n) — cos(2mka/n) cos(2mk /n)
= (2 — 2cos(27k/n)) cos(2mka/n)
= (2 — cos(2mk/n))xk(a).

The computation for y;, follows similarly. O

Of course, rotating these pairs of eigenvectors results in another eigenvector of the same
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eigenvalue. To see this algebraically, observe

cos(2mka/n + 0) = cos(2wka/n) cos§ — sin(2wka/n) sin 0
= (cosO)xy — (sinf)y,.

and thus is in the span of xj; and y,.

5.6 The Path Graph

We will derive the eigenvalues and eigenvectors of the path graph from those of the ring graph.
To begin, I will number the vertices of the ring a little differently, as in Figure 5.3.

Figure 5.3: The ring on 8 = 2n vertices, numbered differently. In this picture, vertex a appears
above vertex n + a, and every edge appears above another edge.

Theorem 5.6.1. Let P, = (V, E) where V. ={1,...,n} and E ={(a,a+1):1<a<n}. The
Laplacian of Py, has the same eigenvalues as Ra,, excluding 2. That is, P, has eigenvalues
2(1 — cos(mk/n)), with corresponding eigenvectors

vi(a) = cos(mka/n — wk/2n).

for0<k<n

Proof. We derive the eigenvectors and eigenvalues by treating P, as a quotient of Ra,: we will
identify vertex a of P, with vertices a and a + n of Ry, (under the new numbering of Ry,). These
are pairs of vertices that are above each other in the figure that I drew.

Let I,, be the n-dimensional identity matrix. You should check that

I,
(I I.)Ln, < ! ) oL
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For any eigenvector 1 of Ry, with eigenvalue A for which ¥ (a) = ¥ (a +n) for 1 < a < n, the
above equation gives us a way to turn this into an eigenvector of P,. Let ¢ € IR"™ be the vector
for which

¢(a) =1(a), forl<a<n.

Then,

(§:> ¢ = <i> =1, Lg,, <§Z> ¢ =\p =X <i> , and (I, I,)Lpg,, <§Z> P = 2)\.

So, if we can find such a vector 1, then the corresponding ¢ is an eigenvector of P, of eigenvalue
A

As you’ve probably guessed, we can find such vectors ¢ by rotating those derived in
Theorem 5.5.1. For each of the n — 1 two-dimensional eigenspaces of Ra,, we get one such vector.
I’'ve drawn Figure 5.3 so that the horizontal coordinate provides one.

For each 1 < k < n, we rotate the eigenvectors xy and y; of Ra, by § = —7k/2n to obtain
Y = (cos@)xy — (sin @)y, so that, under the new ordering of the ring,

_ Jcos(2mka/(2n) — wk/2n) for 1 <a <mn,
(o) = cos(2mk(2n+1—a)/(2n) — k/2n) for n < a < 2n.

To verify that ¥ (a + n) = ¢ (a), we use cos(—z) = cosx and

cos(2mk(2n+ 1 —a)/(2n) — wk/2n) = cos(2w — 27ka/(2n) + wk/n — wk/2n)
= cos(—2mka/(2n) + wk/2n)
= cos(2rka/(2n) — wk/2n).

We now set
vi(a) = Y(a) = cos(rka/n — 7k /2n).

The corresponding eigenvalue is
2 — 2cos(2mk/(2n)) = 2(1 — cos(wk/n)),

for1 <k <mn.

We now know n — 1 distinct eigenvalues. The last, of course, is zero and comes from the constant
vector. O

The type of quotient used in the above argument is known as an equitable partition. You can find
a extensive exposition of these in Godsil’s book [God93].



Chapter 6

Comparing Graphs

6.1 Overview

It is rare than one can analytically determine the eigenvalues of an abstractly defined graph.
Often the best one can do is prove loose bounds on some eigenvalues. It is usually easy to prove
lower bounds on the largest eigenvalues or upper bounds on the smallest eigenvalues: one need
merely compute the value of the quadratic form in a suitably chosen test vector, and then apply
the Courant-Fischer Theorem (see Theorem 2.0.1 and Section 5.4). Proving bounds in the other
direction is more difficult.

In this chapter we will see a powerful technique that allows one to compare one graph with
another, and thereby prove things like lower bounds on the second-smallest eigenvalue of a
Laplacian. The technique often goes by the name “Poincaré Inequalities” (see

[DS91, SJ89, GLM99]), or “Graphic inequalities”.

6.2 The Loewner order

I begin by recalling an extremely useful piece of notation that is used in the optimization
community. For a symmetric matrix A, we write

A=0

if A is positive semidefinite. That is, if all of the eigenvalues of A are nonnegative. This is
equivalent to

v! Av >0,
for all v. We similarly write
A= B
if
A—-B =0,

53
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which is equivalent to
vl Av > v Bo

for all v.

The relation = is called the Loewner partial order. 1t is partial because it orders some pairs of
symmetric matrices, while others are incomparable. But, for all pairs to which it does apply, it
acts like an order. For example, we have

A = B and B = C implies A = C,

and
A= B implies A+ C =B+ C,

for symmetric matrices A, B and C.

We will overload this notation by defining it for graphs as well. Thus, we write
G=H

if Lg > L. When we write this, we are always describing an inequality on Laplacian matrices.

For example, if G = (V, E) is a graph and H = (V, F') is a subgraph of G with the same vertex
set, then
Ls = Ly.

To see this, recall the Laplacian quadratic form:
Loz = Y wyu(z(u) —z(0)?
(u,v)EE

It is clear that dropping edges can only decrease the value of the quadratic form, because all
edges weights are positive. The same holds for decreasing the weights of edges.

This notation is particularly useful when we consider some multiple of a graph, such as when we
write
G=c-H,

for some ¢ > 0. What is ¢- H? It is the same graph as H, but the weight of every edge is
multiplied by ¢. More formally, it is the graph such that L. = cLy.

We usually use this notation for the inequalities it implies on the eigenvalues of Lg and Lyy.

Lemma 6.2.1. For any ¢ > 0, if G and H are graphs such that
G=c-H,

then
Me(G) > eAp(H),

for all k.
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Proof. The Courant-Fischer Theorem tells us that

. T Lox . el Lyx . 2l Lyx
M(G) = min max ——=—— > min maxc—=— =c¢ min max ——=— = cA\(H).
SCR"™ zeS "X SCR™ zeS TtT SCR"® zeS X T
dim(S)=k dim(S)=k dim(S)=k

O]

Corollary 6.2.2. Let G be a graph and let H be obtained by either removing an edge from G or
decreasing the weight of an edge in G. Then, for all k

Ak(G) = Ae(H).

6.3 Approximations of Graphs

We consider one graph to be a good approximation of another if their Laplacian quadratic forms
are similar. For example, we will say that H is a c-approximation of G if

cH =G = HJc.

We consider this approximation to be good if ¢ is just slightly larger than 1. Surprisingly good
approximations exist. For example, random regular and random Erdos-Rényi graphs are good
approximations of complete graphs (see Chapter 8). Infinite families of expander graphs provide
explicit sparse graphs that are good approximations of complete graphs, even though they have
many fewer edges. For every € > 0 there is a d > 0 such that for all n > 0 there is a d-regular
graph G, that is a (1 + €)-approximation of K.

In Chapters 32 and 33 we will see that every graph can be well-approximated by a sparse graph.

6.4 The Path Inequality

By now you should be wondering, “how do we prove that G = ¢ - H for some graph G and H?”
Not too many ways are known. We’ll do it by proving some inequalities of this form for some of
the simplest graphs, and then extending them to more general graphs. For example, we will prove

(n - 1) : Pn = Gl,m (6.1)

where P, is the path from vertex 1 to vertex n, and G, is the graph with just the edge (1,n).
All of these edges are unweighted.

The following very simple proof of this inequality was discovered by Sam Daitch.

Lemma 6.4.1.
(n — 1) - Py = Gl,n'
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Proof. As

n—1
e'Lp,x =) (z(a+1)—=z(a))® and z'Lg, .z = (z(n) - z(1))

a=1
we need to show that for every & € R",

n—1

(n=1)) (z(a+1) - 2(a)® = (2(n) - 2(1)%

a=1

For1<a<n-—1,set
Aa) =z(a+1) — z(a),

and note that ), A(a) = z(n) — z(1). The inequality we need to prove then becomes

This follows from the Cauchy-Schwartz inequality, which I remind you is the fact that the inner
product of two vectors is at most the product of their norms. In this case, those vectors are A
and the all-ones vector of length n — 1:

n—1 2 n—1
(Z A(G)) = (11,8)" < (Laa |l 1AD? = [Tl A2 = (n-1) Y AG)
a=1 i=1

6.4.1 Lower bounding )\, of a Path Graph

In Theorem 5.6.1 we proved that A\a(P,) = 2(1 — cos(w/n)), which is approximately 72 /n? for
large n. We now demonstrate the power of Lemma 6.4.1 by using it to prove a lower bound on
A2(P,) that is very close to this.

To prove a lower bound on \y(P,,), we will prove that some multiple of the path is at least the
complete graph. To use this bound, we need to know the eigenvalues of the complete graph. In
Lemma 5.1.1, we show that all the non-zero eigenvalues of the Laplacian of the complete graph
are n, and in particular As(K,) = n.

Let G4 denote the graph containing only edge (a,b), and write
Ly, = Z Le,,.
a<b

For every a < b, let P, be the subgraph of the path graph induced on vertices with indices
between a and b. Note that this a path graph of length b — a.

For every edge (a,b) in the complete graph, we apply the only inequality available in the path:
Gap < (b—a)Pop < (b—a)P. (6.2)
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This inequality says that G, is at most (b — a) times the part of the path connecting a to b, and

that this part of the path is less than the whole.

Summing inequality (6.2) over all edges (a,b) € K,, gives

Kn=) Gap <Y (b—a)P,.

a<b a<b
To finish the proof, we compute
n—1
Y b-a)=> cn—c)=n(n+1)(n—1)/6.
1<a<b<n c=1
So,
H(n—1
Lk, < nn + g(n )LPn
Rewriting this inequality in the form
6

LPn % LKna

n(n+1)(n —1)

recalling that A\o(K,,) = n, and applying Lemma 6.2.1, gives us a pretty good lower bound on the

second-smallest eigenvalue of P,:
6
M(P) > —m——.
2(Pn) 2 (n+1)(n—1)

6.5 The Complete Binary Tree

Let’s do the same analysis for the complete binary tree.

One way of understanding the complete binary tree of depth d + 1 is to identify the vertices of the
tree with strings over {0, 1} of length at most d. The root of the tree is the empty string. Every
non-leaf node has two children, obtained by appending one character to its label. And, every node
other than the root has one ancestor, obtained by removing the last character. For example, the

node with label 10 has children labeled 100 and 101, and its ancestor has label 1.

Alternatively, you can describe it as the graph on n = 2¢t1 — 1 nodes with edges of the form
(,2i) and (4,27 + 1) for i < n. We will name this graph T,,. See figure 6.1 for pictures of these.

Let’s first upper bound A2(73,) by constructing a test vector . Set (1) =0, (2) =1, and

x(3) = —1. Then, for every vertex u that we can reach from node 2 without going through node

1, we set (a) = 1. For all the other nodes, we set (a) = —1.

We have constructed & symmetrically, so that 17z = 0. Thus, by the Courant-Fischer Theorem

(Theorem 2.0.1),

A2

IN

'Le 3, (@) —z0)®  (z(1)—=z(2)*+ (z(1) — z(3))

Tz Y ogx(a)? N n—1
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1
@1 1
2 3 2 3
4 7
5 6

Figure 6.1: T3, 77 and T75. Node 1 is at the top, 2 and 3 are its children. Some other nodes have
been labeled as well.

“1~=1 =1 -1

Figure 6.2: The test vector we use to upper bound Aa(775).

We will again prove a lower bound by comparing T}, to the complete graph. For each a < b, let
T%% denote the unique path in T from a to b. This path will have length at most 2d < 2log, n.
So, we have

a n
Ko =3 Gap < S AT < 3 (2logy n)T, = (2) (210g, )T,

a<b a<b a<b

This gives the bound

(’;) (21og, M)Aa(Th) > Mo(Kn) = n,

which implies
1

(n—1)logyn’

Aﬂj%)>

You should now wonder which bound is closer to the truth: the lower bound of 1/(n — 1) logy n or
the upper bound of 2/(n —1). A small experiment suggests that the correct answer is close to 1/n:

julia> d = 12; n =274 - 1

julia> e = fiedler(complete_binary_tree(n))
julia> e[1][1], 1/n

(0.0002453419413893766, 0.0002442002442002442)

Using the generalization of Lemma 6.4.1 presented in the next section, we will improve the lower
bound to 1/2n.
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6.6 The weighted path

We now generalize the the inequality in Lemma 6.4.1 to weighted path graphs. Allowing for
weights on the edges of the path greatly extends it applicability.

Lemma 6.6.1. Let wq,...,w,_1 be positive. Then
n—1 1 n—1
Gin < (Zl wa) leaaa,aﬂ.
a= a=

Proof. Let & € R™. As in the proof of Lemma 6.4.1, set A(a) = z(a + 1) — x(a). We again have
that

2
2" L, & = (z(1) — z(n))* = (Z A(G)) :
a
But, we will need to weight the entries in A before applying Cauchy-Schwarz. Set

v(a) = A(a)y/wa,

and let w—1/2 denote the vector for which
1
w_l/z(a) = Ta
Then,
> Ala) =7"w 2,
2 1
-5k
Hw Za: Wy
and
7P =~ Aa)*w.
So,

acTLGLnac = (Z A(a)> - <,),Tw—1/2)2
< (i) = (25 ) S awrn= (£ ) o (vt =

O]
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6.7 A better lower bound on \y(7},)

Theorem 6.7.1.
Xo(Ty,) > 1/2n.

Proof. Let n = 21 — 1. Define the depth of a vertex in T}, to be its distance from the root, and
define the depth of an edge to be the maximum of the depths of its vertices. So, the lowest
possible depth of an edge is 1 and the largest possible is d.

For each pair of vertices (a, b), we let T contain exactly the edges on the unique path from a to
b in Tj,, but we assign weight 2° to the edges at depth i. Note that each such path contains at
most two edges from each depth, 1 through d, and so Lemma 6.6.1 implies

Gap <2071+ 272 4. p o7ty pab g o pab,

So,

K, = ZGa,b <2- ZT“”’.

a<b a<b

It now remains to upper bound the right-hand term by some multiple of T;,. To this end, observe
that each depth i edge has 2471=% — 1 vertices beneath it. So, it appears on

(2d+1—’i _ 1)(n _ 2d+1—i + 1) S (2d+1—i _ 1)n

paths between pairs (a,b). As the weight of such an edge in the sum is 2¢ each time it appears, it
appears with total weight at most (247! — 2)n < n2. Thus, we find

b 2
> T g 0’T,,
a<b

and may conclude
K, < 2n*T,.

As Xa(K,,) = n, it follows from Lemma 6.2.1 that

n
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Cayley Graphs

7.1 Cayley Graphs

Ring graphs and hypercubes are types of Cayley graphs. In general, the vertices of a Cayley
graph are the elements of some group I'. In the case of the ring, the group is the set of integers
modulo n. The edges of a Cayley graph are specified by a set S C I', which are called the
generators of the Cayley graph. The set of generators must be closed under inversion. That is, if
s € S, then s7! € S. Vertices a,b € I' are connected by an edge if there is an s € S such that

aos=b,

where o is the group operation. In the case of Abelian groups, like the integers modulo n, this
would usually be written a + s = b. The generators of the ring graph are {1, —1}.

The d-dimensional hypercube, Hy, is a Cayley graph over the additive group (Z/2)?: that is the
set of vectors in {0, 1}d under addition modulo 2. The generators are given by the vectors in
{0, 1}d that have a 1 in exactly one position. This set is closed under inverse, because every
element of this group is its own inverse.

We require S to be closed under inverse so that the graph is undirected:

a+s=>b = b+ (—s) =a.

Cayley graphs over Abeliean groups are particularly convenient because we can find an
orthonormal basis of eigenvectors without knowing the set of generators. They just depend on the
group'. Knowing a basis of eigenvectors makes it much easier to compute the eigenvalues. We
give the computations of the eigenvectors in sections 7.4 and 7.8.

We will now examine two exciting types of Cayley graphs: Paley graphs and generalized
hypercubes.

"More precisely, the characters always form an orthonormal set of eigenvectors, and the characters just depend
upon the group. When two different characters have the same eigenvalue, we obtain an eigenspace of dimension
greater than 1. These eigenspaces do depend upon the choice of generators.

61
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7.2 Paley Graphs

The Paley graph are Cayley graphs over the group of integer modulo a prime, p, where p is
equivalent to 1 modulo 4. Such a group is often written Z/p.

I should begin by reminding you a little about the integers modulo p. The first thing to remember
is that the integers modulo p are actually a field, written F,. That is, they are closed under both
addition and multiplication (completely obvious), have identity elements under addition and
multiplication (0 and 1), and have inverses under addition and multiplication. It is obvious that
the integers have inverses under addition: —z modulo p plus x modulo p equals 0. It is a little less
obvious that the integers modulo p have inverses under multiplication (except that 0 does not
have a multiplicative inverse). That is, for every x # 0, there is a y such that zy = 1 modulo p.
When we write 1/x, we mean this element y.

The generators of the Paley graphs are the squares modulo p (usually called the quadratic
residues). That is, the set of numbers s such that there exits an = for which 2 =, s. Thus, the
vertex set is {0,...,p — 1}, and there is an edge between vertices u and v if v — v is a square
modulo p. I should now prove that —s is a quadratic residue if and only if s is. This will hold
provided that p is equivalent to 1 modulo 4. To prove that, I need to tell you one more thing
about the integers modulo p: their multiplicative group is cyclic.

Fact 7.2.1. For every prime p, there exists a number g such that for every number x between 1
and p — 1, there is a unique i between 1 and p — 1 such that

z=g¢" mod p.
In particular, g~ = 1. And, the mapping between x and i is a bijection.

Corollary 7.2.2. If p is a prime equivalent to 1 modulo 4, then —1 is a square modulo p.
Proof. Let i be the number between 1 and p — 1 such that ¢° = —1 modulo p. Then, g% =
modulo p and so by Fact 7.2.1 we know that 2¢ must be equivalent to p — 1 modulo p. The only
number between 1 and p that satisfies this relation is i = (p — 1) /2.

As 4 divides p — 1, (p — 1)/4 is an integer. So, we can set s = g®~1)/4 and finish the proof by
observing that s2 = ¢®~Y/2 = —1 modulo p. O

We now understand a lot about the squares modulo p (formally called quadratic residues). The
squares are exactly the elements ¢* where 7 is even. As ¢'¢’ = ¢g*t7, the fact that —1 is a square
implies that s is a square if and only if —s is a square. So, S is closed under negation, and the
Cayley graph of Z/p with generator set S is in fact a graph. As |S| = (p — 1)/2, it is regular of
degree

p—1

d:
2
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7.3 Eigenvalues of the Paley Graphs

Let L be the Laplacians matrix of the Paley graph on p vertices. A remarkable feature of Paley
graph is that L? can be written as a linear combination of L, J and I, where J is the all-1’s
matrix. We will prove that

-1 -1
poppe Pty =Yy (7.1)
4 4
The proof will be easiest if we express L in terms of a matrix X defined by the quadratic
character:
1 if z is a quadratic residue modulo p
x(@)=4¢0 ifzx=0,and

—1 otherwise.

This is called a character because it satisfies x(xy) = x(z)x(y). We will use this to define a

matrix X by
X (a,b) = x(a—0).
Using the fact that

p=1l e _
N 1fa—b,

L(a,b) =41 -1 if x(a—0) =1, and
0 otherwise,
we find that
2L=pI —J — X. (7.2)

Equation (7.1) follows from this relation, the following lemma, and the relations J? = pJ and
XJ =JX =0. The latter follows from the fact that each row and column of X has exactly
(p — 1)/2 entries that are 1, (p — 1)/2 entries that are —1, and one entry that is 0.

Lemma 7.3.1.
X2=pI—J.

Proof. The diagonal entries of X2 are the squares of the norms of the columns of X. As each
contains (p — 1)/2 entries that are 1, (p — 1)/2 entries that are —1, and one entry that is 0, its
squared norm is p — 1.

To handle the off-diagonal entries, we observe that X is symmetric, and so the off-diagonal
entries of X? are the inner products of columns of X. That is,

p—1

p—1
X(a,b) = xla—z)x(b—z) =Y xu)x((b—a)+y),
=0

y=0

where we have set y = a — x. For convenience, set w = b — a, so we can write this more simply as

> xW)x(w +y).
y=0
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As we are considering a non-diagonal entry, w # 0. The term in the sum for y = 0 is zero. When

y#0, x(y) € £1, s0
x(W)x(w+y) = x(w+y)/x(y) = x(w/y +1).

As y varies over {1,...,p — 1}, w/y also varies over all of {1,...,p — 1}. So, w/y + 1 varies over
all elements other than 1. This means that

p—1 p—1
Y XW)x(w+y) = (Z x(z)> —x(1)=0-1=—1,
y=0 z=0

So, every off-diagonal entry in X2 is —1. O

Corollary 7.3.2. The nonzero eigenvalues of the Laplacian of the Paley graph on p vertices are
1
5 (p+/p).

Proof. Let ¢ be an eigenvector of L of eigenvalue A # 0. As ¢ is orthogonal to the all-1s vector,
J¢ = 0. So, Equation (7.1) implies

2o =120 =pis ~ P2V 1g = 1~ pip - 1)/4)6.

This equation tells us that A\ satisfies

p(p—1)

A2 —pA
DA + 1

=0,

which implies
1
AE 3 (p£ D).

The fact that Paley graphs have only two nonzero eigenvalues means that they are strongly
regular graphs. We will discuss those further in Chapter 9. The fact that those eigenvalues are
very close to each other means that 2 times a Paley graph (the graph we obtain by assigning
weight 2 to every edge) is a 1 + \/% approximation of the complete graph, up to a very small
factor. Paley graphs have also been shown by Chung, Graham, and Wilson to have many
properties in common with random graphs [CGW&9].

7.4 Generalizing Hypercubes

To generalize the hypercube, we will consider Cayley graphs over the same group, but with more
generators. Recall that we view the vertex set as the vectors in {0, l}d, modulo 2. Each
generator, gy,..., g, is in the same group. As g + g = 0 modulo 2 for all g € {0, 1}d, the set of
generators is automatically closed under negation.
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Let G be the Cayley graph with these generators. To be concrete, set V = {0, l}d, and note that
G has edge set
{(x,z+g;):xcV,1<j<k}.

Using the analysis of products of graphs in Theorem 5.3.2, we derived a set of eigenvectors of Hy.
We will now verify that these are eigenvectors for all generalized hypercubes. Knowing these will
make it easy to describe the eigenvalues.

For each b € {0, l}d, define the function 1, from V' to the reals given by
T
Py(z) = (-1)"°

When we write b &, you might wonder if we mean to take the sum over the reals or modulo 2.
As both b and z are {0, 1}-vectors, and the result is used as the exponent of —1, you get the
same answer either way you do it.

While it is natural to think of b as being a vertex, that is the wrong perspective. Instead, you
should think of b as indexing a Fourier coefficient (if you don’t know what a Fourier coefficient is,
just don’t think of it as a vertex).

The eigenvectors and eigenvalues of the graph are determined by the following theorem. As this
graph is k-regular, the eigenvectors of the adjacency and Laplacian matrices will be the same.

Lemma 7.4.1. For each b € {0, 1}d the vector 1y is a Laplacian matrix eigenvector with
etgenvalue

k
k=Y (-

=1
Proof. We begin by observing that
Py(x+y) = (—1)* @) = ()P =)V = g (2)ap, (y). (7.3)

Let L be the Laplacian matrix of the graph. For any b € {0, 1}d and any vertex € V, we use
(7.3) to compute

(L) (z) = kpy(x Zwb z+g;)

=1

= ki (z Z'ﬁbb z)y(9;)

2) (k - Zwugi)) .
=1

So, 1, is an eigenvector of eigenvalue

k k
k=Y ylg) =k—> (-
=1

=1



CHAPTER 7. CAYLEY GRAPHS 66

7.5 A random set of generators

We will now show that if we choose the set of generators uniformly at random, for k£ some
constant multiple of the dimension, then we obtain a graph that is a good approximation of the
complete graph. That is, all the eigenvalues of the Laplacian will be close to k. This construction
comes from the work of Alon and Roichman [AR94]. We will set k = cd, for some ¢ > 1. Think of
c=2,¢c=10,orc=1+c¢e.

For b € {0, l}d but not the zero vector, and for g chosen uniformly at random from {0, 1}d, b'g
modulo 2 is uniformly distributed in {0, 1}, and so

SO

is uniformly distributed in +1. So, if we pick g4,..., g, independently and uniformly from
{0, 1}d, the eigenvalue corresponding to the eigenvector 1, is

k
Y L
i=1

The right-hand part is a sum of independent, uniformly chosen +1 random variables. So, we
know it is concentrated around 0, and thus Ay will be concentrated around k. To determine how
concentrated the sum actually is, we use a Chernoff bound. There are many forms of Chernoff
bounds. We will not use the strongest, but settle for one which is simple and which gives results
that are qualitatively correct.

Theorem 7.5.1. Let x1,...,x be independent £1 random variables. Then, for all t > 0,

>

()

Pr

> t] < 2e /2K,

This becomes very small when t is a constant fraction of k. In fact, it becomes so small that it is
unlikely that any eigenvalue deviates from k& by more than t.

Theorem 7.5.2. With high probability, all of the nonzero eigenvalues of the generalized hypercube
differ from k by at most

where k = cd.

Proof. Let t = k/2/c. Then, for every nonzero b,
Pr{lk — | > t] < 2~ 1*/2k < 9eh/e = ge—d,

Now, the probability that there is some b for which Ay violates these bounds is at most the sum
of these terms:

Pridb:|k—Xp| >t]< ) Prik—X >t < (2" —1)2 ¢
be{0,1}%,b£04

which is always less than 1 and goes to zero exponentially quickly as d grows. O
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We initially suggested thinking of ¢ = 2 or ¢ = 10. The above bound works for ¢ = 10. To get a
useful bound for ¢ = 2, we need to sharpen the analysis. A naive sharpening will work down to
¢ =2In2. To go lower than that, you need a stronger Chernoff bound.

7.6 Conclusion

We have now seen that a random generalized hypercube of degree k probably has all non-zero
Laplacian eigenvalues between

k(1—+/2/c) and k(14 +/2/c).

If we let n be the number of vertices, and we now multiply the weight of every edge by n/k, we
obtain a graph with all nonzero Laplacian eigenvalues between

n(l=+/2/c) and n(l+/2/c).

Thus, this is essentially a 1 + 1/2/c approximation of the complete graph on n vertices. But, the
degree of every vertex is only clogy n. Expanders are infinite families of graphs that are
constant-factor approximations of complete graphs, but with constant degrees.

We know that random regular graphs are probably expanders. If we want explicit constructions,
we need to go to non-Abelian groups.

Explicit constructions that achieve bounds approaching those of random generalized hypercubes
come from error-correcting codes.

Explicit constructions allow us to use these graphs in applications that require us to implicitly
deal with a very large graph. In Chapter 31, we will see how to use such graphs to construct
pseudo-random generators.

7.7 Non-Abelian Groups

In the homework, you will show that it is impossible to make constant-degree expander graphs
from Cayley graphs of Abelian groups. The best expanders are constructed from Cayley graphs of
2-by-2 matrix groups. In particular, the Ramanujan expanders of Margulis [Mar88] and
Lubotzky, Phillips and Sarnak [LPS88] are Cayley graphs over the Projective Special Linear
Groups PSL(2,p), where p is a prime. These are the 2-by-2 matrices modulo p with determinant
1, in which we identify A with —A.

They provided a very concrete set of generators. For a prime ¢ congruent to 1 modulo 4, it is
known that there are p + 1 solutions to the equation

a%—ka%—l—a%—l—ai:p,

where a1 is odd and a9, a3 and a4 are even. We obtain a generator for each such solution of the
form:
1 ap + a1 ag + tas
\/f) —ag +taz ag — taq
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where i is an integer that satisfies 2 = —1 modulo p.

Even more explicit constructions, which do not require solving equations, may be found
in [ABN192].

7.8 Eigenvectors of Cayley Graphs of Abelian Groups

The wonderful thing about Cayley graphs of Abelian groups is that we can construct an
orthornormal basis of eigenvectors for these graphs without even knowing the set of generators S.
That is, the eigenvectors only depend upon the group. Related results also hold for Cayley graphs
of arbitrary groups, and are related to representations of the groups. See [Bab79] for details.

As Cayley graphs are regular, it won’t matter which matrix we consider. For simplicity, we will
consider adjacency matrices.

Let n be an integer and let G be a Cayley graph on Z/n with generator set S. When S = {+1},
we get the ring graphs. For general S, I think of these as generalized Ring graphs. Let’s first see
that they have the same eigenvectors as the Ring graphs.

Recall that we proved that the vectors x; and y,; were eigenvectors of the ring graphs, where
xp(u) = sin(2wku/n), and
yi(u) = cos(2mku/n),

for 1 <k <n/2.

Let’s just do the computation for the x, as the y,, are similar. For every v modulo n, we have

(Azp)(u) =D zi(u+ g)

geSs
= S wstut o) +milu—y)
geSs
— % Z sin(27k(u + g)/n) + sin(27k(u — g)/n)

geSs

1
=3 Z 2sin(2mku/n) cos(2wkg/n)
geSs

= sin(27ku/n) Z cos(2mkg/n)
geSs

= xp(u) Zcos(27rk:g/n).

geSs

So, the corresponding eigenvalue is

Z cos(2mkg/n).

ges



Chapter 8

Eigenvalues of Random Graphs

Notation: at many points during this chapter, we will write [n] to indicate the set {1,2,...,n}.

In this chapter we examine the adjacency matrix eigenvalues of Erdos-Rényi random graphs.
These are graphs in which each edge is chosen to appear with probability p, and the choices are
made independently for each edge. We will find that these graphs typically have one large
eigenvalue around pn, and that all of the others probably have absolute value at most
(I1+0(1))24/p(1 — p)n. In fact, their distribution within this region follows Wigner’s [Wig58§]
semicircle law: their histogram looks like a semicircle.

For example, let’s consider p = 1/2. Here is the histogram of all but the largest eigenvalue of a
random graph on 4,000 vertices.

200

50 -

The following image is the histogram of the 99 smallest adjacency eigenvalues of 10,000 random
graphs on 100 vertices.

69
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Note that the eigenvalues are almost never outside —10,10. We are going to prove something like
that today.

Here is a histogram of the second-largest eigenvalues of 10,000 matrices on 1,000 vertices. Note
that +/1000 ~ 31.62, which is at the very right end of the histogram.

TS
50 -

25 -

L
3150

8.1 Transformation

Let M be the adjacency matrix of an Erdos-Rényi random graph. We understand M by writing
it in the form
M=p(J-I)+R,

where J is the all-1s matrix, and R is a random symmetric whose diagonal entries are zero and
whose off-diagonal entries have distribution

1 —p with probability p, and

R(a,b) = {

—p with probability 1 — p.

The reason we write it this way is that the expectation of every entry of R, and thus of R itself is
zero. We will show that with high probability all of the eigenvalues of R are small, and thus we
can view M as being approximately p(J — I).
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As p(J — I) has one eigenvalue of p(n — 1) and n — 1 eigenvalues of —p, the bulk of the
distribution of eigenvalues of M is very close to the distribution of eigenvalues of R, minus p. To
see this, first subtract pI from R. This shifts all the eigenvalues down by p. We must now add
pJ. As J is a rank-1 matrix, we can show that the eigenvalues of pJ + (R — pI) interlace the
eigenvalues of R — pI (see the exercise at the end of the chapter). So, the largest eigenvalue
moves up a lot, and all the other n — 1 move up to at most the next eigenvalue.

Our first analysis will be a crude but simple upper bound on the norm of R.

8.2 The extreme eigenvalues

For this section, we make the simplifying assumption that p = 1/2. At the end, we will explain
how to handle the general case.

Recall that
TRz

Tz

[ R = max
xr

Each R(i,j) is a random variable that is independently and uniformly distributed in +1/2.
To begin, we fix any unit vector x, and consider
"Rz =) 2R(i,j)z(i)z(j).
1<j

This is a sum of independent random variables, and so may be proved to be tightly concentrated
around its expectation, which in this case is zero. There are many types of concentration bounds,
with the most popular being the Chernoff and Hoeffding bounds. In this case we will apply
Hoeffding’s inequality.

Theorem 8.2.1 (Hoeffding’s Inequality). Let a1,...,an and by, ..., by, be real numbers and let
Xi,..., Xy be independent random variables such that X; takes values between a; and b;. Let
w=EI[>,X;]. Then, for everyt >0,

Pr [ZX ZMH} < exp (Z(b%ia)Q>

i

To apply this theorem, we view
Xij=2r;jz(i)z())

as our random variables. As r; ; takes values in £1/2, we can set
a;;j =—z(i)x(j) and b;; = z(i)z()).
We then compute

S —ai)? =3 4w(i)2(j)? =2 @(i)*2(j)? < 2 (Z m(i)2> (Z m(j)2> =2,

1<j 1<j 1#]
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as x is a unit vector.
We thereby obtain the following bound on =’ Rzx.

Lemma 8.2.2. For every unit vector x,

Prg H:I}TR:B‘ > t] < 2€_t2.

Proof. The expectation of 7 R is 0. The preceding argument tells us that
Pr HwTRw‘ > t] < Pr [mTRw > t] + Pr [mTRw < —t]

< Pr [mTRw > t] + Pr [mT(—R)ac > t]

< 2e_t2

Y

where we have exploited the fact that R and — R are identically distributed. O

8.2.1 Vectors near v,

You might be wondering what good the previous argument will do us. We have shown that it is
unlikely that the Rayleigh quotient of any given x is large. But, we have to reason about all « of
unit norm. The standard way to do this is to use a construction called an e-net. We will instead
use Bayes’ rule and the following lemma.

Lemma 8.2.3. For any symmetric matric R and a uniform random unit vector u,

1

T

We show how to use this lemma now and defer its proof.

Theorem 8.2.4. Let R be a symmetric matrix with zero diagonal and independent off-diagonal
entries uniformly chosen from +1/2. Then,

Pri|R| > ] < mn2"e /4,

Proof. The events |u” Ru| > ||R| /2 and || R|| > t together imply that u” Ru > t/2. So,

Prr.u HuTRu‘ > t/Q] > Prpa [HRH >t and ‘uTRu‘ > | R|| /2]
=Prg|[||R|| > t]Prur UuTRu‘ > |R|| /2) |R|| > t} , by Bayes’ rule,
_ Prgl|R| >
- mn2n-lt 7
by Lemma 8.2.3.

On the other hand, Lemma 8.2.2 tells us that for every unit vector wu,

2

Prg [|[u"Ru| > t/2] < 2¢7*/?
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Thus, by the law of total probability
Prgu HuTRu’ > t/2} < 2e~(t/2)?,

The theorem follows by substituting this into the previous inequality. O

The probability in Theorem 8.2.4 becomes small once et’/4 exceeds V/mn2". As n grows large, this
happens for

t > 2vVIn2v/n ~ (5/3)v/n.

In fact, it is known that the norm of R is unlikely to be much more than y/n. This is proved by
Fiiredi and Komlés [FK81] and Vu [Vu07], using a very different technique that we introduce in
the next section.

Lemma 8.2.3 is a consequence of the following two lemmas.

Lemma 8.2.5. Let R be a symmetric matriz and let 1 be a unit eigenvector of R whose
eigenvalue has absolute value ||R||. If © is another unit vector such that

Pz >/3/2,
then 1
‘mTRm‘ > 3 |R] .

Proof. Let Ay > Ag > --- > A\, be the eigenvalues of R and let vy, ...,,, be a corresponding set
of orthonormal eigenvectors. Assume without loss of generality that A; > |A,| and that ¢ = ;.
Expand « in the eigenbasis as

Tr = Z C;U;.

i

We know that ¢; > /3/2 and Y, ¢ = 1. This implies that

e"Re =) X\ >cih =Y =M= | =M@ -1)>N/2
i i>2 i>2

Lemma 8.2.6. Let @ be an arbitrary unit vector, and let  be a random unit vector. Then,

Pr|yTe > \/5/2] > \/57112”—1

Proof. Let B™ denote the unit ball in IR", and let C denote the cap on the surface of B"
containing all vectors « such that

ple >/3/2.

We need to lower bound the ratio of the surface area of the cap C to the surface area of B".
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Recall that the surface area of B" is
nﬂ.n/Q

L4 +1)

where I recall that for positive integers n
I'(n)=(n—-1),
and that I'(z) is an increasing function for real = > 1.

Now, consider the (n — 1)-dimensional hypersphere whose boundary is the boundary of the cap C.

As the cap C' lies above this hypersphere, the (n — 1)-dimensional volume of this hypersphere is a

lower bound on the surface area of the cap C. Recall that the volume of a sphere in IR" of radius

R is )

" 7#1/ )
r'(g+1)

In our case, the radius of the hypersphere is
r = sin(acos v3/2) = 1/2.
So, the ratio of the (n — 1)-dimensional volume of the hypersphere to the surface area of B" is at

least
n—1 m(n—1/2

rtey ot T(5+1) - 1
mn/2 - n—1 - n—1"
% VIR (25 +1) — /mn2

8.3 The Trace Method

A good way to characterize the general shape of a distribution is through its moments. Let
p1,---,pn be the eigenvalues of R. Their first moment is simply their sum, which is the trace of
R and thus zero. Their kth moment is

n - N
;pl Tr(R)

One of the easiest ways to reason about the distribution of the eigenvalues is to estimate the
expectations of the traces of powers of R. This is called Wigner’s trace method.

Before proceeding with our analysis, we recall a formula for the entries of a power of matrices.
For matrices A and B whose rows and columns are indexed by V,

(AB)(a,b) =Y A(a,c)B(c,b).
ceV
Applying this formula inductively, we find that
(AN(a,b)= > Ala,c1)A(cr,c0) - Ale1,b).

Cl1,...,C1—1EV
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We can use good bounds on the moments of the eigenvalues of R to obtain a good upper bound
on the norm of R that holds with high probability. We will do this by estimating the trace of a
high power of R. For an even power [, this should be relatively close to ||R||. In particular, we
use the fact that for every even [

|| <™ (R')

i < (1 ()"

We will prove in Theorem 8.4.2 that for every even [ such that np(1 — p) > 218,

and thus

ETr (Rl> < 2n(4np(1 — p))/2.

This will allow us to show that the norm of R is usually less than u where

1/1

™ (2n(4np(1 - p))'72) " = (2n)"'2/np(1 = p).

We establish this by an application of Markov’s inequality. For all € > 0,
Pr[|R|| > (1 + ¢)u] < Pr [Tr (Rl) >(1+ e)lul}
< Pr [Tr (Rl) > (1+ ¢)ETr (Rl>]
<(1+e7,
by Markov’s inequality.

To understand this probability, remember that for small €, (1 + €) is approximately exp(e). So,
(1+ ¢€)~! is approximately exp(—el). This probability becomes small when [ > 1/e. Concretely, for
€ < 1/2, 1+ € < exp(4€e/5). Thus, we can take e approximately (n/2)~'/%. While this bound is not
very useful for n that we encounter in practice, it is nice asymptotically. In particular, this bound
goes to zero as n goes to infinity. The bound can be substantially improved by more careful
arguments, as we explain at the end of the Chapter.

We should also examine the term (2n)'/:

(2n)'/" = exp(In(2n)/1) < 1+ 1.11n(2n) /1,

for In(2n)/l < 1/2. Thus, for [ >> In(2n) this term is close to 1.

8.4 Expectation of the trace of a power

Recall that the trace is the sum of the diagonal entries in a matrix. By expanding the formula for
matrix multiplication, one can also show

-1
R'(ag,a0) = Y R(ao,a1) [[ R(ai-1, @),

at,...,a—1€V =1
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and so .
ERl(ao,ao) = Z ER(ao,al_l)HR(ai,l,ai).
ai,...,aj_1€V i=1

To simplify this expression, we will recall that if X and Y are independent random variables, then
E(XY)=E(X)E(Y). So, to the extent that the terms in this product are independent, we can
distribute this expectation across this product. As the entries of R are independent, up to the
symmetry condition, the only terms that are dependent are those that are identical. So, if

{bj, ¢;}; is the set of pairs that occur in

{CLOa al} ) {ala a2} DI {CLZ_Q, al—l} ’ {al—h CL(]} 3 (81)

and pair {b;,c;} appears d; times, then

-1
ER(ao, al,l) H R(ai_l, CLZ‘) = HER(bj, Cj)dj .
=1 J

As each entry of R has expectation 0,
ER(bj, Cj)dj

is zero if d; is 1. In general

ER, ) =p(1—p) [0~ (-0)*| <p1-p). (8.2)

for d > 2.

So, ER!(ag, ap) is at most the sum over sequences ar, ..., a;_; such that each pair in (8.1) appears
at least twice, times p(1 — p) for each pair that appears in the sequence.

To describe this more carefully, we say that a sequence ag, a1, ...,a; is a closed walk of length | on
n vertices if each a; € {1,...,n} and a; = ap. In addition, we say that it is significant if for every
tuple {b,c} there are at least two indices i for which {a;, a;41} = {b, c}. Let W, ;1 denote the
number of significant closed walks of length [ on n vertices such that aq,...,a;_1 contains exactly
k distinct elements. As a sequence with &k distinct elements must contain at least k distinct pairs,
we obtain the following upper bound on the trace.

Lemma 8.4.1.
1/2

ETr (Rl) < ; W (p(1 = p))*.

In the next section, we prove that
W, 1. < nitloljti-26)
Theorem 8.4.2. If is even and np(1 — p) > 218, then

ETr (R’) < 2n(4np(1 — p))V2.
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Proof. Let
te = nk+12ll4(l—2k)(p(1 _p))k‘

We will show that the sequence t; is geometrically increasing, and thus it is dominated by its
largest term. We compute

tr B k+121l4(l 2k) (p(l p))k

th_1  nk2l[a(—2k+2) (p(1 — p))k—1
_ n(p(l —p))
= E
> 2

Thus,
1/2 1/2 1/2
ETr (R‘) <> W(n,Lk)@p k< Ztk <ty 22 < 2ty < 2n2'(np(1 —p))"/2.

k=1

Of course, better bounds on W, ; provide better bounds on the trace. Vu [Vu07] proves that

l
Wn,l,k S nk+1 <2k> (k + 1)2([—2/4:)22]6.

This bound allows us to apply much higher powers of the matrix.

8.5 The number of walks

Our goal is to prove an upper bound on W, ;. We will begin by proving a crude upper bound,
and then refine it.

As it is tricky to obtain a clean formula for the number of such walks, we will instead derive ways
of describing such walks, and then count how many such descriptions there can be.

Let S C {1,...,1— 1} be the set of i for which a; does not appear earlier in the walk:
aig{aj:j<i}.

There are at most (121) choices for the set S. Given S, we wish to record the identities of the
elements a; for i € S. Each is an element of [n], and we record them in the order in which they
appear in the walk. You may wish to think of this data as a map

o:8—[n].

There are at most n* such maps. We also record the identity of ag.
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For each i ¢ S there is a j € SU {0} for which a; = a;. We record which element of S this is, or
we record 0 if it is ag. As S has k elements, we only need one of k£ + 1 numbers to record this j.
Again, you may wish to think of this data as a map

T:[l—-1\S— Su{0}.

There are at most (k + 1)/=1=* choices for 7. See figure 8.1 for an example.

(7@\ l,ua“(.‘ &L!CaJIG—]h!C’e;CidJQ|b

@ @ fe=1 S‘%_lfzt?);()g
A \u/ — o(h=c ©o@d oc(®=a of)e
@/ (40wl =l T(3)=1 T[=3

Figure 8.1: An example walk along with S, o, and 7.

While not every choice of ag, S, 0 and 7 corresponds to a significant walk, every significant walk
with k distinct elements corresponds to some ag, S, o and 7. Thus,

-1
Wik < ( L )n’“+1(k+ )ik, (8.3)

This bound is too loose to obtain the result we desire. It merely allows us to prove that

|R|| < cy/np(1 — p)logn for some constant ¢. This bound is loosest when k = [/2. This is
fortunate both because this is the case in which it is easiest to tighten the bound, and because the
computation in Theorem 8.4.2 is dominated by this term.

Consider the graph with edges (a;—1,a;) for i € S. This graph must be a tree because it contains
exactly the edges from which the walk first hits each vertex. Formally, this is because the graph
contains k edges, touches k 4 1 vertices, and we can prove by induction on the elements in S that
it is connected, starting with ag. See Figure 8.2.

We can use this tree to show that, when k = [/2, every pair {a;—1,a;} that appears in the walk
must appear exactly twice: the walk only takes [ steps, and each pair of the k = [/2 in the tree
must be covered at least twice.

We now argue that when [ = 2k the map 7 is completely unnecessary: the walk is determined by
S and o alone. That is, for every i & S there is only one edge that the walk can follow. For i &€ S,
the tuple {a;_1,a;} must have appeared exactly once before in the walk. We will show that at
step ¢ the vertex a;_; is adjacent to exactly one edge with this property.

To this end, we keep track of the graph of edges that have appeared exactly once before in the
walk. We could show by induction that at step ¢ this graph is precisely a path from ag to a;_1.
But, we take an alternate approach. Consider the subgraph of the tree edges that have been used
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)
@) (—@©
(&

Figure 8.2: The tree edges for this walk.

exactly once up to step i. We will count both its number of vertices, v, and its number of edges,
f. At step ¢ we include a; in this subgraph regardless of whether it is adjacent to any of the
edges, so initially v = 1 and e = 0. The walk ends in the same state.

For steps in which ¢ € S, both v and f increase by 1: the edge {a;—1,a;} and the vertex a; is
added to the subgraph. When ¢ ¢ S and {a;—1,a;} is the only tree edge adjacent to a;—; that has
been used exactly once, both e and v decrease: e because we use the pair {a;_1,a;} a second time
and v because a;_1 is no longer adjacent to any tree edge that has been used exactly once, and
the walk moves to a;.

If for some i & S it were the case that a;_1 was adjacent to two tree edges that had been used
exactly once, then e would decrease but v would not. As the process starts and ends with
v — e = 1, this is not possible.

Thus

l
Wi <n <l/2>

Now that we know W, ;;/5 is much less than the bound suggested by (8.3), we should suspect
that W, ;1 is also much lower when k is close to /2. To show this, we extend the idea used in the
previous argument to show that with very little information we can determine where the walk
goes for almost every step not in S.

We say that the ith step in the walk is extra if the pair {a;—1,a;} is not a tree edge or if it appears
at least twice in the walk before step i. Let 2 denote the number of extra steps. As each of the
tree edges appears in at least two steps, the number of extra steps is at most [ — 2k. We will use 7
to record the destination vertex a; of each extra step, again by indicating its position in S.

During the walk, we keep track of the set of tree edges that have been used exactly once. Let T
be the set of steps in which in which a;_; is adjacent to exactly one tree edge that has been used
exactly once and the walk follows that edge. That is, the edge is {a;_1,a;} and we can infer a;
given ¢ € T. If a;_; is adjacent to exactly one tree edge that has been used exactly once but the
walk does not follow that edge, then step 7 is extra: it either follows an edge that is not in the
tree or it follows a tree edge that has been used at least twice.

This leaves us to account for the steps in which a;_1 is adjacent to more than one tree edge that
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has been used exactly once and follows such an edge. In this case, we call step i ambiguous,
because we need some way to indicate which of those edges it used. In ambiguous steps we also
use T to record a;. Every step not in S or T is extra or ambiguous. So,

(- 1\ (SUT)) - SU{0}.

The data ag, S, T, 0, and 7 determine the walk. It remains to determine how many ways we can
choose them.

We will show that the number of ambiguous steps is at most the number of extra steps. This
implies that [V \ (SUT)| < 2z. Thus, the number of possible maps 7 is at most

(k+1)*.

The number of choices for S and T" may be upper bounded by

[

Wn,l7k S nk+12l—1(l k- 1)21’(k, + 1)2m S nk+121—1(lk,)2(l—2/€) S ’I’Lk+12ll4(l_2k). (84)

Thus

We now finish by arguing that the number of ambiguous edges is at most the number of extra
edges. As before, keep track of the subgraph of the tree edges that have been used exactly once
up to step i. We will count both its number of vertices, v, and its number of edges, e. At step ¢
we include a; in this subgraph regardless of whether it is adjacent to any of the graphs edges, so
initially ¥ = 1 and e = 0. The walk ends in the same state.

For steps in which ¢ € S, both v and e increase by 1. For steps in which ¢ € T, the vertex a;_; has
degree one in this graph. When we follow the edge (a;_1, a;), we remove it from this graph. As
a;—1 is no longer adjacent to any edge of the graph, both v and e decrease by 1.

At ambiguous steps i, we decrement e. But, because a;—; was adjacent to at least two tree edges
that had been used exactly once, it is not removed from the graph and v does not decrease. The
ambiguous steps may be compensated by extra steps. An extra step does not change f, but it can
decrease v. This happens when a;_; is not adjacent to any tree edges that have been used exactly
once, but a; is. Thus, a;_1 contributes 1 to v during step ¢« — 1, but is removed from the count as
soon as the walk moves to a;. As the walk starts and ends with v — f = 1, neither the steps in .S
nor T change this difference, ambiguous steps increase it, and extra steps can decrease it, the
number of extra steps must be at least the number of ambiguous steps.

8.6 Notes

The proof in this chapter is a slight simplification and weakening of result due to Vu [Vu07]. The
result was first claimed by Fiiredi and Komlos [FK81]. However, there were a few mistakes in
their paper. Vu’s paper also provides concentration results that lower bound w2, whereas the
argument in this chapter merely provides an upper bound.
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8.7 Exercise

1. Interlacing.

Let A be a symmetric matrix with eigenvalues a; > a9 > ... > ). Let B= A + xx ! for some
vector  and let 81 > B2 > ... > 3, be the eigenvalues of B. Prove that for all ¢

Bi > o > Biy1.
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Figure 8.3: An example walk along with v and e
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Chapter 9

Strongly Regular Graphs

This Chapter Needs Editing

9.1 Introduction

In this and the next lecture, I will discuss strongly regular graphs. Strongly regular graphs are
extremal in many ways. For example, their adjacency matrices have only three distinct
eigenvalues. If you are going to understand spectral graph theory, you must have these in mind.

In many ways, strongly-regular graphs can be thought of as the high-degree analogs of expander
graphs. However, they are much easier to construct.

The Paley graphs we encountered in Chapter 7 are Strongly Regular Graphs.

Many times someone has asked me for a matrix of Os and 1s that “looked random”, and strongly
regular graphs provided a resonable answer.

Warning: [ will use the letters that are standard when discussing strongly regular graphs. So A
and p will not be eigenvalues in this lecture.

9.2 Definitions

Formally, a graph G is strongly regular if

1. it is k-regular, for some integer k;

2. there exists an integer A such that for every pair of vertices « and y that are neighbors in G,
there are A\ vertices z that are neighbors of both x and y;

3. there exists an integer p such that for every pair of vertices « and y that are not neighbors
in G, there are u vertices z that are neighbors of both x and y.
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These conditions are very strong, and it might not be obvious that there are any non-trivial
graphs that satisfy these conditions. Of course, the complete graph and disjoint unions of
complete graphs satisfy these conditions.

For the rest of this lecture, we will only consider strongly regular graphs that are connected and
that are not the complete graph. I will now give you some examples.

9.3 The Pentagon

The simplest strongly-regular graph is the pentagon. It has parameters

9.4 Lattice Graphs

For a positive integer n, the lattice graph L, is the graph with vertex set {1, .. .n}2 in which
vertex (a,b) is connected to vertex (c,d) if a = ¢ or b = d. Thus, the vertices may be arranged at
the points in an n-by-n grid, with vertices being connected if they lie in the same row or column.
Alternatively, you can understand this graph as the line graph of a bipartite complete graph
between two sets of n vertices.

It is routine to see that the parameters of this graph are:

E=2(n—1), A=n—-2, pu=2.

9.5 Latin Square Graphs

A Latin Square is an n-by-n grid, each entry of which is a number between 1 and n, such that no
number appears twice in any row or column. For example,

1 2 3
2 31
3 1 2

Let me remark that the number of different latin squares of size n grows very quickly, at least as
fast as nl(n — 1)!(n — 2)!...2L

From such a latin square, we construct a Latin Square Graph. It will have n? nodes, one for each
cell in the square. Two nodes are joined by an edge if

1. they are in the same row,

2. they are in the same column, or
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3. they hold the same number.

So, such a graph has degree k = 3(n — 1). Any two nodes in the same row will both be neighbors
with every other pair of nodes in their row. They will have two more common neighors: the nodes
in their columns holding the other’s number. So, they have n common neighbors. The same
obviously holds for columns, and is easy to see for nodes that have the same number. So, every
pair of nodes that are neighbors have exactly A = n common neighbors.

On the other hand, consider two vertices that are not neighbors, say (1,1) and (2,2). They lie in
different rows, lie in different columns, and hold different numbers. The vertex (1, 1) has two
common neighbors of (2,2) in its row: the vertex (1,2) and the vertex holding the same number
as (2,2). Similarly, it has two common neighbors of (2,2) in its column. Finally, we can find two
more common neighbors of (2,2) that are in different rows and columns by looking at the nodes
that hold the same number as (1, 1), but which are in the same row or column as (2,2). So, u = 6.

9.6 The Eigenvalues of Strongly Regular Graphs

We will consider the adjacency matrices of strongly regular graphs. Let A be the adjacency
matrix of a strongly regular graph with parameters (k, A, ). We already know that A has an
eigenvalue of k£ with multiplicity 1. We will now show that A has just two other eigenvalues.

To prove this, first observe that the (u,v) entry of A2 is the number of common neighbors of
vertices u and v. For w = v, this is just the degree of vertex u. We will use this fact to write A% as
a linear combination of A, I and J. To this end, observe that the adjacency matrix of the
complement of A (the graph with non-edges where A has edges) is J — I — A. So,

A2 = QXA+ u(J —T—A)+ kI =(\— A+ pJ+ (k—p)l.
For every vector v orthogonal to 1,
A%y =\ —p)Av + (k — p)v.
So, every eigenvalue 6 of A other than k satisfies
02 =(0\—wbh+k—p.

The eigenvalues of A other than k are those 6 that satisfy this quadratic equation, and so are
given by

A—pt /(A= p)?+4(k—p)
5 )
These eigenvalues are always denoted r and s, with r > s. By convention, the multiplicty of the
eigenvalue r is always denoted f, and the multiplicty of s is always denoted g.

For example, for the pentagon we have

V5 -1 V5 +1

r= , §=— .

2
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For the lattice graph L,,, we have
r=n-—2, s=-—2.

For the latin square graphs of order n, we have

9.7 Regular graphs with three eigenvalues

We will now show that every regular connected graph with at most 3 eigenvalues must be a
strongly regular graph. Let G be k-regular, and let its eigenvalues other than k be r and s. As G
is connected, its adjacency eigenvalue k£ has multiplicty 1.

Then, for every vector orthogonal to 1, we have
(A—rI)(A—sl)v =0.

Thus, for some 3,
(A—rI)(A—sI)=pJ,
which gives
A2~ (r+s)A+rsI =B8] =
A? = (r+s)A—rsl+BJ
=(r+s+p)A+B8(J—-A—-1I)+ (rs+ p)I.

So, the number of common neighbors of two nodes just depends on whether or not they are
neighbors, which implies that A is strongly regular.

9.8 Integrality of the eigenvalues

We will now see that, unless f = g, both r and s must be integers. We do this by observing a few
identities that they both must satisfy. First, from the quadratic equation above, we know that

r+s=A—p (9.1)

and
rs=p—k. (9.2)

As the trace of an adjacency matrix is zero, and is also the sum of the eigenvalues times their
multiplicites, we know
k+ fr+gs=0. (9.3)

So, it must be the case that s < 0. Equation 9.1 then gives r > 0.

If f # g, then equations (9.3) and (9.1) provide independent constraints on r and s, and so
together they determine r and s. As the coefficients in both equations are integers, they tell us
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that both r and s are rational numbers. From this, and the fact that r and s are the roots of a
quadratic equation with integral coefficients, we may conclude that r and s are in fact integers.
Let me remind you as to why.

Lemma 9.8.1. If 0 is a rational number that satisfies
0%+ b0 +c =0,

where b and c are integers, then 6 must be an integer.

Proof. Write 6 = z/y, where the greatest common divisor of x and y is 1. We then have

(z/y)* +b(z/y) + ¢ =0,
which implies
22 + bry + ey =0,

which implies that y divides 2. As we have assumed the greatest common divisor of = and y is 1,
this implies y = 1. O

9.9 The Eigenspaces of Strongly Regular Graphs

It is natural to ask what the eigenspaces can tell us about a strongly regular graph. But, we will
find that they don’t tell us anything we don’t already know.

Let uq,...uy be an orthonormal set of eigenvectors of the eigenvalue 7, and let U be the matrix
containing these vectors as columns. Recall that U is only determined up to an orthnormal
transformation. That is, we could equally take UQ for any f-by-f orthnormal matrix Q.

To the ith vertex, we associate the vector

2 (w1 (i), ... up(i)).
While the vectors U are determined only up to orthogonal transformations, these transformations
don’t effect the geometry of these vectors. For example, for vertices ¢ and j, the distance between
z; and x; is
i — ],
and

T

2 2 2
@i — ;)" = [lael|” + [Jea;||” - 2525 .

On the other hand,
l2:Q — z;Q|” = |2:Q|*+]|z2;Q|" —2(2:Q) (x,;Q)" = |2:Q|*+]|22;Q|* —22:QQ" ] = ||m;|*+||z;|*~2x;] .

In fact, all the geometrical information about the vectors x; is captured by their Gram matrix,
whose (7, j) entry is :L'ijT This matrix is also given by

vu”T.
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Let W be the analogous matrix for the eigenvalue s. We then have
1
A=rUU" +sWWT + b

As each of the matrices UUT, WW7T and %J are projections (having all eigenvalues 0 or 1), and
are mutually orthogonal, we also have

1
A2 =207 + SPWWT + k2=
n

Consider the polynomial

X —s)(X —
Py - X=X = k)

(r—s)(r—=k)
We have

1 ifX=r

P(X)=10 if X =s, and

0 if X =k.

So,
1
P(A) = P(ryUUT + P(s)WWT + P(k) T = Uu”.

That is, the Gram matrix of the point set x1,..., , is a linear combination of the identity, A

and A2. So, the distance between any pair of points in this set just depends on whether or not the
corresponding vertices are neighbors in G.

In particular, this means that the point set x1,...,x, is a two-distance point set: a set of points
such that there are only two different distances between them. Next lecture, we will use this fact
to prove a lower bound on the dimensions f and g.

9.10 Triangular Graphs

For a positive integer n, the triangular graph T, may be defined to be the line graph of the
complete graph on n vertices. To be more concrete, its vertices are the subsets of size 2 of
{1,...,n}. Two of these sets are connected by an edge if their intersection has size 1.

You are probably familiar with some triangular graphs. T3 is the triangle, T} is the skeleton of the
octahedron, and T5 is the complement of the Petersen graph.

Let’s verify that these are strongly-regular, and compute their parameters. As the construction is
competely symmetric, we may begin by considering any vertex, say the one labeled by the set
{1,2}. Every vertex labeled by a set of form {1,i} or {2,4}, for ¢ > 3, will be connected to this
set. So, this vertex, and every vertex, has degree 2(n — 2).

For any neighbor of {1,2}, say {1, 3}, every other vertex of from {1,} for ¢ > 4 will be a neighbor
of both of these, as will the set {2,3}. Carrying this out in general, we find that
A=n-3)+1=n-2.
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Finally, any non-neighbor of {1, 2}, say {3,4}, will have 4 common neighbors with {1,2}:

{1,3},{1,4},{2,3},{2,4}.
So, u = 4.

9.11 Two-distance point sets

Recall from last lecture that each eigenspace of a strongly regular graph supply a set of points on
the unit sphere such that the distance between a pair of points just depends on whether or not
they are adjacent. If the graph is connected and not the complete graph, then we can show that
these distances are greater than zero, so no two vertices map to the same unit vector. If we take
the corresponding point sets for two strongly regular graphs with the same parameters, we can
show that the graphs are isomorphic if and only if there is an orthogonal transformation that
maps one point set to the other. In low dimensions, it is easy to find such an orthogonal
transformation if one exists.

Consider the eigenspace of r, which we recall has dimension f. Fix any set of f independent
vectors corresponding to f vertices. An orthogonal transformation is determined by its action on
these vectors. So, if there is an orthogonal transformation that maps one vector set onto the
other, we will find it by examining all orthogonal transformations determined by mapping these f
vectors to f vectors in the other set. Thus, we need only examine (}L) f! transformations. This
would be helpful if f were small. Unfortunately, it is not. We will now prove that both f and g
must be at least v/2n — 2.

Let ',...,&" be a set of unit vectors in IR such that there are two values o, 8 < 1 such that
<wi,:z:j> = « or f3.
We will prove a lower bound on f in terms of n.

The key to our proof is to define an f-variate polynomial for each point. In particular, we set

pi(y) = (y"'z' —a)(y "z’ - p),

for y € RY. We first note that each polynomial p; is a polynomial of degree 2 in f variables (the
coordinates of y). As each f-variate polynomial of degree 2 can be expressed in the form

a-+ Z biyi + Z CijYiljs
i i<k

we see that the vector space of degree-2 polynomials in f variables has dimension

142f + <£>

To prove a lower bound on f, we will show that these polynomials are linearly independent.
Assume by way of contradiction that they are not. Then, without loss of generality, there exist
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coefficients v1,...,v, with v1 # 0 and

Z Yipi(y) = 0.

To obtain a contradiction, plug in y = 2!, to find

Z%‘pz'(wl) = ypi(xt) #0.

Thus, we may conclude

nSl—i—Qf—i—(é),

which implies

f>v2n-2.
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Chapter 10

Random Walks on Graphs

We will examine how the eigenvalues of a graph govern the convergence of a random walk.

10.1 Random Walks

We will consider random walks on undirected graphs. Let’s begin with the definitions. Let

G = (V, E,w) be a weighted undirected graph. A random walk on a graph is a process that
begins at some vertex, and at each time step moves to another vertex. When the graph is
unweighted, the vertex the walk moves to is chosen uniformly at random among the neighbors of
the present vertex. When the graph is weighted, it moves to a neighbor with probability
proportional to the weight of the corresponding edge. While the transcript (the list of vertices in
the order they are visited) of a particular random walk is sometimes of interest, it is often more
productive to reason about the expected behavior of a random walk. To this end, we will
investigate the probability distribution over vertices after a certain number of steps.

We will let the vector p, € RV denote the probability distribution at time t. We write p,(a) to
indicate the value of p, at a vertex a—the probability of being at vertex a at time ¢. A
probability vector p is a vector such that p(a) > 0, for all a € V, and

> pla)=1.

Our initial probability distribution, pg, will typically be concentrated on one vertex. That is,
there will be some vertex a for which py(a) = 1. In this case, we say that the walk starts at a.

To derive a p,,; from p,;, note that the probability of being at a vertex a at time ¢ + 1 is the sum
over the neighbors b of a of the probability that the walk was at b at time ¢, times the probability
it moved from b to a in time ¢t 4+ 1. We can state this algebraically as

w(a, b)
pii(a) = Z py(b), (10.1)
d(b)
b:(a,b)€E
where d(b) = > w(a,b) is the weighted degree of vertex b.
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We may write this in matrix form using the walk matriz of the graph, which is given by

f prp-t

We then have
Py = Wp, = WHlPo-

To see why this holds, consider how W acts as an operator on an elementary unit vector.

MD '8, = M(8,/d(b)) =) (wap/d(b))da.

a~b

We will often consider lazy random walks, which are the variant of random walks that stay put
with probability 1/2 at each time step, and walk to a random neighbor the other half of the time.
These evolve according to the equation

w(a,b
prala) = (1/2p0) +(1/2) Y “Ep0) (10.2)
b:(a,b)eE
and satisfy -
Py = Wpy,
where W is the lazy walk matriz , given by
= def 1 1 1 1 _1
W= _-T+-W=-I+-MD"".
2 + 2 2 + 2

We will usually work with lazy random walks.

10.2 Spectra of Walk Matrices

While the walk matrices are not symmetric, they are similar to symmetric matrices. We will see
that this implies that they have n real eigenvalues, although their eigenvectors are generally not
orthogonal. Define the normalized adjacency matrixz by

A p-12wpy2 - p-12pM D12,
So, A is symmetric.

Claim 10.2.1. The vector ¥ is an eigenvector of A of eigenvalue w if and only if D1/21/) is an
etgenvector of W of eigenvalue w.

Proof. As A=D"Y2wWD'Y? D'Y?A = WDY?. Thus, wyp = At if and only if

w(DY?p) = DV%wp = DY Ap = W (D).
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Of course, W has the same eigenvectors as W. Claim 10.2.1 lets us use the spectra of A to
reason about W and W.

We next observe that the degree vector, d, is a Perron vector of W of eigenvalue 1:
MD'd=M1=d.
From Claim 10.2.1, we now know that

ar d'?
" e

is the unit-norm Perron vector of A, where
d'*(a) € d(a)'/?,

and that it has eigenvalue 1.

So, the Perron-Frobenius theorem (Theorem 4.5.1) tells us that all the eigenvalues of A lie
between —1 and 1. As we did in Proposition 4.5.3, one can show that G is bipartite if and only if
—1 is an eigenvalue of A.

As W =W /2 + I/2, this implies that all the eigenvalues of W lie between 0 and 1. We denote
the eigenvalues of W and I/2+ A/2 by

l=w >wp > - >wy, >0.

While the letter w, pronounced “omega,” is not a greek equivalent of “w”, we use it because it
looks like one.

10.3 The stable distribution

Regardless of the starting distribution, the lazy random walk on a connected graph always
converges to one distribution: the stable distribution. This is the other reason that we forced our
random walk to be lazy. Without laziness', there can be graphs on which the random walks never
converge. For example, consider a non-lazy random walk on a bipartite graph. Every-other step
will bring it to the other side of the graph. So, if the walk starts on one side of the graph, its
limiting distribution at time ¢ will depend upon the parity of .

In the stable distribution, every vertex is visited with probability proportional to its weighted
degree. We denote the vector encoding this distribution by 7r, where

¥ d/17d).

Strictly speaking, any nonzero probability of staying put at any vertex in a connected graph will guarantee that
the Markov chain is aperiodic and converges. We don’t really need a half probability at every vertex.



CHAPTER 10. RANDOM WALKS ON GRAPHS 95

We have already seen that 7 is a right-eigenvector of eigenvalue 1. To show that the lazy random
walk converges to 7, we will exploit the fact that all the eigenvalues other than 1 are in [0, 1).
And, we expand the vectors p, in the eigenbasis of A, after first multiplying by D1/,

Let 44, ...,,, be orthonormal eigenvectors of A corresponding to eigenvalues wy, . ..,wy, of w
(caution: the corresponding eigenvalues of A are 2w; — 1). For any initial distribution p,, write

D_1/2p0 = Zci':,bi, where ¢; = wI D™/2p,.

)

Note that

(d1/2)T(D_1/2 ) 1Tp0 B 1

Ja P P e

as pg is a probability vector. One of the reasons we do not expand in a basis of eigenvectors of
W is that it, not being orthogonal, they do not allow such a nice expression for the coefficients.

We have

= QPClp(D_lﬂpo) =

—~t
p.= W pg
_ pl/2p-1/2 WtD1/2D—1/2p0
— pl/2 (D—1/2 WDI/Q)t D—l/zpo
=DY?2(I1/2+ A/2)! D7'/?p,
=D'2(I/2+ A/2)"> e,

= D' wacﬂ/’i

(2
= D'?¢¢p, + D'/? wacilbz’

1>2

=+ D/? wacmbi,

i>2

because ¥, = d/?/||d"/?|| implies

= Tr.

D1/2C1'l/11 — D1/2 ( 1 ) d1/2 d d

1Y) ) a2 a2z X, d(a)
As 0 < w; < 1 for i > 2, the right-hand term must go to zero.

This is a perfect example of one of the main uses of spectral theory: to understand what happens
when we repeatedly apply an operator.

10.4 The Rate of Convergence

The rate of convergence of a lazy random walk to the stable distribution is dictated by ws: a
small value of wy implies fast convergence.
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There are many ways of measuring convergence of a random walk. We will do so point-wise.
Assume that the random walk starts at some vertex a € V. For every vertex b, we will bound how
far p,(b) can be from 7 (b).

Theorem 10.4.1. For all a, b and t, if py = 94, then

SH

(b)
(a)

|p:(b) — 7 (b)] < w).

SH

Proof. Observe that
pi(b) = 5bTPt-
From the analysis in the previous section, we know
p;(b) = &, p, = m(b) + 5bTD1/2 wacﬂﬁi-
i>2

We need merely prove an upper bound on the magnitude of the right-hand term. To this end,

recall that 1

Vd(a)

=9I D7V%5, = T8, and note 8 DY/? = \/d(b)6} .

So,
T 1/2 ol d(b) o7 t T
6, D Z%’Cﬂ/’i = 95 Z%’T/’z‘l/’i da.
i>2 d(a) i>2

Analyzing the right-hand part of this last expression, we find

8y D _wivhbl 8a| = | > wi (85 ;) (7 '64)
i>2 i>2
< D_wi |05 vl [#1 4l
i>2
SEDB AN
i>2
<ws ) |05 vl v ol
i>1
<wh Z (5{1@-)2 Z (6aT¢i)2 by Cauchy-Schwartz
i>1 i>1
= W ||6p]| |6l as the eigenvectors form an orthonormal basis,
t
= (A)2
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10.5 Relation to the Normalized Laplacian

The walk matrix is closely related to the normalized Laplacian, which is defined by
N=D'?LD'V2=1-D'?MD'V?*=1- A.

We let 0 <1y <wy <--- <, denote the eigenvalues of N, and note that they have the same
eigenvectors as A. Other useful relations include

Vi:2—2wi, wizl—ui/Z,
and
W—I-D2ND2
2
The eigenvector of eigenvalue 0 of N is d'’?, by which I mean the vector whose entry for vertex a

is the square root of the degree of a. Observe that
D-V2LDY24Y? = p~Y2[1 = D~Y?0 = 0.
The eigenvectors of v, is given by

- x2'Nz
arg min .
xld/? zlx

-1/2

Changing variables into y = D x, and observing that

2Tdl/2? — yTD1/2d1/2 _ de’
we find

. y'Ly
Vo9 = IMIin .
>~ yLdyTDy

The normalized Laplacian is positive semidefinite and has the same rank as the ordinary
(sometimes called “combinatorial”) Laplacian. There are many advantages of working with the
normalized Laplacian: the mean of its eigenvalues is 1, so they are always on a degree-independent
scale. One can prove that v, < 2, with equality if and only if the graph is bipartite.

The bound in Theorem 10.4.1 can be expressed in the eigenvalues of the normalized Laplacian as

d(b) ¢
|pt(b)—7'l'(b)| S @(1—112/2) .

We will say that a walk has mized if

p:(b) — 7 (b)| <7 (b)/2,
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for all vertices b. Using the inequality 1 — z < exp(—z), which we recall is almost tight for small
x, we see that this should happen once

(1-12/2)" < d(b)/2d(V) =

(1 —12/2)t < \/d(b)d(a)/2d(V) which is implied by

exp(—tr/2) < \/d(b)d(a)/2d(V) —

—t1y/2 < In (\/W/zda/)) —
t>2ln (zd(V)/\/W) Jvs.

So, for graphs in which all degrees are approximately constant, this upper bound on the time to
mix is approximately 21In(n)/ve. For some graphs the Inn term does not appear. Note that
multiplying all edge weights by a constant does not change any of these expressions.

While we have explicitly worked out Ao for many graphs, we have not yet done this for v5. The
following lemma will allow us to relate bounds on Ay to bounds on vs:

Lemma 10.5.1. Let L be the Laplacian matriz of a graph, with eigenvalues Ay < Ay < -+- < Ay,
and let N be its normalized Laplacian, with eigenvalues v1 < vo < --- < vo. Then, for all i
Ay N

dmin dma:p

)

where dpin and dmae are the minimum and maximum degrees of vertices in the graph.

Proof. The Courant-Fischer theorem tells us that

) 2T’ Nz
vi = min max —=—.
dim(S)=i zeS xTx

As the change of variables y = D2z is non-singular, this equals

min max yTLy'
dim(T)=i yeT yI' Dy

So,
. y' Ly . y'Ly 1 . y 'Ly N
vp = min max-—- > min max T = min max =—— = .
dim(T)=i yeT y* Dy dim(T)=i y€T dmazy’ Y dmaz dim(T)=i y€T Y*y Amaz
The other bound may be proved similarly. O

10.6 Examples

We now do some examples. For each we think about the random walk in two ways: by bounding
o and by reasoning intuitively about how a random walk on each graph should behave.
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10.6.1 The Path

As every vertex in the path on n vertices has degree 1 or 2, 15 is approximately As, which is
approximately ¢/n? for some constant c.

To understand the random walk on the path, think about what happens when the walk starts in
the middle. Ignoring the steps on which it stays put, it will either move to the left or the right
with probability 1/2. So, the position of the walk after ¢ steps is distributed as the sum of ¢
random variables taking values in {1, —1}. Recall that the standard deviation of such a sum is v/#.
So, we need to have v/t comparable to n/4 for there to be a reasonable chance that the walk is on
the left or right n/4 vertices. This means that we need t > O(n?) steps before the walk will mix.

10.6.2 The Complete Binary Tree

As with the path, 15 for the tree is within a constant of Ao for the tree, and so is approximately
¢/n for some constant c. To understand the random walk on T,,, first note that whenever it is at a
vertex, it is twice as likely to step towards a leaf as it is to step towards the root. If the walk
starts at a leaf, there is no way the walk can mix before it reaches the root. The height of the
walk is like a sum of £1 random variables, except that they are twice as likely to be —1 as they
are to be 1, and their sum never goes below 0. One can show that we need to wait approximately
n steps before such a walk will hit the root. Once it does hit the root, the walk mixes rapidly.

10.6.3 The Dumbbell

The dumbell graph D,, consists of two complete graphs on n vertices, joined by one edge called
the “bridge”. So, there are 2n vertices in total, and all vertices have degree n — 1 or n.

To understand the random walk on this graph, consider starting it at some vertex that is not
attached to the bridge edge. After the first step the walk will be well mixed on the vertices in the
side on which it starts. Because of this, the chance that it finds the edge going to the other side is
only around 1/n?: there is only a 1/n chance of being at the vertex attached to the bridge edge,
and only a 1/n chance of choosing that edge when at that vertex. So, we must wait some multiple
of n? steps before there is a reasonable chance that the walk reaches the other side of the graph.
After this point, it is reasonable to expect the walk to have mixed.

The isoperimetric ratio of this graph is

1

Op, ~ —.

n

Using the test vector that is 1 on one complete graph and —1 on the other, we can show that
Xo(Dy,) < 4/n.
Lemma 10.5.1 then tells us that
vo(Dy) < 4/dminn =~ 8/n2.

To prove that this bound is almost tight, we use the following lemma.
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Lemma 10.6.1. Let G be an unweighted graph of diameter at most r. Then,

2

X2 (G) > " =1)

Proof. For every pair of vertices (a,b), let P, be a path in G of length at most . We have

Ga,bﬁr‘Pa,b'ﬁT'G-

So,
n
Kn = Z Ga,b < <2>TG7
a<b
and
n
n < T(Q))\Q(G),
from which the lemma follows. O

The diameter of D,, is 3, so we have \o(D;,) > 2/3(n — 1). As every vertex of D,, has degree at

least n — 1, we may conclude vo(D,) > 2/3(n — 1)2.

10.6.4 The Bolas Graph

We define the bolas® graph B, to be a graph containing two n-cliques connected by a path of
length n. The bolas graph has a value of v, that is almost as small as possible. Equivalently,
random walks on a bolas graph mix almost as slowly as possible.

The analysis of the random walk on a bolas is similar to that on a dumbbell, except that when
the walk is on the first vertex of the path the chance that it gets to the other end before moving
back to the clique at which we started is only 1/n. So, we must wait around n? steps before there
is a reasonable chance of getting to the other side.

We can upper bound 1o with a test vector using the fact that

R
V9 = min ———.
zld T Dx

To prove an upper bound on v», form a test vector that is n/2 on one clique, —n/2 on the other,
and increases by 1 along the path. We can use the symmetry of the construction to show that this
vector is orthogonal to d. The numerator of the generalized Rayleigh quotient is n, and the
denominator is the sum of the squares of the entries of the vectors times the degrees of the
vertices, which is some constant times n*. This tells us that v is at most some constant over n3.

To see that 15 must be at least some constant over n?, and in fact that this must hold for every
connected, unweighted graph, apply Lemmas 10.5.1 and 10.6.1.

2A bolas is a hunting weapon consisting of two balls or rocks tied together with a cord.
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10.7 Diffusion

There are a few types of diffusion that people study in a graph, but the most common is closely
related to random walks. In a diffusion process, we imagine that we have some substance that can
occupy the vertices, such as a gas or fluid. At each time step, some of the substance diffuses out
of each vertex. If we say that half the substance stays at a vertex at each time step, and the other
half is distributed among its neighboring vertices, then the distribution of the substance will
evolve according to equation (10.2). That is, probability mass in lazy random walks obeys this
diffusion equation.

People often consider finer time steps in which smaller fractions of the mass leave the vertices. In
the limit, this results in continuous random walks that are modeled by the matrix exponential: if
the walk stays put with probability 1 — € in each step, and we view each step as taking time e,
then the transition matrix of the walk after time t will be

(1= ) + eW)¢ — exp(t(W — I)).

These are in many ways more natural than discrete time random walks.

10.8 Final Notes

The procedure we have described—repeatedly multiplying a vector by W and showing that the
result approximates w—is known in Numerical Linear Algebra as the power method. It is one of
the common ways of approximately computing eigenvectors.

In the proof of Theorem 10.4.1, we were a little loose with some of the terms. The slack comes
from two sources. First, we upper bounded w; by ws for all ¢, while many of the w; are probably
significantly less than we. This phenomenon is often called “eigenvalue decay”, and it holds in
many graphs. This sloppiness essentially costs us a multiplicative factor of logn in the number of
steps t we need to achieve the claimed bound. You will note that in the examples above, the time
to approximate convergence is typically on the order of 1/vs, not (logn)/vs. This is because of
eigenvalue decay.

The second source of slack appeared when we upper bounded the absolute value of a sum by the
sum of the absolute value.



Chapter 11

Walks, Springs, and Resistor
Networks

11.1 Overview

In this chapter we will see how the analysis of random walks, spring networks, and resistor
networks leads to the consideration of systems of linear equations in Laplacian matrices and their
submatrices. This exposition introduces language and concepts that will prove useful in the rest
of the book.

11.2 Harmonic Functions

The theme of this chapter is harmonic functions on graphs. These will be defined in terms of a
weighted graph G = (V, E,w) and a set of boundary vertices B C V. Welet S =V — B (I use
“—7 for set-minus). We will assume throughout this lecture that G is connected and that B is
nonempty.

A function x : V — R is said to be harmonic at a vertex a if the value of & at a is the weighted
average of its values at the neighbors of a where the weights are given by w:

z(a) = diZwaJw(b). (11.1)

a
b~a

The function z is harmonic on S if it is harmonic for all a € S.

102
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11.3 Random Walks with absorbing nodes

Consider the standard (not lazy) random walk on the graph G. Recall that when the walk is at a
vertex a, the probability it moves to a neighbor b is

Wq, b

do

Distinguish two special nodes in the graph that we will call s and ¢, and run the random walk
until it hits either s or t. We view s and ¢ as the boundary, so B = {s,t}. Nodes at which a
random walk stops are sometimes called absorbing nodes or absorbing states.

Let x(a) be the probability that a walk that starts at a will stop at s, rather than at ¢. We have

the boundary conditions x(s) = 1 and x(t) = 0. For every other node a the chance that the walk
stops at s is the sum over its neighbors b of the chance that the walk moves from a to b, times the
chance that a walk from b stops at s. That is,

z(a) = Z%Mb).

a
b~a

So, the function x is harmonic at every vertex in V — B.

For example, consider the path graph P,. Let’s make s = n and t = 1. So, the walk stops at
either end. We then have (n) =1, (1) = 0. It is easy to construct at least one solution to the
harmonic equations (11.1): we can set

a—1

It essentially follows from the definitions that there can be only one vector @ that solves these
equations. But, we will prove this algebraically later in lecture.

These solutions tell us that if the walk starts at node a, the chance that it ends at node n is
(a —1)/(n — 1). This justifies some of our analysis of the bolas graph from Section 10.6.4.

Of course, the exact same analysis goes through for the lazy random walks: those give

z(a) = (1/2)z(a) + (1/2) Y %x(b) = z(a)= Z%bx(b).

b~a @ b~a

11.4 Spring Networks

Imagine that every edge of a graph G = (V| E) is an ideal spring or rubber band, and that they
are joined together at the vertices. Given such a structure, we will pick a subset of the vertices
B C V and fix the location of every vertex in B. For example, you could nail each vertex in B

onto a point in the real line or onto a board in IR2. We will then study where the other vertices
wind up.
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We can use Hooke’s law to figure this out. To begin, assume that each rubber band is an ideal
spring with spring constant 1. If your graph is weighted, then the spring constant of each edge
should be its weight. If a rubber band connects vertices a and b, then Hooke’s law tells us that
the force it exerts at node a is in the direction of b and is proportional to the distance between a
and b. Let x(a) be the position of each vertex a. You should begin by thinking of x(a) being in
IR, but you will see that it is just as easy to make it a vector in IR? or IR¥ for any k.

The force the rubber band between a and b exerts on a is
z(b) — z(a).

In a stable configuration, all of the vertices that have not been nailed down must experience a
zero net force. That is, for all a & B,

D () —2(a) =0 <= > x(b) = dox(a)

b~a b~a

— di S a(b) = w(a).

a
b~a

In a stable configuration, every vertex that is not on the boundary must be the average of its
neighbors.

In the weighted case, where the spring constant of edge (a,b) is wqp, we would have for each
acV —B

dla Z Wepz(b) = z(a).

That is, « is harmonic on V — B.

We will next show that the equations (11.1) have a solution, and that it is unique® if the
underlying graph is connected and B is nonempty But first, consider again the path graph P,
with the endpoints fixed: B = {1,n}. Let us fix them to the values (1) = 1 and x(n) = n. The
only solution to the equations (11.1) is the obvious one: vertex i is mapped to i: x(i) = i for all i.

11.5 Laplacian linear equations

If we rewrite equation (11.1) as

dox(a) — Z wapx(b) =0, (11.2)

b~a

we see that it corresponds to the row a of the Laplacian. So, we may find a solution to the
equations (11.1) by solving a system of equations in the submatrix of the Laplacian indexed by
vertices in V — B.

Tt can only fail to be unique if there is a connected component that contains no vertices of B.
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To be more concete, I will set up those equations. For each vertex a € B, let its position be fixed
to f(a). Then, for each a ¢ B, we can re-write equation (11.2) by moving the contribution of
vertices in B to the right-hand side:

dam(a) - Z wa,bw(b) = Z wa,bf(b)'
b¢B:(ab)EE beB:(a,b)EE

So, all of the boundary terms wind up in the right-hand vector.

Let S =V — B. We now see that this is an equation of the form
L(S,S)x(S) =, with » = M (S, B)f(B). (11.3)

By L(S, S) we mean the submatrix of L indexed by rows and columns of S. M (S, B) is the
submatrix of L indexed by rows in S and columns in B, and x(S) is the sub-vector of & with
entries indexed by S.

We can then write the condition that entries of B are fixed to f by
z(B) = f(B).

We have reduced the problem of computing & to that of solving a system of equations in a
submatrix of the Laplacian.

Submatrices of Laplacians are a lot like Laplacians, except that they are positive definite. To see
this, note that all of the off-diagonals of the submatrix L(S,S) agree with all the off-diagonals of
the Laplacian of the induced subgraph Lg(g). But, some of the diagonals of L(S, S) are larger:
the diagonals of nodes in the submatrix account for both edges in the induced subgraph and
edges to the vertices in B.

Claim 11.5.1. Let L be the Laplacian of G = (V,E,w), let B C 'V, and let S =V — B. Then,
L(S,S) = Lg(s) + X5,

where G(S) is the subgraph induced on the vertices in S and X g is the diagonal matriz with
entries

Xs(a,a) = Zwayb, foraesS.

b~a
beB

Lemma 11.5.2. Let L be the Laplacian matriz of a connected graph and let X be a nonnegative,
diagonal matrixz with at least one nonzero entry. Then, L+ X is positive definite.

Proof. We will prove that ” (L + X)x > 0 for every nonzero vector . As both L and X are
positive semidefinite, we have

' (L+ X)z > min (2’ Lz,z" Xz).

As the graph is connected, @’ Lz is positive unless x is a constant vector. If = c1 for some
¢ # 0, then we obtain

A1M(L+ X)1=c"1"X1=¢) X (i,i) > 0.
%
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Lemma 11.5.3. Let L be the Laplacian matriz of a connected graph G = (V, E,w), let B be a
nonempty, proper subset of V', and let S =V — B. Then, L(S,S) is positive definite.

Proof. Let S1,..., Sk be the connected components of vertices of G(S). We can use these to write
L(S,S) as a block matrix with blocks equal to L(S;, S;). Each of these blocks can be written

L(SZ,SZ) = LGSi + XSz"

As G is connected, there must be some vertex in S; with an edge to a vertex not in S;. This
implies that Xg, is not the zero matrix, and so we can apply Lemma 11.5.2 to prove that L(S;, S;)
is invertible. Thus, L is invertible and zero is not among its eigenvalues. Since L is positive
semi-definite, this implies it is positive definite. O

As the matrix L(S,S) is invertible, equation (11.3) has a solution, and it must be unique.

In fact, we can show that all of the entries of the inverse of L(S,S) are non-negative.

Theorem 11.5.4. Let L be the Laplacian matriz of a connected graph and let X be a
nonnegative, diagonal matriz with at least one nonzero entry. Then, all the entries of (L + X)~!
are positive.

Proof. Let L =D — M, where D is the diagonal degree matrix and M is the adjacency matrix.
And, let H =D + X. Lemma 11.5.2 tells us that L + X is positive definite, and thus

H 'L+ X)H '?=H "D+ X -M)H '?=I1-H '*MH'/?

is positive definite as well. Let B = H ~12M H~'/2. We now know that the largest eigenvalue of
B is less than 1. As this matrix has non-negative entries, the Perron-Frobenius theorem tells us
that ||B|| < 1.

The reason we care about this is that it implies that the infinite series for the inverse of I — B
converges:
(I-B)'=I+) B
i>1
Moreover, all of the entries of every entry of every matrix in this sum are non-negative. As the
graph is connected, for every a and b there is an i for which B*(a,b) > 0, and thus every entry of
this sum is positive.

To finish, note that
(I-B)'=HY?(I1-B)'HY2

The entries of this matrix are positive as well, because H 12 ig a diagonal matrix of positive
entries. ]
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11.6 Energy

Physics also tells us that the vertices will settle into the position that minimizes the potential
energy. The potential energy of an ideal linear spring with constant w when stretched to length [
is 1
—wl?.

2
So, the potential energy in a configuration x is given by

£ (z) déf% Y wap(z(a) - (b)) (11.4)

(a,b)eFE

For any « that minimizes the energy, the partial derivative of the energy with respect to each
variable must be zero. In this case, the variables are x(a) for a € S. The partial derivative with
respect to x(a) is
% S wep2w(a) - 20) = 3 wap((a) — (b)).
b:b~a b:b~a
Setting this to zero gives the equations we previously derived: (11.1).

For future reference, we state this result as a theorem.

Theorem 11.6.1. Let G = (V, E,w) be a connected, weighted graph, let B C V', and let
S =V — B. Given z(B), £ (x) is minimized by setting x(S) so that x is harmonic on S. In
particular, if *(B) = f, then

x(S) = —L(S,S) " L(S, B)f.

11.7 Resistor Networks

We now consider a related physical model of a graph in which we treat every edge as a resistor. If
the graph is unweighted, we will assume that each resistor has resistance 1. If an edge e has
weight we, we will give the corresponding resistor resistance r, = 1/w.. The reason is that when
the weight of an edge is very small, the edge is barely there and so it should correspond to very
high resistance. Having no edge corresponds to having a resistor of infinite resistance.

Recall Ohm’s law:
V =1IR.

That is, the voltage drop across a resistor (V') is equal to the current flowing over the resistor (1)
times the resistance (R). To apply this in a graph, we will define for each edge (a,b) the current
flowing from a to b to be i(a,b). As this is a directed quantity, we define

i(b,a) = —i(a,b).

Let v € RY be a vector of voltages (a.k.a. potentials) at vertices. Given these voltages, we can
figure out how much current flows on each edge by the formula

i(a,b) = 1b (v(a) — v(b)) = wap (v(a) — v(b)).
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That is, we adopt the convention that current flows from high voltage to low voltage. We would
like to write this equation in matrix form. The one complication is that each edge comes up twice
in 2. So, to treat ¢ as a vector we will have each edge show up exactly once. Since

i(b,a) = —i(a,b), this amounts to choosing an orientation for each edge. For example, we could
choose to list each edge (a,b) only when a < b. But, an arbitrary choice of orientation will work
just as well. We now define the signed edge-vertex adjacency matriz, U, of the graph to be the
matrix with rows indexed by edges and columns indexed by vertices such that

1 ifa=c
U((a,b),c) =< -1 ifb=c
0  otherwise.
Thus the row of U corresponding to edge (a,b) is U((a,b), ) = 62 — 7.

Define W to be the diagonal matrix with rows and columns indexed by edges with the weights of
the edges on the diagonals. We then have

1= WUw.

Also recall that resistor networks cannot hold current. So, all the current entering a vertex a from
edges in the graph must exit a to an external source. Let 4., € IRY denote the external currents,
where .,¢(a) is the amount of current entering the graph through node a. We then have

iext(a) = i(a,b).

b~a

In matrix form, this becomes
ot = Ui = UTWUw. (11.5)

For example, consider a graph on three vertices labeled 1, 2, and 3 with an edge of weight 1
between vertices 1 and 2 and an edge of weight 2 between vertices 2 and 3. This gives the matrices

1 -1 0 10
U_<O 1 _1> and W—<0 2).

If we set

we find

-1 . -1
Uv = <_2> and 1= WUwv = (_4>.

Thus, 4(1,2) = —1 and %(2,3) = —4, and
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The fact that i.;¢(1) = —1 means that one unit of current is flowing out of the network from
vertex 1. This unit of current comes from vertex 2, because 4(2,1) = 1.

The matrix
LY uv"wu
is, of course, the Laplacian. This is another way of writing the expression that we derived in
equation (3.3) of Chapter 3
L= wep(8a—6)(8a — )"

It is often helpful to think of the nodes a for which i.,:(a) # 0 as being boundary nodes. We will
call the other nodes internal. Let’s see what the equation

iext = Lv.

means for the internal nodes. Row a of this equation is

0= (6L L)v = Z wep(v(a) —v(b) = dqv(a) — Z W pv (D).

b:b~a b:b~a
That is,
1
v(a) = @ bbz wa pv (),
0~a

which means that v is harmonic at a.

A flow on edges 1 that is induced by voltages v by the equation ¢ = W Uw is called a potential
flow. We have just shown that the voltages are harmonic at precisely the vertices a for which
iemt(a) =0.

11.8 Solving for currents

We are often interested in applying (11.5) in the reverse: given a vector of external currents .
we would like to solve for the induced voltages by

v=2L"%..

This at first appears problematic because the Laplacian matrix does not have an inverse. The way
around this problem is to observe that we are only interested in solving these equations for vectors
¢4 for which the system has a solution. In the case of a connected graph, this equation will have
a solution if the sum of the values of 2.4 is zero. That is, if the current going in to the circuit

equals the current going out. These are precisely the vectors that are in the span of the Laplacian.

To obtain the solution to this equation, we multiply 2.;; by the Moore-Penrose pseudo-inverse of

L.
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Definition 11.8.1. The pseudo-inverse of a symmetric matriz L, written L™, is the matriz that
has the same span as L and that satisfies

LT"LLT™ =L", LL"L =1L, and LTL=LL" =TI,

where Il is the symmetric projection onto the span of L.

I remind you that a matrix IT is a symmetric projection if II is symmetric and II? = IT. This is
equivalent to saying that all of its eigenvalues are 0 or 1. When L is the Laplacian of a connected
graph, IT = (1/n) L, .

It is easy to find a formula for the pseudo-inverse.

Claim 11.8.2. Let v,,..., 1, be an orthonormal basis of eigenvectors of L with eigenvalues
Ay, Ap. Then,

LT =Y (1/x)99].

1:X#0

If v satisfies v = L1 4.4, then v is the unique solution to the equation Lv = 4cy, and v is
harmonic everywhere .. is zero.

11.9 Exercise

Prove that for every p > 0
P =wAPE" = " Ayl

)

Moreover, this holds for any symmetric matrix. Not just Laplacians.



Chapter 12

Effective Resistance and Schur
Complements

The effective resistance between two vertices a and b in an electrical network is the resistance of
the entire network when we treat it as one complex resistor. That is, we reduce the rest of the
network to a single edge. Similarly, we can view a networks of springs as one complex spring
connecting two of its vertices, and define its effective spring constant. When (a,b) is an edge in a
graph, the effective resistance between a and b can be used as a measure of the importance of that
edge. For example, in Chapter 13 we show that it determines the probability that edge (a,b) will
appear in a randomly chosen spanning tree. In Chapter 32 we show that if one samples O(nlogn)
edges with probabilities proportional to the product of their weight and effective resistances, the
resulting graph will probably be a good approximation of the original.

In general, we will see that if we wish to restrict our attention to a subset of the vertices, B, and
if we require all other vertices to be internal, then we can construct a network just on B that
factors out the contributions of the internal vertices. The process by which we do this is Gaussian
elimination, and the Laplacian of the resulting network on B is called a Schur complement. In
particular, we will learn that Schur complements of Laplacians are also Laplacians.

12.1 Electrical Flows and Effective Resistance

We now know that if a resistor network has external currents %..:, then the voltages induced at
the vertices will be given by
v = L+7:e:):t-

Consider what this means when %.,; corresponds to a flow of one unit from vertex a to vertex b.
The resulting voltages are
vV = L+(5a — (51,)

The effective resistance between vertices a and b is the resistance between a and b when we view

111
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the entire network as one complex resistor. To figure out what this is, recall that Ohm’s law tells
us that the flow over a resistor equals the voltage difference divided by the resistance:

v(a) — v(b).

i((l,b) = Tab

We use the same equation to define the effective resistance of the whole network between a and b.
That is, we consider an electrical flow that sends one unit of current into node a and removes one
unit of current from node b. We then measure the voltage difference between a and b that is
required to realize this current, define this to be the effective resistance between a and b, and
write it Reg(a,b). As it equals the voltage difference between a and b in a flow of one unit of
current from a to b:

def
Reg(a,b) = (8q — 8,)T LT (8, — 6.
In Section 12.9 we show that effective resistance is a distance. For now, we observe that effective
resistance is the square of a Euclidean distance.

To this end, let L1/? denote the square root of L. Recall that every positive semidefinite matrix
has a square root: the square root of a symmetric matrix M is the symmetric matrix M 1/2 guch
that (MY/?)2 = M. If

M= S
i
is the spectral decomposition of M, then

M S

We now have
(80— 80) L* (80— 83) = (L*/7(8, - 5,,))T L8, 8) = |18, - ab)HQ

= |58, — L8| = dis(E8,, 46,2

12.2 Effective Resistance through Energy Minimization

As you would imagine, we can also define effective spring constants. In this case, we view the
network of springs as one large compound network. Recall that for an individual spring between
two vertices s and t, the effective spring constant is the number w so that when s and ¢ are
stretched to distance I, the potential energy in the spring is wi?/2. So, we define the effective
spring constant in a network to be twice the minimum possible energy of the network,

28 (z) = Y wap(z(a) — (b)),

(a,b)EE

when the difference between x(s) and x(t) is fixed to 1. From Theorem 11.6.1, we know that the
vector minimizing &£ (x) will be harmonic on V' — {s, t}.
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We already know how compute such a vector . Set
T = L+(5t - 58)/Reff(t7 8)'
We have
z(t) — x(s) = (6; — 6)TLT(8; — 85) /Regi(5,1) = 1,
and x is harmonic on V' — {s,t}. We compute the potential energy in the network by

1

Fon(oryy? (L6 =89)" D(L¥(6: = 8.)

Ceg(s,t) = 2T L =

:(Rﬂ*zt»2®t—6QTL+LL+wt—69
N (Reff(ls,t»% = 0,)" L (8, 3,)

1
" Rei(s,t)

As the weights of edges are the reciprocals of their resistances, and the spring constant
corresponds to the weight, this is the formula we would expect. We denote this quantity by
Cegr(s,t), and sometimes also call it the effective conductance.

12.3 Reciprocity and Monotonicity

Consider a unit flow from vertex a to vertex b, and let ¢ and d be two other vertices in the
network. The voltage difference between ¢ and d is

v(c) —v(d) = (8. — 65)Tv = (8. — )T LT (8, — 8.
Note the amazing reciprocity here: as L is symmetric this is equal to
(84— 0,)TLT (8, — 84).

So, the voltage difference between ¢ and d when we flow one unit from a to b is the same as the
voltage difference between a and b when we flow one unit from c¢ to d.

Rayleigh’s Monotonicity Principle tells us that if we alter the spring network by decreasing some
of the spring constants, then the effective spring constant between s and t will not increase. In
terms of effective resistance, this says that if we increase the resistance of some resistors then the
effective resistance can not decrease. This sounds obvious. But, it is in fact a very special
property of linear elements like springs and resistors.

Theorem 12.3.1. Let G = (V, E,w) be a weighted graph and let G= (V, E,w) be another
weighted graph with the same edges and such that

Weq,b < Wb

for all (a,b) € E. For vertices s and t, let cs; be the effective spring constant between s and t in
G and let ¢s; be the analogous quantity in G. Then,

Cs,t < Cs,t-
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Proof. Let x be the vector of minimum energy in G such that z(s) = 0 and z(t) = 1. Then, the
energy of « in G is no greater:

LS @@ -0 <z Y waplwa) - z(b)? = car.
2 2

(a,b)EE (a,b)EE

So, the minimum energy of a vector  in G such that z(s) = 0 and @(t) = 1 will be at most Csit
and so Cs¢ < Cg 4. O

Similarly, if we let f{eff(S, t) be the effective resistance in G between s and ¢, then

Ref(s8,t) > Regr(s,t). That is, increasing the resistance of resistors in the network cannot decrease
effective resistances.

While this principle seems very simple and intuitively obvious, it turns out to fail in just slightly
more complicated situations.

12.4 Examples: Series and Parallel

If we have k parallel edges between two nodes s and t of resistances r1, ..., r, then the effective
resistance between s and ¢ is 1
Re(s,t) = .
eff (5, ) 1/ri 4+ 1/rg
In terms of weights, the expression is simpler: if the weights of the edges are wq, ..., wy, then the

effective conductance is wy + ...+ wg. That is, we add the weights. To see this, impose a voltage
difference of 1 between s and ¢. This will induce a flow of 1/r; = w; on edge i. So, the total flow

will be
Z 1/7‘2' = Zwi,

)

and this is the effective conductance (or weight) of the network of parallel edges.

In the case of a path graph with n vertices and edges of weight 1, the effective resistance between
the extreme vertices is n — 1.

In general, if a path consists of edges of resistance 712,...,7,—1,, then the effective resistance
between the extreme vertices is
r12+ -+ rp—1n.

To see this, we construct a potential flow of one unit from 1 to n by setting the voltage of vertex ¢
to
'U(Z) = Ta,a+1 +---+ n—1,n-

Ohm’s law then tells us that the current flow over the edge (a,a + 1) will be

(v(a) ~ v(a+ 1)) [raap = 1.
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Because the total flow at each internal vertex is zero, this potential flow harmonic for all a
between 2 and n — 1. So, the effective resistance of the path is the voltage difference of this unit
flow, which is v(1) — v(n), the sum of the resistances.

This provides another proof of the weighted path inequality, Lemma 6.6.1. That inequality said
that for all vectors x,

n—1 n—1
(@(1) - w(n))? < (Z 1) S wa(w(a) — z(a+1))°.

a=1

If we view the path weighted path as a spring network, then we know that the minimum potential
energy in the network, given the position of (1) and z(n), is half the effective spring constant
between 1 and n times the square of the distance between (1) and x(n):

1 n—1 1 -1
5 <aZ_1 wa) (2(1) —x(n))”.

This minimum energy will be achieved when x is harmonic on a between 2 and n — 1, and in
particular will be lower bounded by the potential energy of any other configuration,

12.5 Equivalent Networks, Elimination, and Schur Complements

We have shown that the impact of the entire network on two vertices can be reduced to a network
with one edge between them. We will now see that we can do the same for any subset of the
vertices. We will do this in two ways: first by viewing L as an operator, and then by considering
it as a quadratic form.

Let B be the subset of nodes that we would like to keep. We will call the nodes not in B internal,
and label them S =V — B.

As an operator, the Laplacian maps vectors of voltages to vectors of external currents. We want
to examine what happens if we fix the voltages at vertices in B, and require the voltages on S to
be harmonic. Let v(B) € R? be the voltages at B. We want the matrix Lp such that

iB = LB’U(B)

is the vector of external currents at vertices in B when we impose voltages v(B) at vertices of B.
As the internal vertices will have their voltages set to be harmonic, they will not have any
external currents.

The remarkable fact that we will discover is that Lp is in fact a Laplacian matrix', and that it is
obtained by performing Gaussian elimination to remove the internal vertices. To prove this, we

1Warning: Lp is not a submatrix of L.
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will move from V' to B by removing one vertex at a time. We'll start with a graph G = (V, E, w),
we will set B ={2,...,n}, and we will treat vertex 1 as internal. Let N denote the set of
neighbors of vertex 1.

We want to compute Lv given the values of v(b) for b € B, and the condition that v is harmonic
at vertex 1:

v(l) = d(ll) Z wi,qv(a). (12.1)

aeEN

That is, we want to substitute the value on the right-hand side for v(1) everywhere that it appears
in the equation %.,; = Lv. The variable v(1) only appears in the equation for i..:(a) for vertices
a € N. When it does, it appears with coefficient wy 4. Recall that the equation for %, (b) is

bext(b) = d(b)v(b) = > wpev(c).

c~b

For b € N we expand this by making the substitution for v(1) given by (12.1).

ieat(b) = d(D)v(b) — wp1v(1) = Y wyev(c)

c~b,c£1
=d(b)v(b) — wb’ld(ll) Z wi qv(a) — Z wp,cv(c)
aeN c~b,c#1
=d(b)v(b) — %v(a) - Z wp,cv(C).

aEN ce~b,e#£1

To finish, observe that b € N, so we are counting b in the middle sum above. Moving this to the
coefficient of v(b) gives

Teat(b) = (d(b) - ;U(bll)> v(b) — Z %v(a) - Z wp,cv(c).

a€N,a#b ce~b,c#£1

We will show that these revised equations have two interesting properties: they are the result of
applying Gaussian elimination to eliminate vertex 1, and the resulting equations are Laplacian.

Let’s look at exactly how the matrix of these equations has changed. In the row for vertex b, the

coefficient of —wy,; multiplying v (1) was removed, the diagonal was decreased by wb{’il(lf)l‘b, and for

each a € N other than b, the coefficient of v(a) was decreased by % So, the sum of the
changes in the coefficients in this row is

Wp,1W1 b Wp,1Waq,1 Wp,1Waq,1 Waq,1
Wp1 — —— o — E — = = W1 — — = Wp — Wh 1 § ~ = 0.
d(l) a€N,a#b (1) aeN d(l) aEN d(l)

As the sum of the coefficients in row b was zero before this operation, it remains zero.

To see that this new system of equations comes from a Laplacian, it suffices to check that its
off-diagonal entries are non-positive, its row-sums are zero, and that it is symmetric. To see that
it is symmetric, observe that the only changes to the off-diagonal entries in B are the subtraction
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w w . . . . . .
of b(’il(l)“’l in row @ and column b, and in row b and in column a. This change is symmetric. And,

it can only decrease the off-diagonal edges.

To see why this is the same as the result of using Gaussian elimination to eliminate the first
column of L, recall that Gaussian elimination works by adding multiples of a row to other rows,
S0 as to zero out the entries in a column. When we use the first row to eliminate the first column,
we subtract L(b,1)/L(1,1) times the first row from row b. And, L(b,1)/L(1,1) = —wy,1/d(1).
This only changes the rows for which L(b,1) is non-zero. In such a row, the diagonal is decreased
by L(b,1)L(1,b)/L(1,1) = w?,/d(1), and the off-diagonal entry in column a is decreased by
L(b,1)L(1,a)/L(1,1) = wb71w7a,1/d(1). This is exactly the change we made to the system of
equations by making substition (12.1).

12.5.1 In matrix form by energy

We now do this in terms of the quadratic form. That is, we will compute the matrix Lg so that
v(B)' Lgv(B) = v Lv,

given that v is harmonic at vertex 1 and agrees with v(B) elsewhere. The quadratic form that we
want to compute is thus given by

() ()

So that we can write this in terms of the entries of the Laplacian matrix, note that
d(1) = L(1,1), >,y wipv(b) = L(1, B)v(B), and so

1
v(l) = E Zwl,bv(b) = —(1/L(1,1))L(1, B)v(B).
bl
Thus, we can write the quadratic form as

(—(1/L(1, 1))L(17B)v(3)>T I <—(1/L(1, 1))17(173)1)(3))
v(B) '

If we expand this out, we find that it equals

L(1,B)v(

2
vUﬂTLUilﬂv(B)+1XL1)<— LG,D£D> +2vﬂ)LUﬂB)<—

= v(B)T L(B, B)v(B) + (L(l’ﬁ’vl) - L(1,1)
B (L(1, B)v(B))*
= v(B)TL(B, B)v(B) — 1,1)
Thus, ( VL( )
L(B,1)L(1,B
LB:L(BaB)_ (171)
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To see that this is the matrix that appears in rows and columns 2 through n when we use
Gaussian elimination to zero out the entries in the first column of L by adding multiples of the
first row, note that we eliminate entry L(a,1) by adding —L(a,1)/L(1,1) times the first row of
the matrix to L(a,:). Doing this for all rows in B = {2,...,n} results in this formula.

We can again check that Lp is a Laplacian matrix. It is clear from the formula that it is
symmetric and, as the entries of L(1, B) are non-positive while L(1,1) is positive, that the
off-diagonal entries are non-positive. To check that the constant vectors are in the nullspace, let’s
see what we can learn from expanding L1 = 0:

<f<%,11)> LL<(11%’,BB)>> (113> - (OD

implies that L(1,B)1p = —L(1,1), and L(B,B)1p = —L(B,1). So,

12.6 Eliminating Many Vertices

We can of course use the same procedure to eliminate many vertices. We begin by partitioning
the vertex set into boundary vertices B and internal vertices S. We can then use Gaussian
elimination to eliminate all of the internal vertices. You should recall that the submatrices
produced by Gaussian elimination do not depend on the order of the eliminations. So, you may
conclude that the matrix Lg is uniquely defined.

Or, observe that to eliminate the entries in row a € B and columns in .S, using the rows in S, we
need to add those rows, L(S,:) to row L(a,:) with coefficients ¢ so that

L(a,S) + cL(S, S) = 0.

This gives
c=—L(a,S)L(S,5)7 !,

and thus row a becomes

L(a,:) — L(a, S)L(S,S) "' L(S,:).

Restricting to rows and columns in B, we are left with the matrix
L(B,B) — L(B,S)L(S,S) ' L(S, B).

This is called the Schur complement on B (or with respect to S).

To see that this is equivalent to requiring that the variables in S be harmonic. Partition the
vector v into v(B) and v(S). The harmonic equations become

L(S,S)v(S)+ L(S,B)v(B) =0,
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which implies
v(S) = —L(S,S) ' L(S, B)v(B) = L(S,S) ' M (S, B)v(B),

as M (S, B) = —L(S, B) because off-diagonal blocks of the Laplacian equal the negative of the
corresponding blocks in the adjacency matrix. This gives
iet(B) = L(B, S)v(S) + L(B,B)v(B) = —L(B, S)L(S,S) "' L(S, B)v(B) + L(B, B)v(B),
and so
iest(B) = Lpv(B), where Lg = L(B,B) — L(B,S)L(S,S) ' L(S, B)
is the Schur complement.

We now verify (again) that Lp is a Laplacian matrix. That is, it is symmetric (direct from
formula), has non-positive off-diagonal entries, and row-sums 0. We can verify that Lgplp = 0p in
the same way that we did when S = {1}. Multiplying L by 1 by blocks gives

L(B,B)1p = —L(B,S)1s and L(S,B)1p = —L(S,S)1s.
So,

Lplp = L(B,B)1p — L(B,S)L(S,S) ' L(S, B)1p
= —L(B,S)1s — L(B,S)L(S,S) ' (~L(S, 5)1s)
=0g.

To see that the off-diagonal entries of this matrix are non-positive, note that this is true of
L(B, B), and that the entries of Lp at upper bounded by those of L(B, B), because
L(B,S)L(S,S) ' L(S, B) is non-negative. This follows from the fact established in
Theorem 11.5.4 that L(S, S)~! is positive and the non-positivity of L(S, B).

12.7 The Schur Complement

Schur complements are defined for general matrices. We will just consider the symmetric case.
Let M be a symmetric matrix with rows and columns indexed by a set V' that is partitioned into
sets B and S. The Schur complement of M with respect to S is defined if M (S, S) is invertible,

and if so it equals

Mp™ M(B,B) - M(B,S)M(S,S) ' M (S, B)

The following theorem is one of the reasons that Schur complements are so useful. It says that
the restriction of M ! to the rows and columns of B equals the inverse of the Schur complement.

Theorem 12.7.1. If both M and M (S, S) are invertible, then

(M) (B,B) = (Mp) "
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Proof. The easiest way to prove this is to write out a formula for the inverse of M by blocks, and
confirm that the product with M is the identity. That inverse is

(MB)_l _(MB)_lM(B7S)M(Svs)_1
<—M(S, S)"1M(S, B)(Mp)~t M(S,S)"1 + M(S,S)"LM(S, B)M ' M(B,S)M(S, S)—1.>

This should be multiplied by

12.8 An interpretation of Gaussian elimination

This gives us a way of understand how Gaussian elimination solves a system of equations like

10t = Lv. It constructs a sequence of graphs, Go, ..., G, so that G; is the effective network on
vertices i,...,n. It then solves for the entries of v backwards. Given v(i + 1),...,v(n) and
text(1), we can solve for v(i). If 4.4¢(7) = 0, then v(7) is set to the weighted average of its
neighbors. If not, then we need to take i.,¢(i) into account here and in the elimination as well. In
the case in which we fix some vertices and let the rest be harmonic, there is no such complication.

12.9 Effective Resistance is a Distance

A distance is any function on pairs of vertices such that

We claim that the effective resistance is a distance. The only non-trivial part to prove is the
triangle inequality, (4).

From the previous section, we know that it suffices to consider graphs with only three vertices: we
can reduce any graph to one on just vertices a, b and ¢ without changing the effective resistances
between them.

Lemma 12.9.1. Let a, b and ¢ be vertices in a graph. Then

Reﬁ"(aa b) + Reff(ba C) > Reff (CL, C)'
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Proof. Let

2= Wqp; Y= Wac, and x = Wh,c-

If we eliminate vertex ¢, we create an edge between vertices a and b of weight

Ty
z+y
Adding this to the edge that is already there produces weight z + xx—fy, for
R B 1 B 1 - Tty
effa,b - Z+ T zx4zytay - Zx_‘_zy_i_xy

Tty x4y

Working symmetrically, we find that we need to prove that for all positive z, y, and z

r+y n y+z S T+ =z
zx+zy+ay  zxt2ytay  zw+zy+ay

which is of course true.
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Chapter 13

Random Spanning Trees

13.1 Introduction

In this chapter we present one of the most fundamental results in Spectral Graph Theory: the
Matrix-Three Theorem. It relates the number of spanning trees of a connected graph to the
determinants of principal minors of the Laplacian. We then extend this result to relate the
fraction of spanning trees that contain a given edge to the effective resistance of the entire graph
between the edge’s endpoints.

13.2 Determinants

To begin, we review some facts about determinants of matrices and characteristic polynomials.
We first recall the Leibniz formula for the determinant of a square matrix A:

det(A) = <sgn(7r) 11 A(i,w(i))) , (13.1)
™ =1
where the sum is over all permutations 7 of {1,...,n}.

Also recall that the determinant is multiplicative, so for square matrices A and B

det(AB) = det(A)det(B). (13.2)
Elementary row operations do not change the determinant. If the columns of A are the vectors
ai,...,ay,, then for every c
det (a1, @2, ...,a,) = det (a1, a2,...,a, +cay).

This fact gives us two ways of computing the determinant. The first comes from the fact that we
can apply elementary row operations to transform A into an upper triangular matrix, and (13.1)
tells us that the determinant of an upper triangular matrix is the product of its diagonal entries.
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The second comes from the observation that the determinant is the volume of the parallelepiped
with axes a1,...,a,: the polytope whose corners are the origin and ;¢ a; for every
S C{l,...,n}. Let

I1,,

be the symmetric projection orthogonal to @;. As this projection amounts to subtracting off a
multiple of @; and elementary row operations do not change the determinant,

det (a1, a2,...,a,) =det (a1, g, az,..., 1, ay) .

The volume of this parallelepiped is ||@; || times the volume of the parallelepiped formed by the
vectors Il,, a9, ... ,Il,, ay. I would like to write this as a determinant, but must first deal with
the fact that these are n — 1 vectors in an n dimensional space. The way we first learn to handle
this is to project them into an n — 1 dimensional space where we can take the determinant.
Instead, we will employ other elementary symmetric functions of the eigenvalues.

13.3 Characteristic Polynomials

Recall that the characteristic polynomial of a matrix A is
det(zI — A).

I will write this as .

Y2 (=1 (A),

k=0

where o (A) is the kth elementary symmetric function of the eigenvalues of A, counted with

algebraic multiplicity:
or(4)=> [
|S|=k i€S

Thus, 01(A) is the trace and 0,(A) is the determinant. From this formula, we know that these
functions are invariant under similarity transformations.

In Exercise 3 from Lecture 2, you were asked to prove that

op(A) = det(A(S,9)). (13.3)

This follows from applying the Leibnitz formula (13.1) to det(zI — A).

If we return to the vectors Ilg, as, ..., Il,, a, from the previous section, we see that the volume of
their parallelepiped may be written

On—1 (On, I, a0,. .. ,Halan) ,

as this will be the product of the n — 1 nonzero eigenvalues of this matrix.
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Recall that the matrices BBT and BT B have the same eigenvalues, up to some zero eigenvalues

if they are rectangular. So,
ox(BBT) = 0, (BT B).

This gives us one other way of computing the absolute value of the product of the nonzero
eigenvalues of the matrix
(Hal az,... 7Ha1an) .

We can instead compute their square by computing the determinant of the square matrix

Ha1 a2
: (Mg, a2, .., Mg, a,) .
11,,a,

When B is a singular matrix of rank k, o;(B) acts as the determinant of B restricted to its span.
Thus, there are situations in which o}, is multiplicative. For example, if A and B both have rank
k and the range of A is orthogonal to the nullspace of B, then

ou(BA) = 01,(B)oy,(A). (13.4)

We will use this identity in the case that A and B are symmetric and have the same nullspace.

13.4 The Matrix Tree Theorem

We will state a slight variant of the standard Matrix-Tree Theorem. Recall that a spanning tree
of a graph is a subgraph that is a tree.

Theorem 13.4.1. Let G = (V, E,w) be a connected, weighted graph. Then

on—1(Lg) =n Z Hwe.

spanning trees T e€T

Thus, the eigenvalues allow us to count the sum over spanning trees of the product of the weights
of edges in those trees. When all the edge weights are 1, we just count the number of spanning
trees in G.

We first prove this in the case that G is just a tree.
Lemma 13.4.2. Let G = (V, E,w) be a weighted tree. Then,

on-1(Lg) =n H We.

eck
Proof. For a € V, let S, =V — {a}. We know from (13.3)

on-1(Lg) =Y _ det(Le(Sa, Sa).
acV
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We will prove that for every a € V,

det(L¢(Sa, Sa) = [ ] we-
ecE

Write Lg = UT W U, where U is the signed edge-vertex adjacency matrix and W is the
diagonal matrix of edge weights. Write B = WU, so

Lc(Sa,S,) = B(:,84)TB(:, Sa),

and
det(Lg(Sa, Sa)) = det(B(:, 84))?,

where we note that B(:, S,) is square because a tree has n — 1 edges and so B has n — 1 rows.

To see what is going on, first consider the case in which G is a weighted path and «a is the first
vertex. Then,

1 -1 0 - 0 w0 e 0

o 1 -1 - 0 Vws  —yJwy --- 0
U=|. .|, and B(;,5)= ) .

o o0 o0 - -1 0 0 R VA

We see that B(:,S7) is a lower-triangular matrix, and thus its determinant is the product of its
diagonal entries, —,/w;.

To see that the same happens for every tree, renumber the vertices (permute the columns) so that
a comes first, and that the other vertices are ordered by increasing distance from 1, breaking ties
arbitrarily. This permutations can change the sign of the determinant, but we do not care
because we are going to square it. For every vertex ¢ # 1, the tree now has exactly one edge (b, ¢)
with b < ¢. Put such an edge in position ¢ — 1 in the ordering, and let w. indicate its weight.
Now, when we remove the first column to form B(:, S1), we produce a lower triangular matrix
with the entry —,/w. on the cth diagonal. So, its determinant is the product of these terms and

det(B H We.
O

Proof of Theorem 13./.1 . As in the previous lemma, let L = U? WU and B = wl2y. So,
on-1(Lg) = 0n_1(B'B)

:O-nfl(BBT)

— Z on_1(B(S,:)B(S,)T)  (by (13.3))
|S|=n—1,SCE

= Z o'nfl(B(sz)TB(S’:))
|S|=n—1,SCE

= Z Un—l(LGs)a

|S|=n—1,SCE
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where by Gg we mean the graph containing just the edges in S. As S contains n — 1 edges, this
graph is either disconnected or a tree. If it is disconnected, then its Laplacian has at least two
zero eigenvalues and o,—1(Lgg) = 0. If it is a tree, we apply the previous lemma. Thus, the sum

equals
Z on—1(Lg,) =n Z H We.

spanning trees TCE spanning trees T ecT

13.5 Leverage Scores and Marginal Probabilities

The leverage score of an edge, written £, is defined to be weReg(e). That is, the weight of the
edge times the effective resistance between its endpoints. The leverage score serves as a measure
of how important the edge is. For example, if removing an edge disconnects the graph, then
Refi(€) = 1/we, as all current flowing between its endpoints must use the edge itself, and ¢, = 1.

Consider sampling a random spanning tree with probability proportional to the product of the
weights of its edges. We will now show that the probability that edge e appears in the tree is
exactly its leverage score.

Theorem 13.5.1. If we choose a spanning tree T with probability proportional to the product of
its edge weights, then for every edge e

PrleeT] =¢..

For simplicity, you might want to begin by thinking about the case where all edges have weight 1.

Recall that the effective resistance of edge e = (a,b) is
(60 = 0p)" L& (00 — 0),

and so
o = Wap(8a — )T LE(Ss — 6).

We can write a matrix I' that has all these terms on its diagonal by letting U be the edge-vertex
adjacency matrix, W be the diagonal edge weight matrix, B = W12U, and setting

I =BL}B".
The rows and columns of I' are indexed by edges, and for each edge e,
(e, e) = L.
For off-diagonal entries corresponding to edges (a,b) and (¢, d), we have
T((a,b), (¢,;d)) = \/Wapy/Wed(8a — 6)" L (8 — 8a).

Claim 13.5.2. The matriz T is a symmetric projection matrix and has trace n — 1.
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Proof. The matrix I is clearly symmetric. To show that it is a projection, it suffices to show that
all of its eigenvalues are 0 or 1. This is true because, excluding the zero eigenvalues, I' has the
same eigenvalues as

+nTnp _ 7+7.. —
LB B=L;Lg=1I,
where IT is the projection orthogonal to the all 1 vector. As IT has n — 1 eigenvalues that are 1,
so does T'. O

As the trace of I' is n — 1, so is the sum of the leverage scores:

Zﬁe:n—l.

e

This is a good sanity check on Theorem 13.5.1: every spanning tree has n — 1 edges, and thus the
probabilities that each edge is in the tree must sum to n — 1.

We also obtain another formula for the leverage score. As a symmetric projection is its own
square,

[(e,e) = T(e,)T(e,:)T = |T(e,2)|?.

This is the formula I introduced in Section ??. If we flow 1 unit from a to b, the potential
difference between ¢ and d is (8, — 8y)" L5(8. — 8,4). If we plug these potentials into the
Laplacian quadratic form, we obtain the effective resistance. Thus this formula says

Wa pReffqp = Warp Z We,a ((8a — )T LE(Se — 5d))2 :
(c,d)eE

Proof of Theorem 13.5.1. Let Span(G) denote the set of spanning trees of G. For an edge e,

n—1(L
PrrleeT] = Z on-1(Ler)
TeSpan(G):eeT In—

= Z on-1(Lay)on-1(LE)

TeSpan(G):eeT

— Z O-n—l(LGTLJGr)v
TeSpan(G):eeT

by (13.4). Recalling that the subsets of n — 1 edges that are not spanning trees contribute 0
allows us to re-write this sum as

> ona(LasLE).

|S|=n—1,ecS

To evaluate the terms in the sum, we compute
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Let v, = I'(e,:) and let IL,_ denote the projection orthogonal to v.. As e € S, we have
on-1(L(S, )T, 9)) = [¥ell” 0n-2(D(S, )y, T, 5)) = |17l on2((TTLy, T)(S, 5)).

As 7, is in the span on I, the matrix I'TL, T is a symmetric projection onto an n — 2 dimensional

space, and so
on—2(TIL, T) = 1.

To exploit this identity, we return to our summation:

Yo onalesLy) = Y el ouna((TIL, T)(S, 5))
|S|=n—1,e€S |S|=n—1,eeS
=llvel* Y on2((TIL, T)(S,9))
|S|=n—1,eeS
= |17.ll* on—2(TTL,,T)
= |17l
= /L.



Chapter 14

Approximating Effective Resistances

In this chapter, we will see how to use the Johnson-Lindenstrauss Lemma, one of the major
techniques for dimension reduction, to approximately represent and compute effective resistances.

Throughout this chapter, G = (V, E,w) will be a connected, weighted graph with n vertices and
m edges.

14.1 Representing Effective Resistances

We begin by considering the problem of building a data structure from which one can quickly
estimate the effective resistance between every pair of vertices a,b € V. To do this, we exploit the
fact from Section 12.1 that effective resistances can be expressed as squares of Euclidean distances:

Reg(a,b) = (84 — 8,) LT (84 — 63)
- s,

-Jan
= dist(L/%8,, LT/%8,)%.

One other way of expressing the above terms is through a matriz norm . For a positive
semidefinite matrix A, the matrix norm in A is defined by

lz||, = VeT Ax = HAI/Q:I:H .

It is worth observing that this is in fact a norm: it is zero when « is zero, it is symmetric, and it
obeys the triangle inequality: for  + y = z,

21, = || 422 = | 422 + )| < | 4V2] + || a2y | = 2l 4 + 94

129
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The Johnson-Lindenstrauss Lemma [JL84] tells us that every Euclidean metric on n points is
well-approximated by a Euclidean metric in O(logn) dimensions, regardless of the original
dimension of the points. Johnson and Lindenstrauss proved this by applying a random orthogonal
projection to the points. As is now common, we will analyze the simpler operation of applying a
random matrix of Gaussian random variables (also known as Normal variables). All Gaussian
random variables that appear in this chapter will have mean 0.

We recall that a Gaussian random variable of variance 1 has probability density

exp(—22/2),

(0) =
p\x) =

V2T
and that a Gaussian random variable of variance o2 has probability density

1
p(x) = o

The distribution of such a variable is written N'(0,0?), where the 0 corresponds to the mean
being 0. A variable with distribution A/(0,02) may be obtained by sampling one with distribution
N(0,1), and then multiplying it by o. Gaussian random variables have many special properties,
some of which we will see in this chapter. For those who are not familiar with them, we begin by
mentioning that they are the limit of a binomial distribution. If X is the sum of n +1 random
variables for large n, then

exp(—z2/20?).

Pr [X/vn =t] = p(t).

Theorem 14.1.1. Let xy,...,x, be vectors in R¥. For any e,6 > 0, let d = 8(In(n?/8)/e*. If R
is a d-by-k matriz of independent N'(0,1/d) variables, then with probability at least 1 — 6, for all

a#b,
(1 — e)dist(zq, 2p)? < dist(Rzq, Rxp)? < (14 €)dist(zq, )%

Thus, if we set d = 8(In(n?/J) /€%, let R be a d-by-n matrix of independent N (0,1/d) variables,
and set y, = RL1/28, for each a € V, then with probability at least 1 — & we will have that for
every a and b, Reg(a,b) is within a 1 & € factor of dist(y,, ¥,)2. Whereas writing all effective

resistances would require (g) numbers, storing yq,...,y, only requires ?nd.

We remark that the 8 in the theorem can be replace with a constant that tends towards 4 as €
goes to zero.

14.2 Computing Effective Resistances

Note that the naive way of computing one effective resistance requires solving one Laplacian
system: (8, — 8p)T LT (8, — 6,). We will see that we can approximate all of them by solving a
logarithmic number of such systems.

If we could quickly multiply a vector by L*/?, then this would give us a fast way of approximately
computing all effective resistances. All we would need to do is multiply each of the d rows of R by
Lt/2. This would provide the matrix RL*/2, from which we could compute RL1/?68, by selecting
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the ath column. This leads us to ask how quickly we can multiply a vector by Lt/2. Cheng,
Cheng, Liu, Peng and Teng [CCL™15] show that this can be done in nearly-linear time. In this
section, we will present a more elementary approach that merely requires solving systems of
equations in Laplacian matrices. We will see in Chapter 7?7 that this can be done very quickly.

The key is to realize that we do not actually need to multiply by the square root of the
pseudoinverse of the Laplacian. Any matrix M such that M7 M = L* will suffice.

Recall that we can write L = U? W U, where U is the signed edge-vertex adjacency matrix and
W is the diagonal matrix of edge weights. We then have

LtuTw'Pwl?uLt =LY LLt = L*.
So,
H WU Lt (s, — 5b)H2 — Regt(a,b).
Now, we let R be a d-by-m matrix of independent N (0,1/d) entries, and compute
RW'\2UL* = (RW'2U)L*.

This requires multiplying d vectors in IR™ by wl/? U, and solving d systems of linear equations
in L. We then set
y, = (RW'Y2U)L"4,.

Each of these is a vector in d dimensions, and with high probability ||y, — v, ]| is a good
approximation of Reg(a,b).

14.3 Properties of (Gaussian random variables

The sum a Gaussian random variables is another Gaussian random variable.

Claim 14.3.1. Ifrq,...,r, are independent Gaussian random variables of variances a%, 02,

respectively, then

is a Gaussian random variable of variance

One way to remember this is to recall that for a A’(0,0?) random variable r, Er? = 02, and the
variance of the sum of independent random variables is the sum of their variances. The above
claim adds the fact that the sum is also Gaussian.

In particular, if  is an arbitrary vector and 7 is a vector of independent N (0, 1) random
variables, then 27 is a Gaussian random variable of variance ||z||%. This follows because
z(i)r(i) has variance z(i)?, and

zlr = Z z(i)r(i).
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If z € RF and R is a matrix of independent N (0,02) variables, then each entry of Rz is an
independent A(0, o2 ||z||*) random variable. They are independent because each entry comes
from a separate row of R, and the variables in different rows are independent from each other.

The norm of a vector of identical independent N (0, 1) random variables is called a y random
variable, and its square is a x? random variable. A lot is known about the distribution of y?
random variables. If the vector has dimension d, then its expectation is d. It is very unlikely to
deviate too much from this.

For example, the following bound appears as Lemma 1 of [LMO00].

Lemma 14.3.2. Let r1,...,7q be independent N (0, 1) random variables and let X =, r?.
Then, for allt > 0,

Pr [X > d 4 2Vdt + Qt} <exp(—t), and

Pr [X <d- 2\/%} < exp(—t).

We use the following corollary.

Corollary 14.3.3. Fore <1,

Pr(|X —d| > ed] < 2exp(—€%d/8).

Proof. Set t = €2d/8. This gives

2
2\/§+2t§2ﬂ+6—d§2ﬂ+g<ed.

N R A

Finally, the probability that X —d > ed or X — d < —ed is at most the sum of these probabilities,
which is at most 2 exp(—t). O

We remark that for small € the term 2ed/+/8 dominates, and the upper bound of ed approaches
ed/+/2. If one pushes this into the proof below, we see that it suffices to project into a space of
dimension dimension of just a little more than 4(In(n?/d) /€2, instead of 8(In(n?/4) /€.

14.4 Proof of Johnson-Lindenstrauss

Proof of Theorem 14.1.1. First consider an arbitrary a and b, and let A = ||z, — x3||*. Bach
entry of R(x, — ) is a d-dimensional vector of N(0,0?) variables, where 02 = A/d. Thus,
Corollary 14.3.3 tells us that
Pr [|dist(Rz,, Raxy)? — dist(zq, mb)2’ > edist(zq, )% =
Pr H IR (20 — x3)||2 — A( > GA} < 2exp(—ed/8).
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Thus the choice of d = 8(In(n?/§)/e? makes this probability at most

2exp(—€?d/8) < 2exp(—In(n?/8)) = ?27(25

As there (g) possible choices for a and b, the probability that there is one such that
|R(mq — 2p)|* & (1% €) |[2a — 2]

n\ 20
()2 <

is at most



Chapter 15

Tutte’s Theorem: How to draw a
graph

We prove Tutte’s theorem [Tut63], which shows how to use spring embeddings to obtain planar
drawings of 3-connected planar graphs. One begins by selecting a face, and then nailing down the
positions of its vertices to the corners of a strictly convex polygon. Of course, the edges of the
face should line up with the edges of the polygon. Every other vertex goes where the springs say
they should—to the center of gravity of their neighbors. Tutte proved that the result is a planar
embedding of the planar graph. Here is an image of such an embedding

The proof presented in this chapter is a based on one constructed by Jim Geelen [Geel2]. T begin
by recalling some standard results about planar graphs that we will assume.

15.1 3-Connected, Planar Graphs

A graph G = (V, E) is k-connected if there is no set of k — 1 vertices whose removal disconnects
the graph. That is, for every S C V with |S| < k, G(V — S) is connected. In a classical graph
theory course, one usually spends a lot of time studying things like 3-connectivity.

134
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A planar drawing of a graph G = (V, E)) consists of mapping from the vertices to distinct points
in the plane, z : V — IR?, along with interior-disjoint curves for each edge. The curve for edge
(a,b) starts at z(a), ends at z(b), never crosses itself, and its interior does not intersect the curve
for any other edge or any other vertex. A graph is planar if it has a planar drawing. There can, of
course, be many planar drawings of a graph.

If one removes the curves corresponding to the edges in a planar drawing, one divides the plane
into connected regions called faces. In a 3-connected planar graph, the sets of vertices and edges
that border each face are the same in every planar drawing. There are planar graphs that are not
3-connected, like those in Figures 15.1 and 15.2, in which different planar drawings result in
combinatorially different faces. We will only consider 3-connected planar graphs.

Figure 15.1: Planar graphs that are merely one-connected. Edge (¢, d) appears twice on a face in
each of them.

Figure 15.2: Two different planar drawings of a planar graph that is merely two-connected. Vertices
g and h have switched positions, and thus appear in different faces in each drawing.

We state a few properties of 3-connected planar graphs that we will use. We will not prove these
properties, as we are more concerned with algebra and these properly belong in a class on
combinatorial graph theory.

Claim 15.1.1. Let G = (V, E) be a 3-connected planar graph. Then, there exists a set of faces F,
each of which corresponds to a simple cycle'in G, such that every edge of G appears in exactly two
faces.

LA cycle is simple if it does not use any vertex or edge more than once.
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We call the face on the outside of the drawing the outside face. The edges that lie along the
outside face are the boundary edges.

Figure 15.3: 3-connected planar graphs. Some faces of the graph on the left are abf, fgh, and
afhe. The outer face is abcde. The graph on the right is obtained by contracting edge (g, h).

Another standard fact about planar graphs is that they remain planar under edge contractions.
Contracting an edge (a,b) creates a new graph in which a and b become the same vertex, and all
edges that went from other vertices to a or b now go to the new vertex. Contractions also preserve
3-connectivity. Figure 15.1 depicts a 3-connected planar graph and the result of contracting an
edge.

A graph H = (W, F') is a minor of a graph G = (V, E) if H can be obtained from G by
contracting some edges and possibly deleting other edges and vertices. This means that each
vertex in W corresponds to a connected subset of vertices in G, and that there is an edge between
two vertices in W precisely when there is some edge between the two corresponding subsets. This
leads to Kuratowski’s Theorem [Kur30], one of the most useful characterizations of planar graphs.

Theorem 15.1.2. A graph G is planar if and only if it does not have a minor isomorphic to the

complete graph on 5 vertices, Ks, or the bipartite complete graph between two sets of 3 vertices,
K3’3.

We will use one other important fact about planar graphs, whose utility in this context was
observed by Geelen.

Lemma 15.1.3. Let (a,b) be an edge of a 3-connected planar graph and let S1 and Sy be the sets
of vertices on the two faces containing (a,b). Let P be a path in G that starts at a vertex of

S1 —{a,b}, ends at a vertex of Sa — {a,b}, and that does not intersect a or b. Then, every path in
G from a to b either intersects a vertex of P or the edge (a,b).

Proof. Let s; and s be the vertices at the ends of the path P. Consider a planar drawing of G
and the closed curve in the plane that follows the path P from sy to s1, and then connects s1 to
sg by following a curve in that moves through the interior of faces S; and S, except for where it
crosses the curve for edge (a,b). This curve separates vertex a from vertex b. Thus, every path in
G that connects a to b must intersect this curve. This means that it must either consist of just
edge (a,b), or it must intersect a vertex of P. See Figure 15.1. O
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Figure 15.4: The Peterson graph appears on the left. On the right is a minor of the Peterson graph
that is isomorphic to Kjy, proving that the Peterson graph is not planar.

Figure 15.5: A depiction of Lemma 15.1.3. S = abcde, So = abf, and the path P starts at d, ends
at f, and contains the other unlabeled vertices.

15.2 Strictly Convex Polygons

This is a good time to remind you what exactly a convex polygon is. A subset C' C IR? is convex
if for every two points & and y in C, the line segment between x and y is also in C. A convex
polygon is a convex region of IR? whose boundary is comprised of a finite number of straight lines.
It is strictly convex if in addition the angle at every corner is less than w. We will always assume
that the corners of a strictly convex polygon are distinct. Two corners form an edge of the
polygon if the interior of the polygon is entirely on one side of the line through those corners.
This leads to another definition of a strictly convex polygon: a convex polygon is strictly convex if
for every edge, all of the corners of the polygon other than those two defining the edge lie entirely
on one side of the polygon. In particular, none of the other corners lie on the line.

Definition 15.2.1. Let G = (V, E) be a 3-connected planar graph. We say that z : V — R? is a
Tutte embedding if
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13 ¢ o

(a) A polygon (b) A convex polygon (¢) A strictly convex
polygon

Figure 15.6: Polygons

a. There is a face F of G such that z maps the vertices of F' to the corners of a strictly conver
polygon so that every edge of the face joins consecutive corners of the polygon;

b. The function z is harmonic at every vertex not in F. That is, if every vertex not in F lies
at the weighted average of its neighbors.

One can show that if G is 3-connected, then these conditions imply that every vertex not in F' lies
strictly inside the convex polygon whose corners are F'.

We will prove Tutte’s theorem by proving that every face of G is embedded as a strictly convex
polygon. In fact, we will not use the fact that every non-boundary vertex is exactly the average of
its neighbors. We will only use the fact that every non-boundary vertex is inside the convex hull
of its neighbors. This corresponds to allowing arbitrary spring constants in the embedding.

Theorem 15.2.2. Let G = (V, E) be a 3-connected planar graph, and let z be a Tutte embedding
of G. If we represent every edge of G as the straight line between the embedding of its endpoints,
then we obtain a planar drawing of G.

Note that if the graph were not 3-connected, then the embedding could be rather degenerate. If
there are two vertices a and b whose removal disconnects the graph into two components, then all
of the vertices in one of those components will embed on the line segment from a to b.

Henceforth, G will always be a 3-connected planar graph and z will always be a Tutte embedding.

15.3 Consequences of Harmonicity

We now observe two simple consequences of the fact that every vertex must lie at the average of
its neighbors.

Claim 15.3.1. Let a be a vertex and let £ be any line in R? through z(a). If a has a neighbor
that lines on one side of £, then it has a neighbor that lies on the other.

Claim 15.3.2. All vertices not in F' must lie strictly inside the convex hull of the polygon of
which the vertices in F' are the corners.
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Proof. For every vertex a not in F', we can show that the position of a is a weighted average of
the positions of vertices in F' by eliminating every vertex not in F'U {a}. As we learned in Lecture
13, this results in a graph in which all the neighbors of a are in F', and thus the position of a is
some weighted average of the position of the vertices in F'. As the graph is 3-connected, we can
show that this average must assign nonzero weights to at least 3 of the vertices in F. O

Note that it is also possible to prove Claim 15.3.2 by showing that one could reduce the potential
energy by moving vertices inside the polygon. See Claim 8.8.1 from my lecture notes from 2015.

Lemma 15.3.3. Let H be a halfspace in R? (that is, everything on one side of some line). Then
the subgraph of G induced on the vertices a such that z(a) € H is connected.

Proof. Let t be a vector so that we can write the line £ in the form t” & = u, with the halfspace
consisting of those points & for which t” > . Let a be a vertex such that z(a) € H and let b be
a vertex that maximizes ¢7 2(b). So, z(b) is as far from the line defining the halfspace as possible.
By Claim 15.3.2, b must be on the outside face, F'.

For every vertex c, define t(c) = t” z(c). We will see that there is a path in G from a to b along
which the function ¢ never decreases, and thus all the vertices along the path lie in the halfspace.
We first consider the case in which ¢(a) = t(b). In this case, we also know that a € F'. As the
vertices in F' embed to a strictly convex polygon, this implies that (a,b) is an edge of that
polygon, and thus the path from a to b.

If t(a) < t(b), it suffices to show that there is a path from a to some other vertex ¢ for which

t(c) > t(a) and along which t never decreases: we can then proceed from ¢ to obtain a path to b.
Let U be the set of all vertices u reachable from a for which ¢(u) = t(a). As the graph is
connected, there must be a vertex u € U that has a neighbor ¢ ¢ U. By Claim 15.3.1 v must have
a neighbor ¢ for which ¢(¢) > t(u). Thus, the a path from a through U to c suffices. O

Lemma 15.3.4. No vertex is colinear with all of its neighbors.

Proof. This is trivially true for vertices in F', as no three of them are colinear.

Assume by way of contradiction that there is a vertex a that is colinear with all of its neighbors.
Let ¢ be that line, and let ST and S~ be all the vertices that lie above and below the line,
respectively. Lemma 15.3.3 tells us that both sets ST and S~ are connected. Let U be the set of
vertices u reachable from a and such that all of us neighbors lie on £. The vertex a is in U. Let W
be the set of nodes that lie on ¢ that are neighbors of vertices in U, but which themselves are not
in U. As vertices in W are not in U, Claim 15.3.1 implies that each vertex in W has neighbors in
both ST and S~. As the graph is 3-connected, and removing the vertices in W would disconnect
U from the rest of the graph, there are at least 3 vertices in W. Let wi,we and ws be three of the
vertices in W.

We will now obtain a contradiction by showing that G has a minor isomorphic to K3 3. The three
vertices on one side are wi, wy, and ws. The other three are obtained by contracting the vertex
sets ST, S, and U. O
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Figure 15.7: An illustration of the proof of Lemma 15.3.4.

15.4 All faces are convex

We now prove that every face of G embeds as a strictly convex polygon.

Lemma 15.4.1. Let (a,b) be any non-boundary edge of the graph, and let £ be a line through
z(a) and z(b) (there is probably just one). Let Fy and Fy be the faces that border edge (a,b) and
let Sy and S1 be the vertices on those faces, other than a and b. Then all the vertices of Sy and S
lie on opposite sides of £, and none lie on £.

Note: if z(a) = z(b), then we can find a line passing through them and one of the vertices of Sp.
This leads to a contradiction, and thus rules out this type of degeneracy.

Proof. Assume by way of contradiction that the lemma is false. Without loss of generality, we
may then assume that there are vertices of both Sy and S7 on or below the line £. Let sg and s
be such vertices. By Lemma 15.3.4 and Claim 15.3.1, we know that both sy and s; have
neighbors that lie strictly below the line ¢. By Lemma 15.3.3, we know that there is a path P
that connects sy and s; on which all vertices other than sg and s; lie strictly below £.

On the other hand, we can similarly show that that both a and b have neighbors above the line /£,
and that they are joined by a path that lies strictly above £. Thus, this path cannot consist of the
edge (a,b) and must be disjoint from P. This contradicts Lemma 15.1.3. O

So, we now know that the embedding z contains no degeneracies, that every face is embedded as
a strictly convex polygon, and that the two faces bordering each edge embed on opposites sides of
that edge. This is all we need to know to prove Tutte’s Theorem. We finish the argument in the
proof below.

Proof of Theorem 15.2.2. We say that a point of the plane is generic if it does not lie on any z(a)
for on any segment of the plane corresponding to an edge (a,b). We first prove that every generic
point lies in exactly one face of G.
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Figure 15.8: An illustration of the proof of Lemma 15.4.1.

Begin with a point that is outside the polygon on which F' is drawn. Such a point lies only in the
outside face. For any other generic point we can draw a curve between these points that never
intersects a z(a) and never crosses the intersection of the drawings of edges. That is, it only
crosses drawings of edges in their interiors. By Lemma 15.4.1, when the curve does cross such an
edge it moves from one face to another. So, at no point does it ever appear in two faces.

Now, assume by way of contradiction that the drawings of two edges cross. There must be some
generic point near their intersection that lies in at least two faces. This would be a
contradiction. ]

15.5 Notes

This is the simplest proof of Tutte’s theorem that I have seen. Over the years, I have taught
many versions of Tutte’s proof by building on expositions by Lovész [LV99] and Geelen [Geel2],
and an alternative proof of Gortler, Gotsman and Thurston [GGT06].



Chapter 16

The Lovasz - Simonovits Approach to
Random Walks

This Chapter Needs Editing

16.1 Introduction

These notes are still very rough, and will be finished later.

For a vector f and an integer k, we define f{k} to be the sum of the largest k entries of f. For
convenience, we define f{0} = 0. Symbolically, you can define this by setting 7 to be a
permutation for which

f(x(1) = f(x(2)) = ... = f(w(n)),
and then setting

k
F{kY =) f(x(D)).
i=1

For real number x between 0 and n, we define f{z} by making it be piece-wise linear between
consecutive integers. This means that for = between integers k and k + 1, the slope of f{} at z is
f(m(k+1)). As these slopes are monotone nonincreasing, the function f{z} is concave.

We will prove the following theorem of Lovasz and Simonovits [LS90] on the behavior of W f.

Theorem 16.1.1. Let W be the transition matriz of the lazy random walk on a d-reqular graph
with conductance at least ¢. Let g = W f. Then for all integers 0 < k <n

g{k} < 3 (Flk— 0h}+ F Uk +6n)),

where h = min(k,n — k).

142
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I remark that this theorem has a very clean extension to irregular, weighted graphs. I just present
this version to simplify the exposition.

We can use this theorem to bound the rate of convergence of random walks in a graph. Let p, be
the probability distribution of the walk after ¢ steps, and plot the curves p,{x}. The theorem tells
us that these curves lie beneath each other, and that each curve lies beneath a number of chords
drawn across the previous. The walk is uniformly mixed when the curve reaches a straight line
from (0,0) to (n,1). This theorem tells us how quickly the walks approach the straight line.

Today, we will use the theorem to prove a variant of Cheeger’s inequality.

16.2 Definitions and Elementary Observations

We believe that larger conductance should imply faster mixing. In the case of Theorem 16.1.1, it
should imply lower curves. This is because wider chords lie beneath narrower ones.

Claim 16.2.1. Let h(x) be a convex function, and let z >y > 0. Then,

5 (b = 2) 4 b+ 2)) < 2 (h(w — ) + bl + ).

Claim 16.2.2. Let f be a vector, let k € [0,n], and let oy, ..., a, be numbers between 0 and 1
such that
Z o = k.
1

Then,
Zaif(i) < f{k}.

This should be obvious, and most of you proved something like this when solving problem 2 on
homework 1. It is true because the way one would maximize this sum is by setting x to 1 for the
largest values.

Throughout this lecture, we will only consider lazy random walks on regular graphs. For a set S
and a vertex a, we define vy(a, S) to be the probability that a walk that is at vertex a moves to S
in one step. If a is not in .S, this equals one half the fraction of edges from a to S. It is one half
because there is a one half probability that the walk stays at a. Similarly, if @ is in S, then 7(a, S)
equals one half plus one half the fraction of edges of a that end in S.

16.3 Warm up

We warm up by proving that the curves must lie under each other.

For a vector f and a set S, we define

F(8) =) fla).

a€esS
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For every k there is at least one set S for which

F(8) =r{k}.
If the values of f are distinct, then the set .S is unique.

Lemma 16.3.1. Let f be a vector and let g = W f. Then for every x € [0,n],
giz} < f{x}.

Proof. As the function g{z} is piecewise linear between integers, it suffices to prove it at integers
k. Let k be an integer and let S be a set of size k for which f(S) = f{k}. Asg= Wf,

9(8) = > v(a, S)f(a).
acV

As the graph is regular,

Z v(a, S) = k.

acV
Thus, Claim 16.2.2 implies

S v(a. 9)f(a) < F{k}.

acV
O
16.4 The proof
Recall that the conductance of a subset of vertices .S in a d-regular graph is defined to be
def a(S
B(S5) 4 10(5)| _
dmin(|S|,n —|S])
Our proof of the main theorem improves the previous argument by exploiting the conductance
through the following lemma.
Lemma 16.4.1. Let S be any set of k vertices. Then
S 5(a,8) = (6(8)/2) min(k,n — k).
agS
Proof. For a ¢ S, v(a,S) equals half the fraction of the edges from a that land in S. And, the
number of edges leaving S equals d¢(S) min(k,n — k). O

Lemma 16.4.2. Let W be the transition matriz of the lazy random walk on a d-regular graph,
and let g = W f. For every set S of size k with conductance at least ¢,

9(5) < 3 (F{k — 6} + Lk + 0h})

where h = min(k,n — k).
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Proof. To ease notation, define y(a) = y(a,S). We prove the theorem by rearranging the formula

9(8) =Y _~(a)f(a).

acV
Recall that ) i v(a) = k.

For every vertex a define

_Jla)—1/2 ifaeS n Q) — 1/2 ifa€csS
a(a)—{o ifag s d ﬁ()_{y(a) ifags.

As a(a) + B(a) = (a),
9(8) =Y ala)f(a) + ) _ Bla)f(a).

aeV aeV

We now come to the point in the argument where we exploit the laziness of the random walk,
which manifests as the fact that v(a) > 1/2 for a € S, and so 0 < a(a) < 1/2 for all a. Similarly,
0 < B(a) < 1/2 for all a. So, we can write

S a@f@) =5 Y @ala)f@), and Y Ha)f() =5 > (@6)f ()
acV acV acV acV
with all coefficients 2a(a) and 28(a) between 0 and 1. As

S 6la) = & + 3 5(a),

acV agS

z=> a)

a¢S

we can set

and write

Z(Qa(a)) =k—2z and Z(2B(a)) =k+2z.

acV acV

Lemma 16.4.1 implies that

z > ¢h/2.
By Claim 16.2.2,
9(8) < 5 (Flk— =} + F{k+ 7).
So, Claim 16.2.1 implies
9(5) < 3 (F{k — 6} + 1k + 0h))

Theorem 16.1.1 follows by applying Lemma 16.4.2 to sets S for which f(S) = f{k}, for each
integer k between 0 and n.
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16.5 Andersen’s proof of Cheeger’s inequality

Reid Andersen observed that the technique of Lovasz and Simonovits can be used to give a new
proof of Cheeger’s inequality. I will state and prove the result for the special case of d-regular
graphs that we consider in this lecture. But, one can of course generalize this to irregular,
weighted graphs.

Theorem 16.5.1. Let G be a d-reqular graph with lazy random walk matriz W, and let
wy =1 — X be the second-largest eigenvalue of W . Then there is a subset of vertices S for which

$(S) < V8.

Proof. Let 1 be the eigenvector corresponding to wo. As 1) is orthogonal to the constant vectors,
{n} = 0. Define

k = arg max vik} .
0<k<n y/min(k,n — k)

Then, set v to be the maximum value obtained:
Y{k}
min(k,n — k)
We will assume without loss of generality that £ < n/2: if it is not then we replace ¥ by — to
make it so and obtain the same . Now, ¥{k} = vVk.

We let S be a set (there is probably only one) for which
P(S) = p{k}.

As 1) is an eigenvector with positive eigenvalue, we also know that

(Wh)(S) = Wep{k}.
We also know that
(We)(S) = (1= N(S) = (1 = MyVk.

Let ¢ be the conductance of S. Lemma 16.4.2 tells us that

(W)(S) < 5 (${k— ok} + plk + 0kD).

By the construction of k and v at the start of the proof, we know this quantity is at most

s (WE= R 1A k) = 1vEy (VIZ o+ VIT9).

Combining the inequalities derived so far yields

1-N <5 (VIZo+/IT9).

An examination of the Taylor series for the last terms reveals that
1
5 (VI=o+2/1+0) <1-¢%s.
This implies A > ¢?/8, and thus ¢(S) < v/8\. O




Chapter 17

Monotonicity and its Failures

This Chapter Needs Editing

These notes are not necessarily an accurate representation of what happened in class. They are a
combination of what I intended to say with what I think I said. They have not been carefully
edited.

17.1 Overview

17.2 Effective Spring Constants

Consider a spring network. As in last lecture, we model it by a weighted graph G = (V, E, w),
where w,, is the spring constant of the edge (a,b). Recall that a stronger spring constant results
in a stronger connection between a and b.

Now, let s and t be arbitrary vertices in V. We can view the network as a large, complex spring
connecting s to t. We then ask for the spring constant of this complex spring. We call it the
effective spring constant between s and t.

To determine what it is, we recall the definition of the spring constant for an ordinary spring: the
potential energy in a spring connecting a to b is the spring constant times times the square of the
length of the spring, divided by 2. We use this definition to determine the effective spring
constant between s and ¢.

Recall again that if we fix the positions of s and ¢ on the real line, say to 0 and 1, then the
positions x of the other vertices will minimize the total energy:

@)™ L Y wa(ala) - =) (17.1)
(a,b)eEE

As s and t are separated by a distance of 1, we may define twice this quantity to be the effective
spring constant of the entire network between s and ¢. To verify that this definition is consistent,

147
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we should consider what happens if the displacement between s and ¢ is something other than 1.
If we fix the position of s to 0 and the position of ¢ to y, then the homogeniety of the expression
for energy (17.1) tells us that the vector yx will minimize the energy subject to the boundary
conditions. Moreover, the energy in this case will be y?/2 times the effective spring constant.

17.3 Monotonicity

Rayleigh’s Monotonicity Principle tells us that if we alter the spring network by decreasing some
of the spring constants, then the effective resistance between s and ¢ will not increase.

Theorem 17.3.1. Let G = (V, E,w) be a weighted graph and let G = (V, E, ®) be another
weighted graph with the same edges and such that

Wq,b < Waq,b

for all (a,b) € E. For vertices s and t, let cs+ be the effective spring constant between s and t in
G and let ¢s; be the analogous quantity in G. Then,

Cst < Cste

Proof. Let @ be the vector of minimum energy in G such that (s) = 0 and x(¢) = 1. Then, the
energy of  in G is no greater:

% S Gup(z(a) — w(b))? < % S wep(w(a) = 2(b)? = cuy.

(a,b)EE (a,b)EE

So, the minimum energy of a vector  in G such that z(s) = 0 and z(¢) = 1 will be at most Csits
and so Cs¢ < Cs4. O

While this principle seems very simple and intuitively obvious, it turns out to fail in just slightly
more complicated situtations. Before we examine them, I will present the analogous material for
electrical networks.

17.4 Effective Resistance

There are two (equivalent) ways to define the effective resistance between two vertices in a
network of resistors. The first is to start with the formula

V = IR,

or, as I prefer to write it,
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This formula tells us that if we have one resistor between a and b and we fix the voltage of a to 1
and the voltage of b to 0, then the amount of current that will flow from a to b is the reciprocal of
the resistance. It also tells us that if we want to flow one unit of current, then we need to place a
potential difference of r,; between a and b. Recall that we define the weight of an edge to be the
reciprocal of its resistance, as high resistance corresponds to poor connectivity. We can use this
formula to define the effective resistance between two vertices s and ¢ in an arbitrary complex
network of resistors: we define the effective resistance between s and ¢t to be the potential
difference needed to flow one unit of current from s to t.

Algebraically, define ..+ to be the vector

1 ifa=s
tegt(a) = ¢ -1 ifa=t

0 otherwise

This corresponds to a flow of 1 from s to t. We then solve for the voltages that realize this flow:

Lv = ieazta
by
v =L"i.p.
We thus have et
v(s) —v(t) = ieT:Etv = i;tL“‘iext = Reft (s, ).

This agrees with the other natural approach to defining effective resistance: twice the energy
dissipation when we flow one unit of current from s to .

Theorem 17.4.1. Let i be the electrical flow of one unit from vertex s to vertex t in a graph G.
Then,
Reﬂs,t = g (7,) .

Proof. Recalling that ..+ = Lv, we have

Refrsy = tig L iest = v  LL Ly = v Lv = £ (v).

Rayleigh’s Monotonicity Theorem was originally stated for electrical networks.

Theorem 17.4.2 (Rayleigh’s Monotonicity). The effective resistance between a pair of vertices
cannot be decreased by increasing the resistance of some edges.
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17.5 Examples

In the case of a path graph with n vertices and edges of weight 1, the effective resistance between
the extreme vertices is n — 1.

In general, if a path consists of edges of resistance r(1,2),...,7(n — 1,n) then the effective
resistance between the extreme vertices is

r(1,2) +---+r(n—1,n).
To see this, set the potential of vertex 7 to
v(i)=r@,i+1)+ - +r(n—1,n).
Ohm’s law then tells us that the current flow over the edge (7,7 + 1) will be

(v(@) —v(i+1))/r(i,i+1)=1.

If we have k parallel edges between two nodes s and t of resistances r1, ..., 7, then the effective
resistance is

1
e t) = .
Refr(s,1) ri+---+1/r

Again, to see this, note that the flow over the ith edge will be

1/r;
Lri+---+1/r’

so the total flow will be 1.

17.6 Breakdown of Monotonicity

We will now exhibit a breakdown of monotonicity in networks of nonlinear elements. In this case,
we will consider a network of springs and wires. For examples in electrical networks with resistors
and diodes or for networks of pipes with valves, see [PP03] and [CH91].

There will be 4 important vertices in the network that I will describe, a, b, ¢ and d. Point a is
fixed in place at the top of my aparatus. Point d is attached to an object of weight 1. The
network has two springs of spring constant 1: one from point a to point b and one from point ¢ to
point d. There is a very short wire connecting point b to point c.

As each spring is supporting one unit of weight, each is stretched to length 1. So, the distance
from point a to point d is 2.

I now add two more wires to the network. One connects point a to point ¢ and the other connects
point b to point d. Both have lengths 1 + €, and so are slack. Thus, the addition of these wires
does not change the position of the weight.
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I now cut the small wire connecting point b to point ¢. While you would expect that removing
material from the supporting structure would cause the weight to go down, it will in fact move
up. To see why, let’s analyze the resulting structure. It consists of two suppors in parallel. One
consists of a spring from point a to point b followed by a wire of length 1 + € from point b to d.
The other has a wire of length 1 + € from point a to point ¢ followed by a spring from point ¢ to
point d. Each of these is supporting the weight, and so each carries half the weight. This means
that the length of the springs will be 1/2. So, the distance from a to d should be essentially 3/2.

This sounds like a joke, but we will see in class that it is true. The measurements that we get will
not be exactly 2 and 3/2, but that is because it is difficult to find ideal springs at Home Depot.

In the example with resistors and diodes, one can increase electrical flow between two points by
cutting a wire!

17.7 Traffic Networks

I will now explain some analogous behavior in traffic networks. We will examine the more
formally in the next lecture.

We will use a very simple model of a road in a traffic network. It will be a directed edge between
two vertices. The rate at which traffic can flow on a road will depend on how many cars are on
the road: the more cars, the slower the traffic. I will assume that our roads are linear. That is,
when a road has flow f, the time that it takes traffic to traverse the road is

af + b,

for some nonnegative constants a and b. I call this the characteristic function of the road.

We first consider an example of Pigou consisting of two roads between two vertices, s and t. The
slow road will have characteristic function 1: think of a very wide super-highway that goes far out
of the way. No matter how many cars are on it, the time from s to ¢ will always be 1. The fast
road is better: its characteristic is f. Now, assume that there is 1 unit of traffic that would like to
go from s to t.

A global planner that could dictate the route that everyone takes could minimize the average time
of the traffic going from s to ¢ by assigning half of the traffic to take the fast road and half of the
traffic to take the slow road. In this case, half of the traffic will take time 1 and half will take time
1/2, for an average travel time of 3/4. To see that this is optimal, let f be the fraction of traffic
that takes the fast road. Then, the average travel time will be

forft=f) 1= fe
Taking derivatives, we see that this is minimized when
2f —1=0,

which is when f =1/2.
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On the other hand, this is not what people will naturally do if they have perfect information and
freedom of choice. If a f < 1 fraction of the flow is going along the fast road, then those travelling
on the fast road will get to ¢ faster than those going on the slow road. So, anyone going on the
slow road would rather take the fast road. So, all of the traffic will wind up on the fast road, and
it will become not-so-fast. All of the traffic will take time 1.

We call this the Nash Optimal solution, because it is what everyone will do if they are only
maximizing their own benefit. You should be concerned that this is not as well as they would do
if they allowed some authority to dictate their routes. For example, the authority could dictate
that half the cars go each way every-other day, or one way in the morning and another at night.

Let’s see an even more disturbing example.

17.8 Braes’s Paradox

We now examine Braes’s Paradox, which is analogous to the troubling example we saw with
springs and wires. This involves a network with 4 vertices, a, b, ¢, and d. All the traffic starts at
s = a and wants to go to ¢t = d. There are slow roads from s to ¢ and from d to ¢, and fast roads
from s to d and from c to t. If half of the traffic goes through route sct and the other half goes
through route sdt, then all the traffic will go from s to ¢ in time 3/2. Moroever, noone can
improve their lot by taking a different route, so this is a Nash equilibrium.

We now consider what happens if some well-intentioned politician decides to build a very fast
road connecting c to d. Let’s say that its characteristic function is 0. This opens up a faster
route: traffic can go from s to ¢ to d to t. If no one else has changed route, then this traffic will
reach ¢ in 1 unit of time. Unfortunately, once everyone realizes this all the traffic will take this
route, and everyone will now require 2 units of time to reach t.

Let’s prove that formally. Let pi, p2 and p3 be the fractions of traffic going over routes sct, sdt,

and scdt, respectively. The cost of route sct is p1 4+ ps + 1. The cost of route sdt is ps + p3 + 1.

And, the cost of route scdt is ps + p3. So, as long as p3 is less than 1, the cheapest route will be
scdt. So, all the traffic will go that way, and the cost of every route will be 2.

17.9 The Price of Anarchy

In any traffic network, we can measure the average amount of time it takes traffic to go from s to
t under the optimal flow. We call this the cost of the social optimum, and denote it by Opt(G).
When we let everyone pick the route that is best for themselves, the resulting solution is a Nash
Equilibrium, and we denote it by Nash(G).

The “Price of Anarchy” is the cost to society of letting everyone do their own thing. That is, it is

the ratio
Nash(G)

Opt(GQ)

In these examples, the ratio was 4/3. In the next lecture, we will show that the ratio is never
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more than 4/3 when the cost functions are linear. If there is time today, I will begin a more
formal analysis of Opt(G) and Nash(G) that we will need in our proof.

17.10 Nash optimum

Let the set of s-t paths be Pi,..., P, and let «; be the fraction of the traffic that flows on path
P;. In the Nash equilibrium, no car will go along a sub-optimal path. Assuming that each car has
a negligible impact on the traffic flow, this means that every path P; that has non-zero flow must
have minimal cost. That is, for all ¢ such that «; > 0 and all 5

o(P)) < c(P).

17.11 Social optimum

Society in general cares more about the average time its takes to get from s to t. If we have a flow
that makes this average time low, everyone could rotate through all the routes and decrease the
total time that they spend in traffic. So, the social cost of the flow f is

clan,...,ap) =%
Zaic(Pi) = Zai Z Ce(fe)
i i ech;
= Zce(fe) Z Q;
e ice€P;

= Z ce(fe) fe-

Theorem 17.11.1. All local minima of the social cost function are global minima. Moreover, the
set of global minima is convex.

Proof. This becomes easy once we re-write the cost function as
Zce(fe)fe = E:Cbefe2 + befe
(& e

and recall that we assumed that a, and b, are both at least zero. The cost function on each edge
is convex. It is strictly convex if a, > 0, but that does not matter for this theorem.

If you take two flows, say f° and f!, the line segments of flows between them contains the flows of
the form f! where

féztfel_‘_(l_t) 37
for0 <t<1.

By the convexity of each cost function, we know that the cost of any flow f! is at most the
maximum of the costs of fO and f!. So, if f! is the global optimum and f° is any other flow with
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higher cost, the flow f€ will have a social cost lower than f°. This means that f° cannot be a
local optimum. Similarly, if both f© and f! are global optima, then f! must be as well. O



Chapter 18

Dynamic and Nonlinear Networks

This Chapter Needs Editing

These notes are not necessarily an accurate representation of what happened in class. They are a
combination of what I intended to say with what I think I said. They have not been carefully
edited.

18.1 Overview

In this lecture we will consider two generalizations of resistor networks: resistor networks with
non-linear resistors and networks whose resistances change over time. While they were introduced
over 50 years ago, non-linear resistor networks seem to have been recently rediscovered in the
Machine Learning community. We will discuss how they can be used to improve the technique we
learned in Lecture 13 for semi-supervised learning.

The material on time-varying networks that I will present comes from Cameron Musco’s senior
thesis from 2012.

18.2 Non-Linear Networks

A non-linear resistor network, as defined by Duffin [Duf47], is a like an ordinary resistor network
but the resistances depend on the potential differences across them. In fact, it might be easier not
to talk about resistances, and just say that the amount of flow across an edge increases as the
potential difference across the edge does. For every resistor e, there is a function

Pe(v)

that gives the flow over resistor e when there is a potential difference of v between its terminals.

We will restrict our attention to functions ¢ that are

155
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a. continuous,
b. monotone increasing,

c. symmetric, by which I mean ¢.(—v) = —¢¢(v).

Note that condition ¢ implies that ¢.(0) = 0. For an ordinary resistor of resistance r, we have

(V) =v/r.
However, we can and will consider more interesting functions.

If the graph is connected and we fix the voltages at some of the vertices, then there exists a
setting of voltages at the other vertices that results in a flow satisfying flow-in equals flow-out at
all non-boundary vertices. Moreover, this flow is unique.

We will prove this in the next section through the use of a generalization of energy dissipation.

18.3 Energy

We define the energy dissipation of an edge that has a potential difference of v to be

def [
e o0
0
We will show that the setting of the voltages that minimizes the total energy provides the flow I
claimed exists.

In the case of linear resistors, where ¢.(v) = v/r,

_11}2

(Pe(’l)) - 277

which is exactly the energy function we introduced in Lecture 13.

The conditions on ¢, imply that

d. @, is strictly convex!,

e. ®.(0) =0, and
f. & (—x) = Pe(2).

We remark that a function that is strictly convex has a unique minimum, and that a sum of
strictly convex functions is strictly convex.

'That is, for all x Z y and all 0 < A < 1, ®.(Az + (1 — Ny) < A®. () + (1 — M) D (y).
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Theorem 18.3.1. Let G = (V, E) be a non-linear resistor network with functions f. satisfying
conditions a, b and c for every e € E. For every set S CV and fized voltages w, for a € S, there
exists a setting of voltages v, for a € S that result in a flow of current that satisfies the flow-in
equals flow-out conditions at every a & S. Moreover, these voltages are unique.

Proof. For a vector of voltages v, define
Dv) = Y Doy (v —w).
(a,b)eE

As each of the functions ®(, ) are strictly convex, ® is as well. So, ® has a minimum subject to
the fixed voltages. At this minimum point, we know that for every a € S

_0%®(v)
0= v,
_ Z 8(13((“,) ('Ua — Ub>
b:(a,b)eE Ova
= Z B(ap)(Va — vp).
b:(a,b)eE

We may now set

flap) = P(ab)(Va — vb).
This is a valid flow because for every vertex a ¢ S the sum of the flows out of v,, taken with
appropriate signs, is zero.

Conversely, for any setting of voltages that results in a flow that has no loss or gain at any a & S,
we can reverse the above equalities to show that the partial derivatives of ®(v) are zero. As ®(v)
is strictly convex, this can only happen at the unique minimum of ®(v). O

18.4 Uses in Semi-Supervised Learning

In Lecture 13, I suggested an approach to estimating a function f on the vertices of a graph given

its values at aset S C V:
min E (z(a) — 2(b))*.
z:f(a)=z(a) for a€S (ab)eE

Moreover, we saw that we can minimize such a function by solving a system of linear equations.

Unfortunately, there are situtations in which this approach does not work very well. In general,
this should not be surprising: sometimes the problem is just unsolvable. But, there are cases in
which it would be reasonable to solve the learning problem in which this approach fails.

Better results are sometimes obtained by modifying the penalty function. For example, Bridle
and Zhu [BZ13] (and, essentially, Herbster and Guy [HL09]) suggest

min Y Ja(a) - 2 ()P,

z:f(a)=z(a) for a€S (ab)eE
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for 1 <p<2.

While a well-selected p will often improve accuracy, the drawback of this approach is that we
cannot perform the minimization nearly as quickly as we can when p = 2.

18.5 Dual Energy

We can establish a corresponding, although different, energy for the flows. Let ¢ be the inverse of
¢. We then define the flow-energy of an edge that carries a flow of f to be

f
w(f) % /0 B(t)dt.

If we minimize the sum of the flow-energies over the space of flows, we again recover the unique
valid flow in the network. (The function & is implicit in the work of Duffin. The dual ¥ comes
from Millar [Mil51]).

In the classical case, ® and ¥ are the same. While they are not the same here, their sum is. We
will later prove that when v = 9 (f),

U(f)+ @(v) = fo.
In fact, one can show that for all f and v,

(f) + @(v) = fo,
with equality only when v = ¥ (f).

Theorem 18.5.1. Under the conditions of Theorem 18.53.1, let fert be the vector of external flows
resulting from the induced voltages. Let f be the flow on the edges that is compatible with fe.: and
that minimizes

\Ij(f) = Z lI’(a,b)(f(a,b))'

(a,b)eE

Then, f is the flow induced by the voltages shown to exist in Theorem 18.3.1.

Sketch. We first show that f is a potential flow. That is, that there exist voltages v so that for
every edge (a,b), fup) = ®(ap)(va — vp). The theorem then follows by the uniqueness established
in Theorem 18.3.1.

To prove that f is a potential flow, we consider the potential difference that the flow “wants” to
induce on each edge, 9 ( f(a7b)). There exist vertex potentials that agree with these desired
potential differences if an only if for every pair of vertices and for every pair of paths between
them, the sum of the desired potential differences along the edges in the paths is the same. To see
this, arbitrarily fix the potential of one vertex, such as s. We may then set the potential of any
other vertex a by summing the desired potential differences along the edges in any path from s.

Equivalenty, the desired potential differences are realizable if and only if the sum of these desired
potential differences is zero around every cycle. To show that this is the case, we use the
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minimality of the flow. Because U(f) is strictly convex, small changes to the optimum have a
negligible effect on its value (that is, the first derivative is zero). So, pushing an e amount of flow
around any cycle will not change the value of U(f). That is, the sum of the derivatives around
any cycle will be zero. As

0
7\116 = Ye )
o Vel = 0elf)
this means that the sum of the desired potential differences around every cycle is zero. O

Theorem 18.5.2. If f = ¢(v), then

O(v) +U(f) =vf.

Proof. One can prove this theorem through “integration by parts”. But, I prefer a picture. In the
following two figures, the curve is the plot of ¢. In the first figure, the shaded region is the
integral of ¢ between 0 and v (2 in this case). In the second figure, the shaded region is the
integral of 1) between 0 and ¢(v) (just turn the picture on its side). It is clear that these are
complementary parts of the rectangle between the axes and the point (v, ¢(v)).

0.8
0.7r

0.6¢
0.5¢
«— 0.4r
0.3¢
0.2¢
0.1r

(a) ®(v) (b) W(f) when f = ¢(v)

The bottom line is that almost all of the classical theory can be carried over to nonlinear networks.
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18.6 Thermistor Networks

We now turn our attention to networks of resistors whose resistance changes over time. We
consider a natural model in which edges get “worn out”: as they carry more flow their resistance
increases. One physical model that does this is a thermistor. A thermistor is a resistor whose
resistance increases with its temperature. These are used in thermostats.

Remember the “energy dissipation” of a resistor? The energy dissipates as heat. So, the
temperature of resistor increases as its resistance times the square of the flow through it. To
prevent the temperatures of the resistors from going to infinity, we will assume that there is an
ambient temperature T4, and that they tend to the ambient temperature. I will denote by T, the
temperature of resistor e, and I will assume that there is a constant «a, for each resistor so that its
resistance

Te = aeTe- (181)

We do not allow temperatures to be negative.

Now, assume that we would like to either flow a current between two vertices s and ¢, or that we
have fixed the potentials of s and t. Given the temperature of every resistor at some moment, we
can compute all their resistances, and then compute the resulting electrical flow as we did in
Lecture 13. Let f. be the resulting flow on resistor e. The temperature of e will increase by 7. f2,
and it will also increase in proportion to the difference between its present temperature and the
ambient temperature.

This gives us the following differential equation for the change in the temperature of a resistor:

oT.
ot

=ref2 — (T. — Ta). (18.2)
Ok, there should probably be some constant multiplying the (T, — T)4) term. But, since I haven’t
specified the units of temperature we can just assume that the constant is 1.

By substituting in (18.1) we can eliminate the references to resistance. We thus obtain

oT.

5 T, f? — (T, — Ta).

There are now two natural questions to ask: does the system converge, and if so, what does it
converge to? If we choose to impose a current flow between s and ¢, the system does not need to
converge. For example, consider just one resistor e between vertices s and ¢t with a, = 2. We then

find
oT.

ot
So, the temperature of the resistor will go to infinity.

= a.Tof? — (T, —Ta) = 2T, — (T, — Ta) = Tp + Ta.

For this reason, I prefer to just fix the voltages of certain vertices. Under these conditions, we can
prove that the system will converge. While I do not have time to prove this, we can examine what
it will converge to.
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If the system converges, that is if the voltages at the nodes converge along with the potential
drops and flows across edges, then

oT.
ot

0= = a. o f? — (T. — Th).

To turn this into a relationship between f. and v., we apply the identity f.r. = ve, which
becomes f.a.T. = ve, to obtain
0=wefe —Te+ Ta.

To eliminate the last occurence of T¢, we then multiply by f. and apply the same identity to
produce
0= ”Uef€2 - Ue/ae + feTA-

The solutions of this equation in f, are given by

e [L o (LY T

20 20,

The correct choice of sign is the one that gives this the same sign as v,:

1 [ fewy
20, Qe

fe= +T3—-Ta|. (18.3)

When v, is small this approaches zero, so we define it to be zero when v, is zero. As v, becomes

large this expression approaches ae 12 Similarly, when v, becomes very negative, this approaches
—ae_l/Q. If we now define
1 (2ve)?
Ve) = S T2 - T
Pe(ve) 20, o +1; Al

we see that this function satisfies properties a, b and c¢. Theorem 18.3.1 then tells us that a stable
solution exists.

18.7 Low Temperatures

We now observe that when the ambient temperature is low, a thermistor network produces a
minimum s-t cut in a graph. The weights of the edges in the graph are related to a,. For
simplicity, we will just examine the case when all a, = 1. If we take the limit as T4 approaches
zero, then the behavior of ¢, is

0 ifv.=0
be(ve) =<1  ifve>0
-1 ifv. <O.

We will obtain similar behavior for small T)4: if there is a non-negligible potential drop across an
edge, then the flow on that edge will be near 1. So, every edge will either have a flow near 1 or a
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negligible potential drop. When an edge has a flow near 1, its energy will be near 1. On the other
hand, the energy of edges with negligible potential drop will be near 0.

So, in the limit of small temperatures, the energy minimization problem becomes

min > Jula) = v(d)].

i
viv(s)=0,v(t)=1 (ab)eE

One can show that the minimum is achieved when all of the voltages are 0 or 1, in which case the
energy is the number of edges going between voltage 0 and 1. That is, the minimum is achieved
by a minimum s-t cut.
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Chapter 19

Independent Sets and Coloring

19.1 Introduction

We will see how high-frequency eigenvalues of the Laplacian and Adjacency matrix can be related
to independent sets and graph coloring. Recall the we number the Laplacian matrix eigenvalues
in increasing order:

0= < <<\

We call the adjacency matrix eigenvalues p1, ..., tin, and number them in the reverse order:

> >

The reason we reverse the order of indexing is that for d-regular graphs, u; = d — \;. For a
non-empty graph, p, will be negative.

19.2 Graph Coloring and Independent Sets

A coloring of a graph is an assignment of one color to every vertex in a graph so that each edge
connects vertices of different colors. We are interested in coloring graphs while using as few colors
as possible. Formally, a k-coloring of a graph is a function ¢: V' — {1,...,k} so that for all

(u,v) € E, c(u) # c¢(v). A graph is k-colorable if it has a k-coloring. The chromatic number of a
graph, written x(G), is the least k£ for which G is k-colorable. A graph G is 2-colorable if and
only if it is bipartite. Determining whether or not a graph is 3-colorable is an NP-complete
problem [Kar72]. The famous 4-Color Theorem [AH77a, AH77b] says that every planar graph is
4-colorable.

A set of vertices S is independent if there are no edges between vertices in S. In particular, each
color class in a coloring is an independent set. The size of the largest independent set in a graph,
which we call its independence number is written «(G). As a k-colorable graph with n vertices
must have a color class of size at least n/k, we have
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The problem of finding large independent sets in a graph is NP-Complete, and it is very difficult
to even approximate the size of the largest independent set in a graph [FK98, Has99]. However,
for some carefully chosen graphs, spectral analysis provides very good bounds on the sizes of
independent sets.

19.3 Hoffman’s Bound

One of the first results in spectral graph theory was Hoffman’s [Hof70] proof the following upper
bound on the size of an independent set in a graph G.

Theorem 19.3.1. Let G = (V, E) be a d-regular graph, and let p, be its smallest adjacency
matriz etgenvalue. Then

Recall that p, < 0. Otherwise this theorem would not make sense. We will prove a generalization
of Hoffman’s theorem due to Godsil and Newman [GNOS]:

Theorem 19.3.2. Let G = (V, E) be a graph, let S be an independent set in G, and let dgye(S)
be the average degree of a vertex in S. Then,

Sygn<1da“e(s)>.

An

This is a generalization of Theorem 19.3.1 because in the d-regular case dgpe = d and A\, = d — pup,.
So, these bounds are the same for regular graphs:

dave(s) _ )\n —d _ —Hn

1-— .

Proof. The Courant-Fischer Theorem tells us that

o
)\n:maxT.
z xlx

Let S be an independent set of vertices, let 1g be the characteristic vector of S, and let d(S) be
the sum of the degrees of vertices in S. Consider the vector

=15 — sl,

where s = |S| /n. The vector x is the result of projecting 1g onto the subspace orthogonal to 1.
We will often apply this natural operation to vectors that we plan to multiply by a Laplacian. As
S is independent and L1 = 0, we have

'Lz = 15015 =Y (1s(a) — 15(0))* = d(S) = dave(S5) |S],

a~b
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where the third equality follows from the independence of S. The reason that we subtracted s1
from 1g is that this minimizes the norm of the result. We compute

' = |S] (1 —8)2—|—(|V| — |S|)s2 =151 —2s+52)+ |S|s — ]S|82 =15 (1-1s) :n(s—SQ).

Thus,
> z! Lz _ dave(S) | S| _ dave(S)sn _ dave(S)
"= ozl n(s — s2) n(s — s2) 1—s
Re-arranging terms, this gives
dave (S
1 _ (J/U)zi ) Z 8,
which is equivalent to the claim of the theorem. O

Remarkably, this theorem holds for weighted graphs, even though edge weights do not play a role
in independence of subsets of vertices.

We will use the computation of the norm of  often, so we will make it a claim.

Claim 19.3.3. Let S CV have size s|V|. Then
115 — 51| = s(1— ) |V].

Claim 19.3.4. For a vector = of length n, the value of t that minimizes the norm of x — t1 1is
t=1Tz/n.

Proof. The derivative of the square of the norm is
d
pr D (x(a) = t)? =2 (x(a) - t).
a a

When the norm is minimized the derivative is zero, which implies

nt = Z z(a) =1"x.

a

19.4 Application to Paley graphs

Let’s examine what Hoffman’s bound on the size of the largest independent set tells us about
Paley graphs.
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Corollary 7.3.2 tells us that if G is a Paley graph on n = p vertices of degree d = (p — 1)/2, then
An = (p++/p)/2. So, for an independent set S, Hoffman’s bound tells us that

’S|§n<1_clw;25)>

p—1

:p<1_p+\/ﬁ>

(2
= \/ﬁ

One can also show that every clique in a Paley graph has size at most ,/p.

A graph is called a k-Ramsey graph if it contains no clique or independent set of size k. It is a
challenge to find large k-Ramsey graphs. Equivalently, it is challenging to find k-Ramsey graphs
on n vertices for which k is small. In one of the first papers on the Probabilistic Method in
Combinatorics, Erdos proved that a random graph on n vertices in which each edge is included
with probability 1/2 is probably 2log, n Ramsey [Erd47].

However, constructing explicit Ramsey graphs has proved much more challenging. Until a decade
ago, Paley graphs were among the best known. A recent construction of Chattopadhyay and
Zuckerman [CZ19] provides explicit graphs on n vertices that do not have cliques or independent

sets of size 9(loglogn) ™)

19.5 Lower Bound on the chromatic number

As a k-colorable graph must have an independent set of size at least n/k, an upper bound on the
sizes of independent sets gives a lower bound on its chromatic number. However, this bound is
not always a good one.

For example, consider a graph on 2n vertices consisting of a clique (complete graph) on n vertices
and n vertices of degree 1, each of which is connected to a different vertex in the clique. The
chromatic number of this graph is n, because each of the vertices in the clique must have a
different color. However, the graph also has an independent set of size n, which would only give a
lower bound of 2 on the chromatic number.

Hoffman [Hof70] proved the following lower bound on the chromatic number of a graph that does
not require the graph to be regular, and which can be applied to weighted graphs. Numerically, it
is obtained by dividing n by the bound in Theorem 19.3.1. But, the proof is very different
because that theorem only applies to regular graphs.

Theorem 19.5.1.
—HUn —Hn

The proof of this theorem relies on the following inequality whose proof we defer to Section 19.6.
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To state it, we introduce the notation A\paz(M) and Apin (M) to indicate the largest and smallest
eigenvalues of the matrix M.

Lemma 19.5.2. Let

M1 Mo --- My

T

Mi, Msy - Myy
M = ) ) .

T T

Ml,k‘ MQ,]C st Mk}k:

be a block-partitioned symmetric matrix with k > 2. Then

(k - 1))‘mm(M) + /\maw(M) S Z Amax(Mi,i)-

Proof of Theorem 19.5.1. Let G be a k-colorable graph. After possibly re-ordering the vertices,
the adjacency matrix of G can be written

0 My, -+ My
MT 0 cor Moy
T 7 (19.1)
MY, M, -~ 0
Each block corresponds to a color.
As each diagonal block is all-zero, Lemma 19.5.2 implies
(k — D) Amin (M) + Az (M) < 0.
Recalling that Apin (M) = p, < 0, and e (M) = u1, a little algebra yields
1+ <k
—Hn
O

To return to our example of the n clique with n degree-1 vertices attached, I examined an
example with n = 6. We find p; = 5.19 and p19 = —1.62. This gives a lower bound on the
chromatic number of 4.2, which implies a lower bound of 5. We can improve the lower bound by
re-weighting the edges of the graph. For example, if we give weight 2 to all the edges in the clique
and weight 1 to all the others, we obtain a bound of 5.18, which agrees with the chromatic
number of this graph which is 6.

19.6 Proofs for Hoffman’s lower bound on chromatic number

To prove Lemma 19.5.2, we begin with the case of £ = 2. The general case follows from this one
by induction. While the lemma in the case £ = 2 when there are zero blocks on the diagonal
follows from Proposition 4.5.4, we require the general statement for induction.
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Lemma 19.6.1. Let
A B C
¢t D

be a symmetric matriz. Then

)\mm(A) + Amaw(A) < )\max(B) + )\max(D)

Proof. Let & be a unit eigenvector of A of eigenvalue 4. (A). Write = <zl>, using the same
2
partition as we did for A.

We first consider the case in which neither 1 nor x5 is an all-zero vector. In this case, we set

Hﬂmllm1
y = 1]
_ |5”1||w2 :
[E2]

The reader may verify that y is also a unit vector, so

We have

Amaz(A) + Anin(A) < 2T Az + yT Ay

=] Bz + 21 Cxy + x5 CTxy + 2] Daot

2
+ |’m2H2wr{Bw1 — mi_pCmg — wgCTxl + ”leZwQTDa;Q
]| 2]
T T (2 s [E2 s
=xy Bz + x5 Dxy + e Bz + 5Ty Dxo
1] [E21]

2 2
< <1+ ||$2|2> :B{B:Bl + <1+ H-’131||2> a:QTD:IZQ
[EZ1| [E2]

< Anaa(B) (212 + [22117) + Amaa(D) (121 + 2]
— )\maz(B) + )\maz(D)v

as x is a unit vector.

We now return to the case in which ||z2|| = 0 (or ||«1]] = 0, which is really the same case).
Theorem 4.3.1 tells us that A\paz(B) < Adnaz(A). So, it must be the case that @ is an eigenvector
of eigenvalue Ajq.(A) of B, and thus A\paz(B) = Amaz(A). To finish the proof, also observe that
Theorem 4.3.1 implies

)\max(D) > /\mm(D> > /\mm(A)
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Proof of Lemma 19.5.2. For k = 2, this is exactly Lemma 19.6.1. For k > 2, we apply induction.
Let

M, Mis -+ My
T
MT, My, - My,
B = ) ) ,
T T
My, My, - Mp_151

Theorem 4.3.1 now implies.

Applying Lemma 19.6.1 to B and the kth row and column of M, we find

)\mzn(M) + Amaz(M) § Amaz(Mk:,k‘) + )\max(B)
k—1
< Amar(Mii) + > Amaa(Mii) = (k = 2)Amin(B)  (by induction)

i=1

)\max(Mi,i) - (k - 2))‘mln(B)

)\mam(Mi,i) - (k - 2))\mm(M)>

s. ﬁ.
I Mw i Mw
— —_

because \pin(B) > Apmin(M). Rearranging terms gives

k

(k - 1))‘mm(M) + Amaa?(M) < Z )\ma:r:(Mi,i)-
=1



Chapter 20

Graph Partitioning

Computer Scientists are often interested in cutting, partitioning, and finding clusters of vertices in
graphs. This usually means finding a set of vertices that is connected to the rest of the graph by a
small number of edges. There are many ways of balancing the size of the set of vertices with the
number of edges. We will examine isoperimetric ratio and conductance, and will find that they
are intimately related to the second-smallest eigenvalue of the Laplacian and the normalized
Laplacian. The motivations for measuring these range from algorithm design to data analysis.

20.1 Isoperimetry and )\,

Let S be a subset of the vertices of an unweighted graph. One way of measuring how well S can
be separated from the graph is to count the number of edges connecting S to the rest of the
graph. These edges are called the boundary of S, which we formally define by

9(S) ¥ {(a,b)eE:ac S b S}
We are less interested in the total number of edges on the boundary than in the ratio of this

number to the size of S itself. For now, we will measure this in the most natural way—by the
number of vertices in S. We will call this ratio the isoperimetric ratio of S, and define it by

def |0(5)|
()< S5

The isoperimetric ratio of a graph' is the minimum isoperimetric ratio over all sets of at most

half the vertices: def
O = min 6(9).
6= | gin, 9(5)

We will now derive a lower bound on 6 in terms of Ay. We will present an approximate converse
to this lower bound, known as Cheeger’s Inequality, in Chapter 21.

1Other authors call this the isoperimetric number.

171
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Theorem 20.1.1. For every S CV
0(S) > A2(1 — ),

where s = |S| /|V|. In particular,
O > Na/2.

Proof. As
T Lox

Ay = min 7
z:zT1=0 T° T

for every non-zero & orthogonal to 1 we know that
a:TLGa: > )\ga:Tac.

To exploit this inequality, we need a vector related to the set S. A natural choice is 1g, the
characteristic vector of S,
1 ifaes
Ls(a) = {

0 otherwise.

We find
15Lels = Y (1s(a) —15(b)* = |0(S)].
(a,b)eFE

However, x g is not orthogonal to 1. To fix this, use
x=1g — sl,

SO

{1—5 for a € S, and
z(a) =

-5 otherwise.
We have 71 = 0, and
' Lor = ) ((1s(a) —s) — (1g(b) — 5))* = [9(5)|.
(a,b)eFE

Claim 19.3.3 tells us that the square of the norm of x is

zlx =n(s —s?).
So,
Ny < 15Lels _ |0(9)] .
=il Sl-9)
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This theorem says that if Ao is big, then G is very well connected: the boundary of every small set
of vertices is at least Ao times something just slightly smaller than the number of vertices in the
set.

Re-arranging terms slightly, Theorem 20.1.1 can be stated as

6(5) 10(5)]
= _— > .
1—s WVigm—g =

We sometimes favor the quantity in the middle above over the isoperimetric ratio because

10(5)]
[SHV = S)

eliminates the need to restrict |S| < |V /2.

20.2 Conductance

Conductance is a variant of the isoperimetic ratio that applies to weighted graphs, and that
measures sets of vertices by the sum of their weighted degrees. Instead of counting the edges on
the boundary, it counts the sum of their weights. We write d(.S) for the sum of the degrees of the
vertices in S. d(V') is twice the sum of the weights of edges in the graph, because each edge is
attached to two vertices. For a set of edges F', we write w(F') for the sum of the weights of edges
in F'. We can now define the conductance of S to be

4(5) & w(9(5)) .
min(d(S),d(V — S))
Note that many slightly different definitions appear in the literature. For example, we could
instead use

w(9(5))
VTS v —5)
which appears below in (20.3).

We define the conductance of a graph G to be

The conductance of a graph is more useful in many applications than the isoperimetric ratio. I
usually find that conductance is the more useful quantity when you are concerned about edges,
and that isoperimetric ratio is most useful when you are concerned about vertices. Conductance
is particularly useful when studying random walks in graphs.

20.3 The Normalized Laplacian

As
15015 w(9(S))

1LD1s  d(S) '
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it seems natural to try to relate the conductance to the following generalized Rayleigh quotient:

y' Ly
yTDy

(20.1)

If we make the change of variables
D'/ 2y =z,

then this ratio becomes
e'D"'V?LD g
zTx '

This is an ordinary Rayleigh quotient, which we understand a little better. The matrix in the
middle is called the normalized Laplacian (see [Chu97]). We reserve the letter N for this matrix:

N & p-12pp-1/2,

This matrix often proves more useful when examining graphs in which the degrees of vertices
vary. We will let 0 = v; <1y < --- <1, denote the eigenvalues of IN. Recall that we introduced
the normalized Laplacian in Section 10.5 and proved that

. y'Ly
V9 = 1IMin .
* " yldyTDy

The conductance is related to vo as the isoperimetric ratio is related to As:
/2 < ¢¢. (20.2)

Lemma 20.3.1. For every S C V,

Proof. We would again like to again use 1g as a test vector. But, we need to shift it so that it is
orthogonal to d. Set
Yy = 15 — 0 1,

where

o=4d(S)/d(V).
You should now check that y”'d = 0:

y'd =1%d — o17d = d(S) — (d(S)/d(V))d(V) = 0.

We already know that
y' Ly = w(9(9)).
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It remains to compute y” Dy. If you remember the computation in Claim 19.3.3, you would
guess that it is d(S)(1 — o) = d(S)d(V — 5)/d(V'), and you would be right:

y"'Dy =) du)(l-0)*+) d(u)o’

u€eS ugS
=d(S)(1—0)? +d(V - S)

)
= d(S) — 2d(S)o +d(V)o
=d(S) — d(9)o, as d(S) =d(V)o
= d(S)d(V = 5)/d(V).
So, ,
y Ly w(9(9))
v < rpe =4V g g (20.3)
O
Corollary 20.3.2. For every S C V,
¢(S) = v2/2.
Proof. As the larger of d(S) and d(V — S) is at least half of d(V'), we find
w(9(5))
Y2 S 2 d(S), AV = 9
O

20.4 Notes

There are many variations on the definitions used in this chapter. For example, sometimes one
wants to measure the number of vertices on the boundary of a set, rather than the number of
edges. The ratio of the number of boundary vertices to internal vertices is often called ezpansion.
But, authors are not consistent about these and related terms. Cut ratio is sometimes used
instead of isoperimetric ratio. When reading anything in this area, be sure to check the formulas
for the definitions.



Chapter 21

Cheeger’s Inequality

In the last chapter we learned that ¢(S) > v»/2 for every S C V. Cheeger’s inequality is a partial
converse. It says that there exists a set of vertices S for which

P(S) < V203,
and provides an algorithm for using the eigenvector of 5 to find such a set.

Cheeger [CheT70] first proved his famous inequality for manifolds. Many discrete versions of
Cheeger’s inequality were proved in the late 80’s [SJ89, LS88, AMS85, Alo86, Dod84, Var85]. Some
of these consider the walk matrix instead of the normalized Laplacian, and some consider the
isoperimetic ratio instead of conductance. The proof in this chapter follows an approach
developed by Trevisan [Trell].

21.1 Cheeger’s Inequality

Cheeger’s inequality proves that if we have a vector y, orthogonal to d, for which the generalized
Rayleigh quotient (20.1) is small, then one can obtain a set of small conductance from y. We
obtain such a set by carefully choosing a real number 7, and setting

Sr={a:y(a) <7}.

We should think of deriving y from an eigenvector of vy of the normalized Laplacian. If 1, is an
eigenvector of v, then y = D'/ 2ap, is orthogonal to d and the generalized Rayleigh quotient
(20.1) of y with respect to L and D equals v». But, the theorem can make use of any vector that
is orthogonal to d that makes the generalized Rayleigh quotient small. In fact, we prefer vectors
that are centered with respect to d.

Definition 21.1.1. A wvector y is centered with respect to d if

Y d(a)<d(V)/2 and D d(a) < d(V)/2

a:y(a)>0 a:y(a)<0

176
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By renumbering the vertices, we may assume without loss of generality that

y(1) <y(2) <--- <yn)
To center y, let j be the least number for which

J
> d(a) = d(V)/2.

a=1
We then set
z=y—y(j)L.
This vector z satisfies z(j) = 0. And, the following lemma tells us that
2Lz yT Ly
< .
z'Dz — yTDy

Lemma 21.1.2. Let vy = y + s1. Then, the minimum of v: Dwv, is achieved at the s for which
T
vyd=0.

Proof. The derivative with respect to s is 2d" v, and this is zero at the minimum. ]

Theorem 21.1.3. Let G be a weighted graph, let L be its Laplacian, and let d be its vector of
weighted degrees. Let z be a vector that is centered with respect to d. Then, there is a number T
for which the set S; = {a: z(a) < T} satisfies

| 2TLz
P(S7) < 2m‘

We assume without loss of generality that
z(1)? + z(n)? = 1.

This can be achieved by multiplying z by a constant. We begin our proof of Cheeger’s inequality
by defining

2T Lz

2Dz’

So, we need to show that there is a 7 for which ¢(S;) < /2p.

p:

Recall that
w(9(5))

min(d(S),d(V — S))’

We will define a distribution on 7 for which we can prove that

E [w(9(S:))] < V/2p E [min(d(S;),d(V — 5;))] -

¢(5) =
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This implies’ that there is some 7 for which
w(0(S7)) < v/2p min(d(S;),d(V — S;)),
which means ¢(S) < v/2p.

To switch from working with y to working with z, we change the definition of S; to

S, e z(a) <7}

As z is a constant shift of y, we hope this change won’t introduce too much confusion. Trevisan
had the remarkable idea of choosing 7 between z(1) and z(n) with probability density 2 |¢|. That
is, the probability that 7 lies in the interval [a, ] is

b
/ 2|t dt.
t=a

To see that the total probability is 1, observe that
z(n) 0 z(n)
/ 2ytydt:/ 2\t\dt+/ 20t dt = z(n)® + 2(1)2 = 1,
t=z(1) t=z(1) t=0
as z(1) <0 < z(n).
Similarly, for a < b, the probability that 7 lies in the interval [a, b] is

b
/ 2 |t| dt = sgn(b)b? — sgn(a)a?,
t

=a

where
1 ifz>0
sgn(z) =40 ifx=0,and
-1 ifz<0.

Lemma 21.1.4.

B [w(d(S:)] = > wapPril(a,b) €9(S)] < D way

(a,b)EE (a,b)EE

z(a) = z(b)| (|z(a) + [2(0)]). (21.1)

Proof. An edge (a,b) with z(a) < z(b) is on the boundary of S if
z(a) <7 < z(b).
The probability that this happens is sgn(z(b))z(b)? — sgn(z(a))z(a)?. When sgn(a) # sgn(b),

sgn(z(b))z(b)* — sgn(z(a))z(a)* = z(a)* + z(b)*

'If this is not immediately clear, note that it is equivalent to assert that E [v/2p min(d(S),d(V — S)) — w(9(S))] >
0, which means that there must be some S for which the expression is non-negative.
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On the other hand, when sgn(a) = sgn(b),

sgn(2(b))z(b)* — sgn(z(a))z(a)* = |2(a)® — 2(b)?|

We now derive a formula for the expected denominator of ¢.

Lemma 21.1.5.
E¢ [min(d(S,),d(V — S;))] = 2" Dz.

Proof. Observe that
=> Prifac S]d(a) =) Prz(a) < 7] d(a).

The result of our centering of z at j is that

7 <0 = d(S) =min(d(S),d(V —S)), and
>0 = d(V —5)=min(d(S),d(V - S5)).

That is, for a < j, a is in the smaller set if 7 < 0; and, for a > j, a is in the smaller set if 7 > 0.
So,

Et [min(d(S;),d(V = S-))] = Y Prlz(a) < 7 and 7 < 0]d(a) + Y _Pr[z(a) > 7 and 7 > 0]d(a)

a<j a>j
=> Prz(a) <7 <0]d(a) + Y Prlz(a) > 7 >0]d(a)
a<j a>j
=2 z(@d(a)+}  z(a
a<j azj
=) z(a)*d(a)
=2"'Dz

Recall that our goal is to prove that

E [w < /2p E [min(d(S;),d(V - S;))],
and we know that
E¢ [min(d(S,),d(V — S;))] = 2T Dz
and that

Ee [w(O(S))] < Y waplz(a) = z(0)] (|2(a)] + z(O)]).

(a,b)EE



CHAPTER 21. CHEEGER’S INEQUALITY 180

We may use the Cauchy-Schwartz inequality to upper bound the term above by

S wiplz S wapllz(a)] +2(0)> (21.2)

(a,b)eFE (a,b)EE

We have defined p so that the term under the left-hand square root is at most
2Lz < pz' Dz.
To bound the right-hand square root, we observe

> wap(|z(a) +1z0))? <2 > way (2(a)? + 2(0)) =2 2z(a)?d(a) = 22" Dz.

(a,b)eE (a,b)EE a

Putting all these inequalities together yields

E [w(d(9))] < VpzTDzV22TDz
pzTDz

= /2pE [min (d(S),d(V - 9))].



Chapter 22

Local Graph Clustering

Local graph clustering algorithms discover small clusters of low conductance near a given input
vertex. Imagine that a graph has a cluster S that is not too big—d(S) is small relative to
d(V)—and that has low conductance. Also imagine that we know some vertex a € S. Local
clustering algorithms give us a way of computing a cluster nearby S of similar size and
conductance. They are not guaranteed to work for all a € S. But, we can show that they work for
“most” a € S, where we have to measure “most” by weighted degree. In this chapter, we will see
an elegant analysis due to Kwok, Lau and Lee [KLL16] of a random-walk based local graph
clustering algorithm suggested by Spielman and Teng [ST04, ST13]

Most local clustering algorithms can be implemented to run on unweighted graphs in time
depending on d(S), rather that on the size of the graph. This means that they can find the
cluster without having to examine the entire graph! Many of the developments in these
algorithms have improved the running time, the size of the set returned, and the conductance of
the set returned. The end of the chapter contains pointers to major advances in these algorithms.

In this chapter, we focus on proving that we can find a cluster approximately as good as S,
without optimizing parameters or run time.

22.1 The Algorithm

The input to the algorithm is a target set size, s, a conductance bound ¢, and a seed vertex, a.
We will prove that if G contains a set S with d(S5) < s < d(V)/32 and ¢(S) < ¢, then there is an
a € S such that when the algorithm is run with these parameters, it will return a set 1" with

d(T) < 16s and ¢(T) < 1/81n(8s)¢. For the rest of this chapter we will assume that G does
contain a set S that satisfies these conditions.

Here is the algorithm.

1. Set Po = éa-

2. Set t =1/2¢ (we will assume that ¢ is an integer).

181
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3. Set y=D! tho.

4. Return the set of the form T = {b: y(b) > 7} that has least conductance among those with
d(T;) < 8s.

Recall that the stable distribution of the random walk on a graph is d/(17d). So, to measure
how close a probability distribution p is to the stable distribution, we could ask how close D~ 'p
is to being constant. In this chapter, we will measure this by the generalized Rayleigh quotient

p"’D'LD 'p
p’D7'p

When we want to apply Cheeger’s inequality, we will change variables to y = D~ 'p. In these
variables, the above quotient becomes

y Ly

y' Dy

We will work with the lazy random walk matrix

— 1 1
W=+ W)=+ MD™).

22.2 Good choices for a

We will say that a vertex a € S is good for S if

d(a) 1 oot
> — 1 o> 1/2.
a(3) = 275 and 1¢W 6 /

The second inequality says that after ¢ steps the lazy walk that starts at a will be in S with
probability at least 1/2. In this section we show that S contains a good vertex. We will then show
that the local clustering algorithm succeeds if it begins at a good vertex.

Consider the distribution on vertices that corresponds to choosing a vertex at random from S
with probability proportional to its degree:

pe & {d(a)/d(S), foracs

0, otherwise.

The following lemma says that if we start a walk from a random vertex in S chosen with
probability proportional to degree, then the probability it is outside S on the tth step of the lazy
walk is at most t¢(S)/2.

Lemma 22.2.1. Let S be a set with d(S) < d(V)/2. Let p, = W' pg. Then

15—51% < tﬁb(S)/Q-
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Proof. We will upper bound the probability that the lazy walk leaves S in each step by ¢(5)/2. In
the first step, the probability that the lazy walk leaves S is exactly the sum over vertices a in S of
the probability the walk begins at a times the probability it follows an edge to a vertex not in S:

1 Wep 1 1 1w(o(9)) 1
ZPS(G)Q Z d(a) 5@ ;wa,b = §7d(5) = §¢(S)'

a€S b~a
bgS bgS

We now wish to show that in every future step the probability that the lazy walk leaves S' is at
most this large. To this end, let p; = pg, and define

pi=Wp, 4.

We now show by induction that for every a € V, p;(a) < d(a)/d(S). This is true for p,, and in
fact the inequality is tight for a € S. To establish the induction, note that all entries of W and
p;_; are nonnegative. So, the assumption that p; ; is entrywise at most d(a)/d(S) implies that
forae S . s

8ap; =0, Wp;_y < 8, Wd/d(S) = &;d/d(S) = d(a)/d(5).

Thus, the probability that the walk transitions from a vertex in .S to a vertex not in S at step ¢
satisfies ) )
Waq,b Wa,b
(a)= = < = =~ = —¢(5).
> pila)g 30 G < S ps(); Y Sek = So(s)
a€sS b~a acsS b~a
beS bgS
Lemma 22.2.2. The set S contains a good vertex a.

Proof. After we expand pg in an elementary unit basis as

d(a)
bs = ; m‘sa,

Lemma 22.2.1 tells us that

> ;l((g)) 10_gW's, < t6(S)/2
es

Define f, to be the indicator'for the event that
—~
15 W 8, > th(S)
and let b, be the indicator for the event that

d(a) 1
as) = 2[s]

!That is, fo = 1 if the event holds, and f, = 0 otherwise.
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By an application of what is essentially Markov’s inequality, we conclude

d(a) 1
2 g5l <2

a€eS

d(a) 1 1
PRGNS RS g S
aes ) T L 2SI T i 2 1S
Thus, there is a vertex for which neither f, nor b, hold. As
—~t —~t
1LW o, =1-1L_ W,
and t¢(S) < 1/2, such a vertex is good. O

By slightly loosening the constants in the definition of “good”, we could prove that most vertices
of S are good, where “most” is defined by sampling with probability proportional to degree.

22.3 Bounding the D-norm

Claim 22.3.1. For a probability vector p,

1T )2
T -1 >(Sp‘
PP ags)

Proof. Write

1lp =" pla) =Y V(o) (p(a)/Va(a))

a€eS a€eS

and apply the Cauchy-Schwartz inequality to conclude

(1%p)° < (Z d(a)) (Zp(a)z/d(a)> < (Z d(@)) (Zp(a)z/d(a)> =d(S)p" D7'p.

a€esS aesS a€esS

If a is good for S, then 1Lp, > 1/2, and so

1
T -1

D >
by by = 4d(S)
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22.4 Bounding the Generalized Rayleigh Quotient

The following lemma allows us to measure how close a walk is to convergence merely in terms of
the quadratic form ptTD_1 p, and the number of steps ¢.

—~ ¢
Lemma 22.4.1. Let p, = W p for some probability vector p,. Then

piD LD 'p, 1, <P0D_1P0>
p/D7'p, ~t \pD'p,

The proof of Lemma 22.4.1 rests on the following standard inequality.

Theorem 22.4.2. [Power Means Inequality] For k > h > 0, nonnegative numbers wy, ..., w, that
sum to 1, and nonnegative numbers A1, ..., A,

n 1/k n 1/h

i=1 i=1

Proof of Lemma 22.4.1. Define
Zt = D_1/2pt7

SO
pI D'LD 'p, = thDfl/QLDfl/ta =2I'Nz;, and p!D 'p,=zlz,.

Write zg = D_1/2p0 in the eigenbasis of N as

z0=Y  cty,

and set

so that Y, v¢? = 1. We have
zi=D7'/? tho =D 2W' DV = (D_1/2 WD1/2>t 20.

Recall from Chapter 10 that

D '2wpDV2 =T - %N,

and that the eigenvalues of these matrices are related by
V; = 2 — 2(,02'.

Thus,

_ t
2= cwit,
i
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and
TNz = 02uzw2t<22 20,20 Z 2,241,

Thus,

vzl Nz _ 23 yewH — 23 yetwttt

SETE E yeiw

2,21+
o o2ilG%Wi
> cw

To upper bound this last term, we recall that ), ’}/C% =1 and apply the Power Means Inequality

to show
1/(2t+1) 1/(2t)
(Z vcfw%H) > (Z vc,?w%) —

K3
1+1/(2t)

(Z,yc2 2t+1> (ng 2t> N
2t+1
> 70 > ng 2t
S 702 2t
This implies
1/2t
Z 2w 2t+1
S S 2762 3

1/2t
=2-2 .
(52)

To finish the proof, let R = :;:;, and note that for all R
0

RY? = exp(—In(1/R)/2t) > 1 —In(1/R)/2t.

So,

1/2t
2 -2 (Zi%) <2-2(1-1In(1/R)/2t) = In(1/R)/t = %m (Zé:zg) |

Zp 2t

For a vertex a that is good for S,

TpH-1
p;D,lpt > 1 - > d(a) > 1 :
Py D py 4d(S)P0D Dy 4d(95) 815

SO

'D'LD'p, _In(s|S))
t

< <2¢In(815]).
D Pt
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22.5 Rounding

To apply Cheeger’s inequality, Theorem 21.1.3, we first change variables from p, to y def p—1 Py
As 17p, = 1, the vector y satisfies d"y =1, and
p/D'LD 'p, y"Ly

p!D7'p,  y'Dy’

So that we can be sure that the algorithm underlying Theorem 21.1.3 will find a set 7" that is not
too big, we will round to zero all the small entries of y and call the result . While this is not
necessary for the algorithm, it does facilitate analysis.

Define
z(a) = max(0, y(a) — 1/16s). (22.1)

If s < d(V)/32, then « will be balanced with respect to d. This is because at most half its entries
(measured by degree) will be positive. Formally,

Z d(a) = Z d(a) < Z 16sp,(a) < Z 16sp;(a) < 16s.

a:y(a)>1/16s a:p,(a)>d(a)/16s a:p,(a)>d(a)/16s

As Cheeger’s inequality will produce a set of the form
Tr ={a:y(a) > 7},
this set will satisify d(7%) < 16s.
Lemma 22.5.1. Let y be a vector such that d”y =1 and define the vector & by
z(a) = max(0,y(a) — €).
Then, " Dz > y" Dy — 2e.
Proof. We observe that for every number y and e,
max(0,y — €)? > 4% — 2ye :

If y < e then y? — 2ye < 0, and for y > ¢, (y — €)? = y?> — 2y + €2. Thus,

"Dz = d(a) max(0, y(a) — ¢)°
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If a is good for S and py = d,, then
e’ Dx > y" Dy —1/8d(S) > y' Dy/2.
Moreover, as shifting y and rounding entries to zero can not increase the length of any edge,
zl Lz < yTLy.

Together these imply
T T
' Lz y' Ly
<2 <4In(8|5|)¢.
z'Dx — yTDy — n(8|5])e

As y is balanced with respect to d, we may apply Cheeger’s inequality to obtain a set T of

v 81In(8|S])¢.

conductance at most

22.6 Notes

Explain where these come from, and give some references to where they are used in practice.



Chapter 23

Spectral Partitioning in a Stochastic
Block Model

In this chapter, show how eigenvectors can be used to partition graphs drawn from certain
natural models. These are called stochastic block models or a planted partition model, depending
on community and application.

The simplest model of this form is for the graph bisection problem. This is the problem of
partitioning the vertices of a graph into two equal-sized sets while minimizing the number of
edges bridging the sets. To create an instance of the planted bisection problem, we first choose a
partition of the vertices into equal-sized sets X and Y. When then choose probabilities p > ¢, and
place edges between vertices with the following probabilities:

p ifae Xandbe X
Pr{(a,b) e E]=<p ifacY andbeyY

q otherwise.

The expected number of edges crossing between X and Y will be ¢|X||Y]. If p is sufficiently
larger than ¢, for example if p =1/2 and ¢ = p — 17/y/n, we will show that the partition can be
approximately recovered from the second eigenvector of the adjacency matrix of the graph. The
result, of course, extends to over values of p and ¢q. The result we present is a simplified version of
an analysis of McSherry [McS01].

If p is too close to g, then the partition given by X and Y will not be the smallest. For example,
if ¢ = p — €//n for small € then the problem in information-theoretically unsolvable.

McSherry analyzed more general models than this, including planted coloring problems, and
sharp results have been obtained in a rich line of work. See, for example,
[MNS14, DKMZ11, BLM15, Mas14, Vul4].

McSherry’s analysis treats the adjacency matrix of the generated graph as a perturbation of the
expected adjacency matrix. In the expected matrix the second eigenvector provides a clean
partition of the two blocks. McSherry shows that the difference between the generated matrix and

189
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the expected one is small, and so the generated matrix can be viewed as a small perturbation of
the expected one. He then uses matrix perturbation theory to show that the second eigenvector of
the generated matrix will probably be close to the second eigenvector of the expected matrix, and
so it reveals the partition. The idea of using perturbation theory to analyze random objects
generated from nice models has been very powerful.

Warning: stochastic block models have been the focus of a lot of research lately, and there are
now very good algorithms for solving problems on graphs generated from these models. But,
these are just models and very little real data resembles that produced by these models. There is
no reason to believe that algorithms that are optimized for these models will be useful in practice.
Nevertheless, some of them are.

23.1 The Perturbation Approach

As long as we don’t tell our algorithm, we can choose X = {1,...,n/2} and
Y ={n/2+1,...,n}. Let’s do this for simplicity.

Define the matrix

0 p P q q q q
p 0 PP q q q q
P p 0 p q ¢ q q
A_|P P p 0 ¢ g¢ a qaf _|PIn2 anp| g
— = Pln,
q q g ¢ 0 p pp qJnse pIny2
q q q ¢ p 0 P p
g ¢ -+ q q pp 0 p
9 9 - ¢ q pp 0]

where we write J,, /5 for the square all-1s matrix of size n /2.

The adjacency matrix of the planted partition graph is obtained by setting

1 with probability A(a,b), and

M (a,b) =

0 with probability 1 — A(a,b),
subject to M (a,b) = M (b,a) and M (a,a) = 0. Our analysis will heavily exploit the relation
E[M] = A. M is the adjacency matrix of a random graph, but unlike in Chapter 8 the
probabilities of some edges are different from others.

We will study a very simple algorithm for finding an approximation of the planted bisection:
compute 15, the eigenvector of the second-largest eigenvalue of M. Then, set

S ={a:y(a) < 0}. We guess that S is one of the sets in the bisection. We will show that under
reasonable conditions on p and ¢, S will be mostly right. For example, we might consider p = 1/2
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and ¢ = 1/2 — 17/y/n. Intuitively, the reason this works is that M is a slight perturbation of A,
and so the eigenvectors of M should look like the eigenvectors of A.

To simplify some formulas, we henceforth work with

def

MY M1ipr and A A1pr

Note that the eigenvectors of M and M are the same, and so are those of A and A. So
considering M and A won't change our analysis at all. The matrix A is convenient because it has
rank 2. We now consider the difference between M and A:

R=M-A=M-A=M -E[M)].

We will show that || R]| is probability small, that the second eigenvector of A distinguishes X
from Y, and that if the difference between p and ¢ is not too small then the second eigenvector of
M is close enough to the second eigenvector of A to also distinguish X from Y.

Let’s look at the eigenvectors of A. Of course, the constant vectors are eigenvectors of A. We have

o~

Al = g(p‘HJ)l,

and so the corresponding eigenvalue is

def T

ap = §(p+ q).

@

The second eigenvector of A has two values: one on X and one on Y. Let’s be careful to make
this a unit vector. We take

1
—= aeX
¢2(CL) = {\/ﬁl Y.
—% a <
Then,
~ n
Apy = 5 (P~ a)p2,
and the corresponding eigenvalue is
def T
Qg = 5(17 —q).

In particular, ¢, distinguishes X from Y. But, our algorithm does not know ¢,. As A has rank
2, all the other eigenvalues of A are zero.

For (a,b) in the same component,

R(ab) 1 —p with probability p, and
a,b) =
—p with probability 1 — p,

and for (a,b) in different components,

R{ab) = 41— With probability g, and
a, =
—q with probability 1 — q.
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We can use bounds similar to those proved in Chapter 8 to show that it is unlikely that R has
large norm. The bounds that we proved on the norm of a matrix in which entries are chosen from
{1 — p, —p} applies equally well if each entry (a,b) is chosen from {1 — g, 4, —¢qp} as long as

dap < p < 1/2 and all have expectation 0, because (8.2) still applies. For a sharp result, we appeal
to a theorem of Vu [Vu07, Theorem 1.4], which implies the following.

Theorem 23.1.1. There exist constants c; and ca such that with probability approaching 1,

IR|| < 2¢/p(1 — p)n + c1(p(1 — p)n)/* Inn,

provided that

In*n

D= C2 .
n

We use a crude corollary of this result.

Corollary 23.1.2. There exists a constant cy such that with probability approaching 1,

IR < 3y/pn,

provided that

In*n

D = Co .
n

In fact, Alon, Krivelevich and Vu [AKV02] prove that the probability that the norm of R exceeds
this value by more than t is exponentially small in ¢. One could use this to sharpen the results we
present here.

23.2 Perturbation Theory for Eigenvectors

Let py > po > > be the eigenvalues of ]\7, and let oy > a9 > 0 =3 =--- = o, be the
eigenvalues of A. Weyl’s inequality, which one can prove using the Courant-Fischer theorem, says
that

s — aul < IRl (23.1)

So, we can view us as a perturbation of as. We need a stronger fact, which is that we can view
1), as a perturbation of ¢,.

The Davis-Kahan theorem [DK70] says that 1, will be close to ¢, in angle, if the norm of R is
significantly less than the distance between as and the other eigenvalues of A. That is, the
eigenvector does not move too much if its corresponding eigenvalue is isolated.

To see why the amount by which eigenvectors move depends upon how close their respective
eigenvalues are, consider this pair of matrices that are very close to each other:

1+€¢ O and 1 0
0 1 0 1+4+¢€|"
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. . . . . 1
While these two matrices are very close, their leading eigenvectors are < 0) and (

il

1 1
with eigenvectors <1) and <_ 1>, which are 45 degrees from the eigenvectors of the previous two

?) , which are

90 degrees from each other.

Also, consider the matrix

matrices.

The heart of the problem is that there is no unique eigenvector of an eigenvalue that has
multiplicity greater than 1.

Theorem 23.2.1. Let A and B be symmetric maitrices. Let R=A — B. Let oy > -+ > «y, be
the eigenvalues of A with corresponding eigenvectors ¢, ..., @, and let Let f1 > --- > 3, be the
eigenvalues of B with corresponding eigenvectors ¢, ...,v,,. Let 0; be the angle between £,
and £¢;. Then,

2| R

sin 20; < — .
ming; |o; — oy

The angle is never more than 7/2, because this theorem is bounding the angle between the
eigenspaces rather than a particular choice of eigenvectors. We will prove and use a slightly
weaker statement in which we replace 26 with 6.

23.3 Partitioning

When || R|| is small, we can use Weyl’s inequality to show that po has multiplicity one. Now, let
¢, be the unit eigenvector of uy of least angle to 1,. We can use 1, to guess a partition of the
vertices into X and Y by assigning vertex a to X if ¥5(a) > 0.

Consider
0= /l;bZ - ¢27

and let 0 be the angle between them. For every vertex a that is misclassified by 15, we have
|6(a)| > -L. So, if 4, misclassifies k vertices, then

un
k
131> /%,

As ¢y and 1, are unit vectors, we may apply the crude inequality
18] < V2sin6

(the v/2 disappears as 6 gets small).
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To combine this with the perturbation bound, we assume ¢ > p/3, and find
n

mig!ag—aj\:ag—ag,:ag: 2(p—q).

i7
Assuming that ||R|| < 3y/p(1 — p)n, Theorem 23.2.1 implies

2 2-3/p(1 - 12,/p(1 —
sing < 2Bl p(1 —p)n _ 12¢/p(1 —p)

n

sp—a) = 5b—q Vnlp—q)

So, the number k of misclassified vertices satisfies

\/?< v2-12/p(1 - p)
n=  Valp—q

which implies
288p(1 — p)
(p—a?
So, we expect to misclassify at most a constant number of vertices if p and ¢ remain constant as n
grows large. An interesting case to consider is p = 1/2 and ¢ = p — 17/y/n. This gives

k<

288p(1 — p)

n
p—q? 4

so we expect to misclassify at most a constant fraction of the vertices. Of course, once one gets

most of the vertices correct is should be possible to use them to better classify the rest. Many of

the advances in the study of algorithms for this problem involve better and more rigorous ways of

doing this.

23.4 Proof of the Davis-Kahan Theorem

For simplicity, we will prove a statement that is weaker by a factor of 2.

Proof of a weak version of Theorem 23.2.1. By considering the matrices A — ;I and B — o1
instead of A and B, we can assume that o; = 0: the shift does not change the eigenvectors or the
gaps between eigenvalues. As the theorem is vacuous if «; has multiplicity more than 1, we may
also assume that a; has multiplicity 1 as an eigenvalue, and that 1, is a unit vector in the
nullspace of B.

Our assumption that «; = 0 also leads to |G;| < ||R|| by Weyl’s inequality (23.1).

Expand 1; in the eigenbasis of A, as

Y=Y c¢;jp;,  wherec; =@l ;.

J

Setting
0 = min |a;]|,
i Z| il
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we compute

, because we assumed ¢; = 0,

On the other hand,
[A;|| = (B + R);| < [[Be;l + || Rep,|| = Bi + | Repy|| < 2| R

So,
2
sing, < 2N Bl

23.5 Further Reading

If you would like to know more about bounding norms and eigenvalues of random matrices, I
recommend [Ver10] and [Tro12].



Chapter 24

Nodal Domains

24.1 Overview

The goal of this section is to rigorously explain some of the behavior we observed when using
eigenvectors to draw graphs in the introduction First, recall some of the drawings we made of
graphs:

SR
o “f)’ﬂiﬁ"ii;i‘-
SRR\ o
N A ""%ﬁv ‘;‘h "}‘ W-)“-__
ke RSN

fENFREEE CRFR
.s:ﬁﬁé‘%ﬂﬁt‘m%éﬁgﬂ%ﬁw
i &V “"A‘Q’;}% PR v

These images were formed by computing the eigenvectors corresponding to the second and third
smallest eigenvalues of the Laplacian for each graph, 1, and 13, and then using 1, to assign a
horizontal coordinate to each vertex and 15 to assign a vertical coordinate. The edges are drawn
as straight lines between their endpoints

We will show that the subgraphs obtained in the right and left halves of each image are connected.

Path graphs exhibited more interesting behavior: their kth eigenvector changes sign k times:

196
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This remains true even when the edges of the path graphs have weights. Here are the analogous
plots for a path graph with edge weights randomly chosen in [0, 1]:

Value in Eigenvector

Vertex Number

Here are the first few eigenvectors

of another:

Value in Eigenvector

L L L L

4 6 8 10
Vertex Number
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Value in Eigenvector

2 4 6 8 10
Vertex Number

Random.seed! (1)

M = spdiagm(1=>rand(10))
M=M+ M

L = lap(M)

E = eigen(Matrix(L))

Plots.plot(E.vectors[:,2],label="v2" marker = 5)
Plots.plot!(E.vectors[:,3],label="v3" ,marker = 5)
Plots.plot!(E.vectors[:,4],label="v4" ,marker = 5)
xlabel! ("Vertex Number")

ylabel! ("Value in Eigenvector")
savefig("rpath2v24.pdf")

We see that the kth eigenvector still changes sign k times. We will prove that this always
happens. These are some of Fiedler’s theorems about “nodal domains”. Nodal domains are the
connected parts of a graph on which an eigenvector is negative or positive.

24.2 Sylvester’s Law of Inertia

Let’s begin with something obvious.

Claim 24.2.1. If A is positive semidefinite, then so is BT AB for every matriz B.

Proof. For every vector x,
" BT ABz = (Bx)" A(Bz) >0,
since A is positive semidefinite. O

We will make use of Sylvester’s Law of Inertia, which is a powerful generalization of this fact. 1
will state and prove it now.
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Theorem 24.2.2 (Sylvester’s Law of Inertia). Let M be any symmetric matriz and let B be any
non-singular matriz. Then, the matric BM B” has the same number of positive, negative and
zero etgenvalues as M .

Note that if the matrix B were orthogonal, or if we used B~! in place of BT, then these matrices
would have the same eigenvalues. What we are doing here is different, and corresponds to a
change of variables.

Proof. Tt is clear that M and BM B” have the same rank, and thus the same number of zero
eigenvalues.

We will prove that M has at least as many positive eigenvalues as BM BT . One can similarly
prove that that M has at least as many negative eigenvalues, which proves the theorem.

Let 41 > ... > 45 be the positive eigenvalues of BM B” and let Y}, be the span of the
corresponding eigenvectors. Now, let Sj, be the span of the vectors By, for y € Y;,. As B is
non-singluar, S; has dimension k. Let ay > --- > «, be the eigenvalues of M. By the
Courant-Fischer Theorem, we have

2T Mz 2T Mx . y"TBMBTy veyly
o = max min A > min = min T > T
S%;l?;”kwes rtx TeSE, T X yeYy yTBB Y yTBB Yy

dim =

> 0.

So, M has at least k positive eigenvalues (The point here is that the denominators are always
positive, so we only need to think about the numerators.)

To finish, either apply the symmetric argument to the negative eigenvalues, or apply the same
argument with B! to reverse the roles of A and BAB”. O

24.3 Weighted Trees

We will now a slight simplification of a theorem of Fiedler [Fie75a].

Theorem 24.3.1. Let T be a weighted tree graph on n vertices, let Lt have eigenvalues
0=MX1 < Aa--- < Ay, and let ¢, be an eigenvector of M. If there is no vertex a for which
Y (a) =0, then there are exactly k — 1 edges (a,b) for which 1 (a),(b) < 0.

One can extend this theorem to accommodate zero entries. We will just prove this theorem for
weighted path graphs, which are a special case of weighted trees. At the beginning of this section,
we plotted the eigenvectors of some weighted paths by using the index of a vertex along the path
as the horizontal coordinate, and the value of the eigenvector at that vertex as the vertical
coordinate. When we draw the edges as straight lines, the number of sign changes equals the
number of times the plot crosses the horizontal axis.

Our analysis will rest on an understanding of Laplacians of paths that are allowed to have
negative edges weights.



CHAPTER 24. NODAL DOMAINS 200

Lemma 24.3.2. Let M be the Laplacian matriz of a weighted path that can have negative edge
weights:

M = Z wa7a+1La,a+1a

1<a<n

where the weights wq q+1 are non-zero and we recall that Ly, is the Laplacian of the edge (a,b).
The number of negative eigenvalues of M equals the number of negative edge weights.

Note that this is also true for weighted trees.

Proof. Note that

2T Mz = Z Wy (2 (u) — z(v))%
(u,v)EE

We now perform a change of variables that will diagonalize the matrix M. Let §(1) = x(1), and
for every a > 1 let §(a) = z(a) — x(a —1).

Every variable x(1),...,x(n) can be expressed as a linear combination of the variables
d(1),...,8(n). In particular,

z(a) =6(1)+d(2)+---+d(a).
So, there is a square matrix B of full rank such that
x = B9.
By Sylvester’s law of inertia, we know that
B"MB
has the same number of positive, negative, and zero eigenvalues as M. On the other hand,

S"BTMBS = > waei1(d(a+1))>

1<a<n

So, this matrix clearly has one zero eigenvalue, and as many negative eigenvalues as there are
negative wg q+1- ]

Proof of Theorem 24.3.1. We assume that \; has multiplicity 1. One can prove it, but
we will skip it.

Let Wy denote the diagonal matrix with 1, on the diagonal, and let A; be the corresponding
eigenvalue. Consider the matrix
X =Wy (Lp — M)Wy,

The matrix Lp — A\ I has one zero eigenvalue and k — 1 negative eigenvalues. As we have
assumed that 1), has no zero entries, ¥y, is non-singular, and so we may apply Sylvester’s Law of
Intertia to show that the same is true of X.
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I claim that
X= Y wetp(@)i(b) Lus.

(a,b)eE

To see this, first check that this agrees with the previous definition on the off-diagonal entries. To
verify that these expressions agree on the diagonal entries, we will show that the sum of the
entries in each row of both expressions agree. In fact, they are zero. As we know that all the
off-diagonal entries agree, this will imply that the diagonal entries agree. We compute

W (Lp — M\ I)Wp1 = Wi (Lp — N D)y, = Wi (AptPy, — Aipy,) = 0.

As L,,1 =0 and X1 = 0, the row sums agree. Lemma 24.3.2 now tells us that the matrix X,
and thus Lp — A\ I, has as many negative eigenvalues as there are edges (a, b) for which

Py (a)ipy(b) < 0. O

24.4 The Perron-Frobenius Theorem for Laplacians

In Theorem 4.5.1 we stated the Perron-Frobenius Theorem for non-negative matrices. I wish to
quickly observe that this theory may also be applied to Laplacian matrices, to principal
sub-matrices of Laplacian matrices, and to any matrix with non-positive off-diagonal entries. The
difference is that it then involves the eigenvector of the smallest eigenvalue, rather than the
largest eigenvalue.

Corollary 24.4.1. Let M be a matriz with non-positive off-diagonal entries, such that the graph
of the non-zero off-diagonally entries is connected. Let A1 be the smallest eigenvalue of M and let
v1 be the corresponding eigenvector. Then v1 may be taken to be strictly positive, and A1 has
multiplicity 1.

Proof. Consider the matrix B = 0l — M, for some large o. For o sufficiently large, this matrix
will be non-negative, and the graph of its non-zero entries is connected. So, we may apply the
Perron-Frobenius theory to B to conclude that its largest eigenvalue oy has multiplicity 1, and
the corresponding eigenvector v; may be assumed to be strictly positive. We then have

A =0 — a1, and v is an eigenvector of Aj. ]

24.5 Fiedler’s Nodal Domain Theorem

Given a graph G = (V, E) and a subset of vertices, W C V|, recall that the graph induced by G on
W is the graph with vertex set W and edge set

{(i,j) e E,ie W and j € W}.

This graph is sometimes denoted G(W).
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Theorem 24.5.1 ([Fie75b]). Let G = (V, E,w) be a weighted connected graph, and let L be its
Laplacian matriz. Let 0 = A\; < Ag < --- < Ay, be the eigenvalues of Lg and let ¥4, ...,1,, be the
corresponding eigenvectors. For any k > 2 and any t <0, let

Wi ={ieV: (i) > t}.

Then, the graph induced by G on Wy has at most k — 1 connected components.

Proof. We prove this theorem for the case that ¢t = 0. Some additional work is needed to handle
the general case.

To see that Wy, is non-empty, recall that 1v; = 1 and that 1), is orthogonal ;. So, 1), must have
both positive and negative entries.

Assume that G(W}) has ¢ connected components. After re-ordering the vertices so that the
vertices in each connected component of G(W},) are contiguous, we may assume that L and 1,
have the forms

—Bl 0 0 Cl_ rq
0 B2 0 CQ o
L= : o : : =1 : |,
0o o0 B. C. Zc
Kefies) C! D] y
and ) }
By O o --- C; T T
0 BQ 0 02 9 i )
0 0 BC CC wc a:C
cT Cf cl D \y y

The first ¢ sets of rows and columns correspond to the ¢ connected components. So, x; > t for
1<i<cand y <t <0 (when I write this for a vector, I mean it holds for each entry). We also
know that the graph of non-zero entries in each B; is connected, and that each C; is non-positive
and has at least one negative entry (otherwise the graph G would be disconnected).

We will now prove that the smallest eigenvalue of each B; is smaller than \p. We know that
Bix; + C;y = M\px;.

As each entry in C; is non-positive and y is strictly negative, each entry of C;y is non-negative.
As each C; has at least one negative entry, some entry of C;y is positive. This implies that x;
cannot be the zero vector. As we assumed that x; >t = 0, we can multiply the equation

Biz; = \pz; — Ciy < Az

by x; to get
ar:;‘FBzwl < )\kaTmZ

If x; is strictly positive, then :BZT C;y > 0, and this inequality is strict:

T T T T
z; Bix, = \px; ¢, —x; Ciy < \px; ;,
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and so the smallest eigenvalue of B; is less than Ag. On the other hand, if x; has any zero entries,
then the Perron-Frobenius theorem tells us that x; cannot be the eigenvector of B; of smallest
eigenvalue, and so the smallest eigenvalue of B; is less than Ag. Thus, the matrix

B, 0 --- 0
0 By, - 0
0 0 --- B,

has at least c eigenvalues less than \;. By the eigenvalue interlacing theorem, this implies that L
has at least ¢ eigenvalues less than Ap. We may conclude that ¢, the number of connected
components of G(Wy), is at most k — 1. O

This theorem breaks down if we instead consider the set

W = {i: (i) > 0}.

The star graphs provide counter-examples.

L OD—O

Figure 24.1: The star graph on 5 vertices, with an eigenvector of Ay = 1.



Chapter 25

The Second Eigenvalue of Planar
Graphs

This Chapter Needs Editing

25.1 Overview

Spectral Graph theory first came to the attention of many because of the success of using the
second Laplacian eigenvector to partition planar graphs and scientific meshes
[DH72, DH73, Bar82, PSL90, Sim91].

In this lecture, we will attempt to explain this success by proving, at least for planar graphs, that
the second smallest Laplacian eigenvalue is small. One can then use Cheeger’s inequality to prove
that the corresponding eigenvector provides a good cut.

This was already known for the model case of a 2-dimensional grid. If the grid is of size
\/n-by-/n, then it has Ay & ¢/n. Cheeger’s inequality then tells us that it has a cut of
conductance ¢/+/n. And, this is in fact the cut that goes right accross the middle of one of the
axes, which is the cut of minimum conductance.

Theorem 25.1.1 ([ST07]). Let G be a planar graph with n vertices of maximum degree d, and let
Ao be the second-smallest eigenvalue of its Laplacian. Then,

Ay < —.
n

The proof will involve almost no calculation, but will use some special properties of planar
graphs. However, this proof has been generalized to many planar-like graphs, including the
graphs of well-shaped 3d meshes.

204
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25.2 Geometric Embeddings

We typically upper bound Ag by evidencing a test vector. Here, we will upper bound Ay by
evidencing a test embedding. The bound we apply is:

Lemma 25.2.1. For any d > 1,

2
Z(i,j)eE [vi — v

Ao = min (25.1)
w1, 0n EREY 0,20 S a2
Proof. Let v; = (x;,yi,-..,2i). We note that
dDlvi—wllP= D> (wi—z)?+ D Wiyt Y (5 2)n
(.J)EE (i.j)eE (1.5)EE (.J)EE
Similarly,
DollvillP=>af+Y i+ +> A
It is now trivial to show that Ao > RHS": just let x; = y; = --- = z; be given by an eigenvector of
Xo. To show that Ay < RHS, we apply my favorite inequality:
% > min (%, g, A %), and then recall that ) z; = 0 implies
2
Z(w)EE( 12 i) > M.
i
O

For an example, consider the natural embedding of the square with corners (+1,+£1).

The key to applying this embedding lemma is to obtain the right embedding of a planar graph.
Usually, the right embedding of a planar graph is given by Koebe’s embedding theorem, which I
will now explain. I begin by considering one way of generating planar graphs. Consider a set of
circles {C1,...,Cy} in the plane such that no pair of circles intersects in their interiors. Associate
a vertex with each circle, and create an edge between each pair of circles that meet at a boundary.
See Figure 25.2. The resulting graph is clearly planar. Koebe’s embedding theorem says that
every planar graph results from such an embedding.

Theorem 25.2.2 (Koebe). Let G = (V, E) be a planar graph. Then there exists a set of circles
{C1,...,CyY in IR? that are interior-disjoint such that circle C; touches circle Cj if and only if
(i,7) € E.

This is an amazing theorem, which I won’t prove today. You can find a beautiful proof in the
book “Combinatorial Geometry” by Agarwal and Pach.

Such an embedding is often called a kissing disk embedding of the graph. From a kissing disk
embedding, we obtain a natural choice of v;: the center of disk C;. Let r; denote the radius of
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(a) Circles in the plane (b) Circles with their
intersection graph

this disk. We now have an easy upper bound on the numerator of (25.1):
|lv; — 'uj||2 = (ri+r;)? <2r}+ 27"?. On the other hand, it is trickier to obtain a lower bound on

S |lvi||?. In fact, there are graphs whose kissing disk embeddings result in
(25.1) = ©(1).

These graphs come from triangles inside triangles inside triangles. .. Such a graph is depicted
below:

We will fix this problem by lifting the planar embeddings to the sphere by stereographic
projection. Given a plane, IR?, and a sphere S tangent to the plane, we can define the
stereographic projection map, II, from the plane to the sphere as follows: let s denote the point
where the sphere touches the plane, and let n denote the opposite point on the sphere. For any
point « on the plane, consider the line from x to n. It will intersect the sphere somewhere. We
let this point of intersection be II(x).

The fundamental fact that we will exploit about stereographic projection is that it maps circles to
circles! So, by applying stereographic projection to a kissing disk embedding of a graph in the
plane, we obtain a kissing disk embedding of that graph on the sphere. Let D; = II(C;) denote
the image of circle C; on the sphere. We will now let v; denote the center of D;, on the sphere.
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Figure 25.1: Stereographic Projection.

o M ”«U‘_* Ay ll
<2

Je

Figure 25.2: Stereographic Projection.

If we had ), v; = 0, the rest of the computation would be easy. For each 4, ||v;|| = 1, so the
denominator of (25.1) is n. Let ; denote the straight-line distance from wv; to the boundary of
D,. We then have (see Figure 25.2)

loi = vjl* < (s +75)% < 207 + 2r3.
So, the numerator of (25.1) is at most 2d Y, rZ. On the other hand, a theorem of Archimedes
tells us that the area of the cap encircled by D; is at exactly 7rri2. Rather than proving it, I will

convince you that it has to be true because it is true when r; is small, it is true when the cap is a
hemisphere and ; = v/2, and it is true when the cap is the whole sphere and r; = 2.

Z mr? < 4,
i

which implies that the numerator of (25.1) is at most

Z v — vp|* < 272 + 212 < Qerg < 8d.
(a,b)eE a

As the caps are disjoint, we have
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Figure 25.3: A Spherical Cap.

Putting these inequalities together, we see that

2
. Z(z‘,j)eE |vi — vl
min 2
V1,0 ERES v;=0 ZZ H'UZH .

<

s |&

Thus, we merely need to verify that we can ensure that
> wi=0. (25.2)
i

Note that there is enough freedom in our construction to believe that we could prove such a
thing: we can put the sphere anywhere on the plane, and we could even scale the image in the
plane before placing the sphere. By carefully combining these two operations, it is clear that we
can place the center of gravity of the v;s close to any point on the boundary of the sphere. It
turns out that this is sufficient to prove that we can place it at the origin.

25.3 The center of gravity

We need a nice family of maps that transform our kissing disk embedding on the sphere. It is
particularly convenient to parameterize these by a point w inside the sphere. For any point « on
the surface of the unit sphere, I will let I, denote the stereographic projection from the plane
tangent to the sphere at a.

I will also define I 1. To handle the point —a, I let I} (—a) = oo, and I1,(c0) = —a. We also
define the map that dilates the plane tangent to the sphere at o by a factor a: DZ. We then
define the following map from the sphere to itself

fol@) E My (D51 (1510 @)) -

For oo € S and w = a«, this map pushes everything on the sphere to a point close to a. As a
approaches 1, the mass gets pushed closer and closer to a.
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Instead of proving that we can achieve (25.2), I will prove a slightly simpler theorem. The proof
of the theorem we really want is similar, but about just a few minutes too long for class. We will
prove

Theorem 25.3.1. Let vq,..., v, be points on the unit-sphere. Then, there exists an w such that

i fu(vi) = 0.

The reason that this theorem is different from the one that we want to prove is that if we apply a
circle-preserving map from the sphere to itself, the center of the circle might not map to the
center of the image circle.

To show that we can achieve ) . v; = 0, we will use the following topological lemma, which
follows immediately from Brouwer’s fixed point theorem. In the following, we let B denote the
ball of points of norm less than 1, and S the sphere of points of norm 1.

Lemma 25.3.2. If ¢ : B — B be a continuous map that is the identity on S. Then, there exists
an w € B such that

¢(w) =0.

We will prove this lemma using Brouwer’s fixed point theorem:

Theorem 25.3.3 (Brouwer). If g : B — B is continuous, then there exists an o € B such that
g(a) =a.

Proof of Lemma 25.5.2. Let b be the map that sends z € B to z/||z||. The map b is continuous
at every point other than 0. Now, assume by way of contradiction that 0 is not in the image of ¢,
and let g(z) = —b(¢(z)). By our assumption, g is continuous and maps B to B. However, it is
clear that g has no fixed point, contradicting Brouwer’s fixed point theorem. O

Lemma 25.3.2, was our motivation for defining the maps f,, in terms of w € B. Now consider
setting

8w) = 5 3 Lulw).

The only thing that stops us from applying Lemma 25.3.2 at this point is that ¢ is not defined on
S, because f,, was not defined for w € S. To fix this, we define for ao € S

a ifz+#-—a
fa(z) = { .
—a  otherwise.
We then encounter the problem that f,(z) is not a continuous function of a because it is
discontinuous at o = —w;. But, this shouldn’t be a problem because the point w at which
¢(w) = 0 won’t be on or near the boundary. The following argument makes this intuition formal.

We set

ho(z) =

1 if dist(w, z) < 2 — ¢, and
(2 — dist(w, z))/€e otherwise.
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Now, the function f,(2)hqa(2) is continuous on all of B. So, we may set

déf Zz fw('vi)hw('vi)
Ei hw(vi)a

which is now continuous and is the identity map on S.

$(w)

So, for any € > 0, we may now apply Lemma 25.3.2 to find an w for which

9(w) = 0.

To finish the proof, we need to get rid of this e. That is, we wish to show that w is bounded away
from S, say by p, for all sufficiently small e. If that is the case, then we will have

dist(w, v;) > p > 0 for all sufficiently small e. So, for € < p and sufficiently small, h,(v;) =1 for
all 4, and we recover the ¢ = 0 case.

One can verify that this holds provided that the points v; are distinct and there are at least 3 of
them.

Finally, recall that this is not exactly the theorem we wanted to prove: this theorem deals with

v;, and not the centers of caps. The difficulty with centers of caps is that they move as the caps
move. However, this can be overcome by observing that the centers remain inside the caps, and
move continuously with w. For a complete proof, see [ST07, Theorem 4.2]

25.4 Further progress

This result has been improved in many ways. Jonathan Kelner [Kel06] generalized this result to
graphs of bounded genus. Kelner, Lee, Price and Teng [KLPT09] obtained analogous bounds for
A for k > 2. Biswal, Lee and Rao [BLR10] developed an entirely new set of techniques to prove
these results. Their techniques improve these bounds, and extend them to graphs that do not
have K} minors for any constant h.



Chapter 26

Planar Graphs 2, the Colin de
Verdiere Number

This Chapter Needs Editing

26.1 Introduction

In this lecture, I will introduce the Colin de Verdiere number of a graph, and sketch the proof that
it is three for planar graphs. Along the way, I will recall two important facts about planar graphs:

1. Three-connected planar graphs are the skeletons of three-dimensional convex polytopes.

2. Planar graphs are the graphs that do not have K5 or K33 minors.

26.2 Colin de Verdiéere invariant

The Colin de Verdiere graph parameter essentially measures the maximum multiplicity of the
second eigenvalue of a generalized Laplacian matrix of the graph. It is less than or equal to three
precisely for planar graphs.

We say that M is a Generalized Laplacian Matriz of a graph G = (V, E) if M can be expressed as
M = L + D where L is a the Laplacian matrix of a weighted version of G and D is an arbitrary
diagonal matrix. That is, we impose the restrictions:

M(i,j) <0 if (i,j) € E
M(i,j) =0 if (i,j) ¢ £ and i # j
M (i, ) is arbitrary.
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The Colin de Verdiere graph parameter, which we denote cdv(G) is the maximum multiplicity of
the second-smallest eigenvalue of a Generalized Laplacian Matrix M of G satisfying the following
condition, known as the Strong Arnold Property.

For every non-zero n-by-n matrix X such that X (7,5) =0 for i = j and (¢, j) € E,
MX #0.

That later restriction will be unnecessary for the results we will prove in this lecture.

Colin de Verdiere [dV90] proved that cdv(G) is at most 2 if and only if the graph G is
outerplanar. That is, it is a planar graph in which every vertex lies on one face. He also proved
that it is at most 3 if and only if G is planar. Lovasz and Schrijver [LS98] proved that it is at
most 4 if and only if the graph is linkless embeddable.

In this lecture, I will sketch proofs from two parts of this work:

1. If G is a three-connected planar graph, then cdv(G) > 3.

2. If G is a three-connected planar graph, then cdv(G) < 3.

The first requires the construction of a matrix, which we do using the representation of the graph
as a convex polytope. The second requires a proof that no Generalized Laplacian Matrix of the
graph has a second eigenvalue of high multiplicity. We prove this by using graph minors.

26.3 Polytopes and Planar Graphs

Let me begin by giving two definitions of convex polytope: as the convex hull of a set of points
and as the intersection of half-spaces.

Let ©1,..., %, € R? (think d = 3). Then, the convex hull of 1, ..., x, is the set of points

{Zaimi : Zai: 1 and all a; > O}.
i

Every convex polytope is the convex hull of its extreme vertices.

A convex polytope can also be defined by its faces. For example, given vectors y,...,y;, the set
of points
{a: cyle <1, for all z}

is a convex polytope. Moreover, every convex polytope containing the origin in its interior can be
described in this way. Each vector y; defines a face of the polytope consisting of those points x in
the polytope such that y;fpm =1.

The vertices of a convex polytope are those points x in the polytope that cannot be expressed
non-trivially as a convex combination of any points other than themselves. The edges (or 1-faces)
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of a convex polytope are the line segments on the boundary of the polytope that go between two
vertices of the polytope and such that every point on the edge cannot be expressed non-trivially
as the convex hull of any vertices other than these two.

Theorem 26.3.1 (Steinitz’s Theorem). For every three-connected planar graph G = (V, E), there
exists a set of vectors x1,...,x, € R® such that the line segment from x; to xj is an edge of the
convex hull of the vectors if and only if (i,7) € E.

That is, every planar graph may be represented by the edges of a three-dimensional convex
polytope. We will use this representation to construct a Generalized Laplacian Matrix M whose
second-smallest eigenvalue has multiplicity 3.

26.4 The Colin de Verdiere Matrix

Let G = (V, E) be a planar graph, and let z1,...,z, € R? be the vectors given by Steinitz’s
Theorem. For 1 <14 < 3, let v; € IR™ be the vector given by

v;i(j) = x;(1).
So, the vector v; contains the ith coordinate of each vector x1,..., x,.

We will now see how to construct a generalized Laplacian matrix M having the vectors v1, vo and
v3 in its nullspace. One can also show that the matrix M has precisely one negative eigenvalue.
But, we won’t have time to do that in this lecture. You can find the details in [LovO01].

Our construction will exploit the vector cross product. Recall that for two vectors  and y in R?
that it is possible to define a vector & x y that is orthogonal to both & and y, and whose length
is the area of the parallelogram with sizes & and y. This determines the cross product up to sign.
You should recall that the sign is determined by an ordering of the basis of IR?, or by the right
hand rule. Also recall that

TXYy=—-yXxex,

(T1+T2) X y=21 Xy + 22 X9, and

x x y = 0 if and only if  and y are parallel.

We will now specify the entries M (i, j) for (i,7) € E. An edge (i,7) is on the boundary of two

faces of the polytope. Let’s say that the vectors defining these faces are y, and y;. So,
YoTi= Yo ) = Yy T = yj &; = 1.

So,

)" )

(Yo —Yp) Ti = (y, — yp) x; = 0.

This implies that y, — vy, is parallel to ; x ;.

Assume y, comes before y; in the clockwise order about vertex x;. So, y, — y, points the same
direction as x; x ;. Set M(3,j) so that

M(i,j)zi X Tj = Yo — Yp
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and M (i,j5) < 0.

I will now show that we can choose the diagonal entries M (i,4) so that the coordinate vectors are
in the nullspace of M. First, set

&= M(i,j)z;.
jri
We will show that &; is parallel to ; by observing that &; x x; = 0. We compute
&T; X fi)z‘ =x; X ZM(Z,]).’B] = ZM(Z,])CL‘Z X Zj.
jri i
This sum counts the difference y, — y, between each adjacent pair of faces that touch x;. By

going around x; in counter-clockwise order, we see that each of these vectors occurs once
positively and once negatively in the sum, so the sum is zero.

Thus, x; and &; are parallel, and we may set M (i,7) so that

This implies that the coordinate vectors are in the nullspace of M, as

Tl

T2 . .. . o
M| . = M(z,z)xi+ZM(z,j)mj = M(i,i)x; + &;.

: P

Ln

)

One can also show that the matrix M has precisely one negative eigenvalue, so the multiplicity of
its second-smallest eigenvalue is 3.

26.5 Minors of Planar Graphs

I will now show you that cdv(G) < 3 for every 3-connected planar graph G. To begin, I mention
one other characterization of planar graphs.

First, observe that if G is a planar graph, it remains planar when we remove an edge. Also
observe that if (u,v) is an edge, then the graph obtained by contracting (u,v) to one vertex is
also planar. Any graph H that can be obtained by removing and contracting edges from a graph
G is called a minor of G. It is easy to show that every minor of a planar graph is also planar.
Kuratowski’s Theorem tells us that a graph is planar if and only if it does not have K5 or K33
(the complete bipartite graph between two sets of 3 vertices) as a minor. We will just use the fact
that a planar graph does not have K33 as a minor.

26.6 cdv(G) <3

We will now prove that if G is a 3-connected planar graph, then cdv(G) < 3. Assume, by way of
contradiction, that there is generalized Laplacian matrix M of G whose second eigenvalue Ao has
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multiplicity greater than or equal to 4. We will do this by showing that if G is three-connected
and cdv(G) > 4, then G contains a K33 minor. Without loss of generality, we can assume Ay =0
(by just adding a diagonal matrix).

Our proof will exploit a variant of Fiedler’s Nodal Domain Theorem, which we proved back in the
beginning of the semester. That theorem considered any eigenvector v of Ay (of a Laplacian), and
proved that the set of vertices that are non-negative in v is connected. The variant we use is due
to van der Holst [van95], which instead applies to eigenvectors v of Ay of minimal support. These
are the eigenvectors of v of A9 for which there is no other eigenvector w of Ay such that the zeros
of v are a subset of the zeros of w. That is, v has as many zero entries as possible. One can then
prove that the set of vertices that are positive in v is connected. And, one can of course do the
same for the vertices that are negative.

Now, let F' be any face of G, and let a, b and ¢ be three vertices in F'. As Ay has multiplicity at
least 4, it has some eigenvector that is zero at each of a, b and c. Let v be an eigenvector of Ao
with minimal support that is zero at each of a, b, and c. Let d be any vertex for which v(d) > 0.
As the graph is three-connected, it contains three vertex-disjoint paths from d to a, b, and ¢ (this
follows from Menger’s Theorem, which I have not covered). As v(d) > 0 and v(a) = 0, there is
some vertex a’ on the path from d to a for which v(a’) = 0 but @’ has a neighbor a™ for which
v(a™) > 0. As Ay = 0, a’ must also have a neighbor a~ for which v(a™~) < 0. Construct similar
vertices for b and c.

Figure 26.1: Vertices a, b, ¢, d, and the paths.

Now, contract every edge on the path from a to a’, on the path from b to ¥’ and on the path from
c to ¢. Also, contract all the vertices for which v is positive and contract all the vertices for
which v is negative (which we can do because these sets are connected). Finally, contract every
edge in the face F' that does not involve one of a, b, or c. We obtain a graph with a triangular
face abc such that each of a, b, and ¢ have an edge to the positive supervertex and the negative
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supervertex. We would like to say that this graph cannot be planar.

Figure 26.2: The set of positive and negative vertices that will be contracted. Vertex f has been
inserted.

To do this, we add one additional vertex f inside the face and connected to each of a, b, and c.
This does not violate planarity because a, b, and ¢ were contained in a face. In fact, we can add f
before we do the contractions. By throwing away all other edges, we have constructed a K33
minor, so the graph cannot be planar.
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Figure 26.3: The edges in the cycle have been contracted, as have all the positive and negative
vertices. After contracting the paths between a and a’, between b and b’ and between ¢ and ¢/, we
obtain a K33 minor.



Part V

Expander Graphs
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Chapter 27

Properties of Expander Graphs

This Chapter Needs Editing

27.1 Overview

We say that a d-regular graph is a good expander if all of its adjacency matrix eigenvalues are
small. To quantify this, we set a threshold ¢ > 0, and require that each adjacency matrix
eigenvalue, other than d, has absolute value at most ed. This is equivalent to requiring all
non-zero eigenvalues of the Laplacian to be within ed of d.

In this lecture, we will:

1. Show that this condition is equivalent to approximating the complete graph.

2. Prove that this condition implies that the number of edges between sets of vertices in the
graph is approximately the same as in a d-regular random graph.

3. Prove Tanner’s Theorem: that small sets of vertices have many neighbors.

4. Derive the Alon-Boppana bound, which says that € cannot be asymptotically smaller than
2v/d — 1/d. This will tell us that the asymptotically best expanders are the Ramanujan
graphs.

Random d-regular graphs are expander graphs. Explicitly constructed expander graphs have
proved useful in a large number of algorithms and theorems. We will see some applications of
them next week.

27.2 Expanders as Approximations of the Complete Graph

One way of measuring how well two matrices A and B approximate each other is to measure the
operator norm of their difference: A — B. Since I consider the operator norm by default, I will

219
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just refer to it as the norm. Recall that the norm of a matrix M is defined to be its largest

singular value:
[ M|

]|

| M| = max
xT

where the norms in the fraction are the standard Euclidean vector norms. The norm of a
symmetric matrix is just the largest absolute value of one of its eigenvalues. It can be very
different for a non symmetric matrix.

For this lecture, we define an e-expander to be a d-regular graph whose adjacency matrix
eigenvalues satisfy |u;| < ed for u; > 2. As the Laplacian matrix eigenvalues are given by
Ai = d — p;, this is equivalent to |d — A\;| < ed for i > 2. It is also equivalent to

| Lo — (d/n) L, | < ed.

For this lecture, I define a graph G to be an e-approximation of a graph H if
1-¢eHxG=<x(1+eH,
where I recall that I say H < G if for all o
' Lyx < wTLGw.

I warn you that this definition is not symmetric. When I require a symmetric definition, I usually
use the condition (1 + €)"'H < G instead of (1 —€)H < G.

If G is an e-expander, then for all € IRV that are orthogonal to the constant vectors,

(1-edz’x <xTLgx < (1 +€)dx’ .

On the other hand, for the complete graph K,,, we know that all & orthogonal to the constant

vectors satisfy

zl Lg, x =nx’x.

Let H be the graph
H = gKn’
n

SO
:cTLHzc =dz"z.

So, (G is an e-approximation of H.

This tells us that Lg — Ly is a matrix of small norm. Observe that
(1—€Ly<xLg=<(1+e€Ly implies —eLy=<Lg— Ly < eLy.
As Lg and Ly are symmetric, and all eigenvalues of Ly are 0 or d, we may infer

ILe — Ly < ed. (27.1)
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27.3 Quasi-Random Properties of Expanders

There are many ways in which expander graphs act like random graphs. Conversely, one can prove
that a random d-regular graph is an expander graph with reasonably high probability [Fri08].

We will see that all sets of vertices in an expander graph act like random sets of vertices. To make
this precise, imagine creating a random set S C V by including each vertex in S independently
with probability . How many edges do we expect to find between vertices in S?7 Well, for every
edge (u,v), the probability that u € S is « and the probability that v € S is a, so the probability
that both endpoints are in S is o®. So, we expect an a? fraction of the edges to go between
vertices in S. We will show that this is true for all sufficiently large sets S in an expander.

In fact, we will prove a stronger version of this statement for two sets S and T'. Imagine including
each vertex in S independently with probability a and each vertex in 1" with probability 5. We
allow vertices to belong to both S and 7. For how many ordered pairs (u,v) € E do we expect to
have v € S and v € T'?7 Obviously, it should hold for an af fraction of the pairs.

For a graph G = (V, E), define
E(S,T) = {(u,v) :ue S,veT,(uv) e E}.

We have put the arrow above the E in the definition, because we are considering ordered pairs of
vertices. When S and T are disjoint

‘E(S, T)‘
is precisely the number of edges between S and 7', while
‘E(S, S)]

counts every edge inside S twice.

The following bound is a slight extension by Beigel, Margulis and Spielman [BMS93] of a bound
originally proved by Alon and Chung [ACS8S].

Theorem 27.3.1. Let G = (V, E) be a d-regular graph that e-approximates %Kn. Then, for every
SCVandT CV,

|E(5.7)| - adn| < edn/Ta = a?)(5 = 57).
where |S| = an and |T'| = pn.

Observe that when « and 3 are greater than e, the term on the right is less than afdn.

In class, we will just prove this in the case that .S and T are disjoint.

Proof. The first step towards the proof is to observe

xsLaxr =d|SNT| - ‘E(S7T)‘ :
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Let H = %Kn. As G is a good approximation of H, let’s compute
T T d d
XsLuxr =xs (dl = —J ) xg =d|SNT| = —|S|[T| = d[SNT|~ afdn.

So,
HE(S, T)‘ — aﬂdn‘ = ‘XELGXT — XELHXT’ .

| Lg — Lyl < ed,

XELHXT - X::gLGXT = X:g(LH — Lae)xr
< lIxslHI(La — La)xzll
< lIxsllZa — Lell X7
< ed|xsl [Ixzl

= edn\/@.

This is almost as good as the bound we are trying to prove. To prove the claimed bound, recall
that Lyx = Ly (x + c1) for all ¢. So, let g and x7 be the result of orthogonalizing x g and xp
with respect to the constant vectors. By Claim 2.4.2 (from Lecture 2), ||| = n(a — o?). So, we
obtain the improved bound

z$(Ly — Le)zr = x5(Ly — L)X,

while

lzsl lzz] = ny/(a - a?)(8 - 52).

So, we may conclude

HE(S, T)‘ - aﬂdn‘ < edny/ (o — a2) (B — B2).
O

We remark that when S and T are disjoint, the same proof goes through even if G is irregular and
weighted if we replace E(S,T') with

w(S,T) = Z w(u,v).

(uw)EEueSWET

We only need the fact that G e-approximates %Kn. See [BSS12] for details.

27.4 Vertex Expansion

The reason for the name expander graph is that small sets of vertices in expander graphs have
unusually large numbers of neighbors. For S C V, let N(S) denote the set of vertices that are
neighbors of vertices in S. The following theorem, called Tanner’s Theorem, provides a lower
bound on the size of N(S).
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Theorem 27.4.1 ([Tan84]). Let G = (V, E) be a d-regular graph on n vertices that
e-approzimates %Kn. Then, for all S CV,

NS 2 g

Y
where |S| = an.

Note that when « is much less than €2, the term on the right is approximately |S| /€2, which can
be much larger than |S|. We will derive Tanner’s theorem from Theorem 27.3.1.

Proof. Let R = N(S) and let T'=V — R. Then, there are no edges between S and T'. Let
|T| = pn and |R| = yn, so v = 1 — 3. By Theorem 27.3.1, it must be the case that

afdn < edny/(a — a2)(B — B2).

The lower bound on v now follows by re-arranging terms. Dividing through by dn and squaring
both sides gives

a?f? < (a —a®)(B — 57 =
af <1 —a)(l—pB) =
B _e(l-a)
=3 <— —
1—x < (1 —a) —
0% e
1 < E(l-a)+a PN
vy a
S «
T= e(l—a)+a

If instead of N(S) we consider N(S) — S, then T and S are disjoint, so the same proof goes
through for weighted, irregular graphs that e-approximate %Kn.

27.5 How well can a graph approximate the complete graph?

Consider applying Tanner’s Theorem with S = {v} for some vertex v. As v has exactly d
neighbors, we find
(1 —1/n)+1/n>1/d,

from which we see that e must be at least 1/4/d(n — 1)/n, which is essentially 1/v/d. But, how
small can it be?
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The Ramanujan graphs, constructed by Margulis [Mar88] and Lubotzky, Phillips and
Sarnak [LPS88] achieve
< 2vd—1
€< ———
We will see that if we keep d fixed while we let n grow, € cannot exceed this bound in the limit.
We will prove an upper bound on € by constructing a suitable test function.

As a first step, choose two vertices v and w in V' whose neighborhoods to do not overlap. Consider
the vector x defined by

;

1 if i = u,
1/vVd ifie N(u),
x(i) =4 —1 if i = v,
—1/V/d ifie N(v),
0 otherwise.

Now, compute the Rayleigh quotient with respect to . The numerator is the sum over all edges
of the squares of differences across the edges. This gives (1 — 1/4/d)? for the edges attached to u
and v, and 1/d for the edges attached to N(u) and N(v) but not to u or v, for a total of

2d(1—1/\/&)2+2d(d—1)/d:2(d—2\/&+1+(d—1)) :2(2d—2\/&).

On the other hand, the denominator is 4, so we find

T
L
'z
If we use instead the vector
1 if i = u,
—1/V/d ifie N(u),
y(i) =4 -1 if i =,
1/Vd ifie N(v),
0 otherwise,

we find

T

L

yTy:CH_\/&
Yy

This is not so impressive, as it merely tells us that e > 1/ V/d, which we already knew. But, we
can improve this argument by pushing it further. We do this by modifying it in two ways. First,
we extend x to neighborhoods of neighborhoods of w and v. Second, instead of basing the
construction at vertices u and v, we base it at two edges. This way, each vertex has d — 1 edges to
those that are farther away from the centers of the construction.

The following theorem is attributed to A. Nilli [Nil91], but we suspect it was written by N. Alon.

Theorem 27.5.1. Let G be a d-regular graph containing two edges (ug,u1) and (vo,v1) that are
at distance at least 2k + 2. Then

2vd—-1-1

A2 gd—2\/d—1+k7+1.
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- ¢
L —_— -
¢ = = O T = e

Figure 27.1: The construction of x.

Proof. Define the following neighborhoods.

Uo = {uo,u1}
Uy =NU;-1) — Uj<iUj, for 0 < <k,
Vo = {vo,v1}

VZ':N(V;_l)—Uj<Z‘Vj, for 0 <i <k.

That is, U; consists of exactly those vertices at distance i from Uy. Note that there are no edges
between any vertices in any U; and any V.

Our test vector for Ay will be given by

W for a € U;
__ B8 .
w(a) = @z fracli
0 otherwise.

We choose  so that x is orthogonal to 1.

We now find that the Rayleigh quotient of & with respect to L is at most

Xo + 8%*Yy
X1+ /%Yy

where

k—1 2 k
1-1/Vd—1 _ W
=0 =0
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and
k—1 2 k
1-1/Vd—1 . »
o= SVl —1) (SN ) I D7 and Y= S0V -1
1=0 =0

By my favorite inequality, it suffices to prove upper bounds on X(/X; and Y;/Y1. So, consider

. — 2
S U@ - 1) (A + 10k (- 1)
Yo Uil (d = 1) '

For now, let’s focus on the numerator,

N

[y

2
> () e -y
k—1
_ Zz; (d|€i‘1)i (d—2vVd—1)+ (d|€k1|)k (d-1)
-~ Uil Ui [
— 3 (d_1)i(d_2‘/m)+ (d_1>k(d—2\/ﬁ)+ (d—1)k(2m_l)
N Uil
— > - 1)i(d— 2/d —1) + - 1)k(2de— 1).

To upper bound the Rayleigh quotient, we observe that the left-most of these terms contributes

S (dlgill)i (d—2vd—1)

. =d—2vd-—1.
i Uil (d = 1)~
To bound the impact of the remaining term,
|Uk|
2vd—-1-1

note that '
Uil < (d—1)* " |U;].

So, we have

k
|Uk| 1 Uil
< -,
(d—1)k = k+1i§:% (d—1)
Thus, the last term contributes at most
2vd—1-1

k+1
to the Rayleigh quotient.
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27.6 Open Problems

What can we say about A,? In a previous iteration of this course, I falsely asserted that the same
proof tells us that

— 2v/d—1-1

But, the proof did not work.

Another question is how well a graph of average degree d can approximate the complete graph.
That is, let G be a graph with dn/2 edges, but let G be irregular. While I doubt that irregularity
helps one approximate the complete graph, I do not know how to prove it.

We can generalize this question further. Let G = (V, E, w) be a weighted graph with dn/2 edges.
Can we prove that G cannot approximate a complete graph any better than the Ramanujan
graphs do? I conjecture that for every d and every > 0 there is an ng so that for every graph of
average degree d on n > ng vertices,

Ay d—2vd-1

— <

An T d+2Vd -1 b



Chapter 28

A brief introduction to Coding
Theory

This chapter gives a short introduction to the combinatorial view of error-correcting codes. Our
motivation is twofold: good error-correcting codes provide choices for the generators of
generalized hypercubes that have high expansion, and in the next chapter we learn how to use
expander graphs to construct good error-correcting codes.

We begin and end the chapter with a warning: the combinatorial, worst-case view of coding
theory presented herein was very useful in the first few decades of the field. But, the problem of
error-correction is at its heart probabilistic and great advances have been made by avoiding the
worst-case formulation. For readers who would like to understand this perspective, we recommend
“Modern Coding Theory” by Richardson and Urbanke. For those who wish to learn more about
the worst-case approach, we recommend “The Theory of Error-Correcting Codes” by
MacWilliams and Sloane.

28.1 Coding

Error-correcting codes are used to compensate for noise and interference in communication. They
are used in practically all digital transmission and data storage schemes. We will only consider
the problem of storing or transmitting bits', or maybe symbols from some small discrete alphabet.

The only type of interference we will consider is the flipping of bits. Thus, 0101 may become
1101, but not 010. More noise means more bits are flipped.

In our model problem, a transmitter wants to send m bits, which means that the transmitter’s
message is an element of Fy'. But, if the transmitter wants the receiver to correctly receive the
message in the presence of noise, the transmitter should not send the plain message. Rather, the
transmitter will send n > m bits, encoded in such a way that the receiver can figure out what the
message was even if there is a little bit of noise.

!Everything is bits. You think that’s air you’re breathing?

228
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A naive way of doing this would be for the transmitter to send every bit 3 times. If only 1 bit
were flipped during transmission, then the receiver would be able to figure out which one it was.
But, this is a very inefficient coding scheme. Much better approaches exist.

28.2 Notation

When x is a vector, we let
def

2| = [{a: 2(a) # 0}
denote the hamming weight of x. This is often called the 0-norm, and written ||z||,.
For a prime p, we denote the integers modulo p by IF,,. The reason is that the integers modulo p
form the field with p elements: they may be summed and multiplied, have identities under
addition and multiplication (0 and 1), the have inverses under addition (—z), and all but zero

have inverses under multiplication. We say the field because it is unique up to the names of the
elements. In this chapter we mostly deal with the field of two elements Fo, which we write Fo.

28.3 Connection with Generalized Hypercubes

Recall that the Generalized Hypercubes we encountered in Section 7.4 have vertex set F5 and are
defined by d > k generators, g;,...,94 € IF§ . For each b € Fé‘, the graph defined by these
generators has an adjacency matrix eigenvalue given by

d

T
o = (-1
i=1
Let G be the d-by-k matrix whose ith row is g7. As (—1)* = 1 — 2, for z € {0, 1},

d
o=y (~1)%" =d—2|Gb|.

i=1

The eigenvalue of d comes from b = 0. If Gb has small Hamming weight for every other vector b,
then all the other eigenvalues of the adjacency matrix will be small. We will see that this
condition is satisfied when G is the generator matrix of a good code.

28.4 Hamming Codes

The first idea in coding theory was the parity bit. It allows one to detect one error. Let’s say that
the transmitter wants to send by, ..., b,,. If the transmitter constructs

bms1 =Y b mod 2, (28.1)
=1
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and sends
bla cee 7bm+17

then the receiver will be able to detect one error, as it would cause (28.1) to be violated. But, the
receiver won’t know where the error is, and so won’t be able to figure out the correct message
unless it request a retransmit. And, of course, the receiver wouldn’t be able to detect 2 errors.

Hamming codes combine parity bits in an interesting way to enable the receiver to correct one
error. Let’s consider the first interesting Hamming code, which transmits 4-bit messages by
sending 7 bits in such a way that any one error can be corrected. Note that this is much better
than repeating every bit 3 times, which would require 12 bits.

For reasons that will be clear soon, we will let b3, b5, bg, and b7 be the bits that the transmitter
would like to send. The parity bits will be chosen by the rules

by = bs + bg + by
by = b3 + bg + b7
b1 = bg + bs + b7.

All additions, of course, are modulo 2. The transmitter will send the codeword by, ..., br.

If we write the bits as a vector, then we see that they satisfy the linear equations

b1
ba
0001111 bs 0
0110011 by | =10
101 0101 bs 0
be
bz
For example, to transmit the message 1010, we set
b3 =1,b5=0,b6 =1,b7 =0,
and then compute
b1 =1,b5 =0,by = 1.
Let’s see what happens if some bit is flipped. Let the received transmission be cq,...,c7, and

assume that ¢; = b; for all ¢ except that cg = 0. This means that the parity check equations that
involved the 6th bit will now fail to be satisfied, or

0001111 1
011001 1fe=1|1
1010101 0

Note that this is exactly the pattern of entries in the 6th column of the matrix. This will happen
in general. If just one bit is flipped, and we multiply the received transmission by the matrix, the
product will be the column of the matrix containing the flipped bit. As each column is different,
we can tell which bit it was. To make this even easier, the columns have been arranged to be the
binary representations of their index. For example, 110 is the binary representation of 6.
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28.5 Terminology and Linear Codes

We will view an error-correcting code as a mapping
. Tm n
C:Fy' — Fy,

for n larger than m. Every string in the image of C' is called a codeword. We will also abuse
notation by identifying C' with the set of codewords.

We define the rate of the code to be

r=—.
n

The rate of a code tells you how many bits of information you receive for each codeword bit. Of
course, codes of higher rate are more efficient.

The Hamming distance between two words ¢! and ¢? is the number of bits in which they differ.

It will be written
dist(c', ¢®) = |¢! — ¢?|.

The minimum distance of a code is

d= min dist(c!,c?)
cl#£e2eC
(here we have used C' to denote the set of codewords). It should be clear that if a code has large
minimum distance then it is possible to correct many errors. In particular, it is possible to correct
any number of errors less than d/2. To see why, let ¢ be a codeword, and let r be the result of
flipping e < d/2 bits of ¢. As dist(¢,r) < d/2, ¢ will be the closest codeword to 7. This is
because for every ¢! # ¢,

d < dist(c!, ¢) < dist(c!, r) + dist(r, ¢) < dist(c!, ) + d/2 implies d/2 < dist(c!, r).

So, large minimum distance is good.

The minimum relative distance of a code is

0= —.
n
It turns out that it is possible to keep both the rate and minimum relative distance of a code
bounded below by constants, even as n grows. To formalize this notation, we will talk about a
sequence of codes instead of a particular code. A sequence of codes C7,Cs, (3, ... is presumed to
be a sequence of codes of increasing message lengths. Such a sequence is called asymptotically
good if there are absolute constants r and ¢ such that for all ¢,

r(C;) >r and 0(C;) > 6.

One of the early goals of coding theory was to construct asymptotically good sequences of codes.
Of course, one also needs to derive codes that have concise descriptions and that can be encoded
and decoded efficiently.
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A big step in this direction was the use of linear codes. In the same way that we defined
Hamming codes, we may define a linear code as the set of vectors ¢ € I such that M ¢ = 0, for
some (n — m)-by-n matrix M. In this chapter, we will instead define a code by its generator
matrix. Given an n-by-m matrix G, we define the code C'¢ to be the of vectors of the form Gb,
where b € F5'. One may view b as the message to be transmitted, and G'b as its encoding.

A linear code is called linear because the set of codewords is a vector space over Fy'. Thus, the
sum and difference of every pair of codewords is another codeword. In fact, the sum and difference
are the same because we are working over Fo. In particular, 0 is always a codeword and the
minimum distance of the code equals the minimum Hamming weight of a non-zero codeword, as

dist(c!, ¢?) = ‘cl — CQ‘ = ‘cl + 02‘
over [Fy.

We now pause to make the connection back to generalized hypercubes: if C¢ has minimum
relative distance § and maximum relative distance 1 — §, then the corresponding generalized
hypercube is a 1 — 26 expander.

28.6 Random Linear Codes

In the early years of coding theory, there were many papers published that contained special
constructions of codes such as the Hamming code. But, as the number of bits to be transmitted
became larger and larger, it became more and more difficult to find such exceptional codes. Thus,
an asymptotic approach became reasonable. In his paper introducing coding theory, Shannon
[Sha48] proved that random codes are asymptotically good. A few years later, Elias [Eli55]
suggested using random linear codes.

We will now see that random linear codes are asymptotically good with high probability. We
consider a code of the form Cg, where G is an n-by-m matrix with independent uniformly chosen
[Fy entries. Clearly, the rate of the code will be m/n.

So, the minimum distance of C¢g is

min dist(0, Gb) = min |Gb|,
0£bEFY 0£bEFD

where by |¢| we mean the number of 1s in e. This is sometimes called the weight of c.

Here’s what we can say about the minimum distance of a random linear code. The following
argument is a refinement of the Chernoff based argument that appears in Section 7.5.

Lemma 28.6.1. Let G be a random n-by-m matriz. For any d, the probability that Cg has
minimum distance at least d is at least
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Proof. It suffices to upper bound the probability that there is some non-zero b € F5* for which
|Gb| < d.

To this end, fix some non-zero vector b in [F}'. Each entry of G'b is the inner product of a column
of G with b. As each column of G consists of random Fa entries, each entry of G'b is chosen
uniformly from Fs. As the columns of G are chosen independently, we see that G'b is a uniform
random vector in F§. Thus, the probability that |Gb| is at most d is precisely

1 &/
2n 4 i)
=0
As the probability that one of a number of events holds is at most the sum of the probabilities
that each holds (the “union bound”),

Prg[3b cF5,b#£0:[Gb|<d < > Prg[|Gbl<d
0#£beFy

To see how this behaves asymptotically, we use the following inequality on sums of binomial

coefficients. For 0 < p < 1,
pn
> (") < W),
i

i=1
where
H(p) = —plogyp — (1 — p)logs(1 — p)
is the binary entropy function. This upper bound is very tight: one can prove a corresponding
lower bound that only differs in low-order terms. You can derive this inequality from Stirling’s
formula, or you may find a proof along with the lower bound stated as Corollary 9 in Chapter 10
of [MST77].

If we set m = rn and d = dn, then Lemma 28.6.1 tells us that C'¢ probably has rate r and
minimum relative distance ¢ if

27’n
o) 1
AL ’
which happens when
H@)<1l-r.

For any constant r < 1, we can find a § for which H(J) < 1 — r, so there exist asymptotically
good sequences of codes of every non-zero rate. This is called the Gilbert-Varshamov bound. It is
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still not known if binary codes exist whose relative minimum distance satisfies H(d) > 1 — r. This
is a big open question in coding theory.

Of course, this does not tell us how to choose such a code in practice, how to efficiently check if a
given code has large minimum distance, or how to efficiently decode such a code.

28.7 Reed-Solomon Codes

Reed-Solomon Codes are one of the workhorses of coding theory. The are simple to describe, and
easy to encode and decode.

However, Reed-Solomon Codes are not binary codes. Rather, they are codes whose symbols are
elements of a finite field. If you don’t know what a finite field is, don’t worry (yet). For now, we
will just consider prime fields, F},. These are the numbers modulo a prime p. Recall that such
numbers may be added, multiplied, and divided.

A message in a Reed-Solomon code over a field F), is identified with a polynomial of degree m — 1.
That is, the message f1, ..., fi is viewed as providing the coefficients of the polynomial

m—1
Qx) = Z firra'.
=0

A Reed-Solomon code is encoded by evaluating it over every element of the field. That is, the
codeword is

Q(0),Q(1),Q(2),...,Q(p - 1).

Sometimes, it is evaluated at a subset of the field elements.

We will now see that the minimum distance of such a Reed-Solomon code is p — m. We show this
using the following standard fact from algebra.

Lemma 28.7.1. Let Q be a polynomial of degree at most m — 1 over a field F,. If there exists
distinct field elements x1, ..., xy such that

Qx;)) =0
then @ is identically zero.

Theorem 28.7.2. The minimum distance of the Reed-Solomon code is at least p —m.

Proof. Let Q' and Q? be two different polynomials of degree at most m — 1. For a polynomial Q,
let

E(Q) = (Q(0),Q(1),...,Q(p))
be its encoding. If
dist(E(QY), E(Q?) <p —k,

then there exists field elements 1, ..., z; such that

Q' (z)) = Q*(x;).
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Now, consider the polynomial
Q'(x) — Q*(x).
It also has degree at most m — 1, and it is zero at k field elements. Lemma 28.7.1 tells us that if

k > m, then Q' — Q? is exactly zero, which means that Q' = Q?. Thus, for distinct Q' and Q?, it
must be the case that

dist(E(Q"), E(Q?)) > p — m.

However, Reed-Solomon codes do not provide an asymptotically good family. If one represents
each field element by log, p bits in the obvious way, then the code has length plog, p, but can
only correct at most p errors. That said, one can find an asymptotically good family by encoding
each field element with its own small error-correcting code.

Next lecture, we will see how to make asymptotically good codes out of expander graphs. In the
following lecture, we will use good error-correcting codes to construct graphs.

28.8 Caution

Explain defects of the worst-case view.



Chapter 29

Expander Codes

In this Chapter we will learn how to use expander graphs to construct and decode asymptotically
good error correcting codes.

29.1 Bipartite Expander Graphs

Our construction of error-correcting codes will exploit bipartite expander graphs (as these give a
much cleaner construction than the general case). Let’s begin by examining what a bipartite
expander graph should look like. It’s vertex set will have two parts, U and V', each having n
vertices. Every vertex will have degree d, and every edge will go from a vertex in U to a vertex in
V.

In the same way that we view ordinary expanders as approximations of complete graphs, we will
view bipartite expanders as approximations of complete bipartite graphs'. That is, if we let Kun
denote the complete bipartite graph, then we want a d-regular bipartite graph G such that

d d
1-€—-Kpn<G=<Q+e)—Kpn.
n n

As the eigenvalues of the Laplacian of %Knm are 0 and 2d with multiplicity 1 each, and d
otherwise, this means that we want a d-regular graph G whose Laplacian spectrum satisfies

A =0, Xop=2d, and|\ —d| <ed,forall1<i<2n.
We can obtain such a graph by taking the double-cover of an ordinary expander graph.

Definition 29.1.1. Let G = (V, E) be a graph. The double-cover of G is the graph with vertex set
V x {0,1} and edges
((4,0),(5,1)), for (a,b) € B.

It is easy to determine the eigenvalues of the double-cover of a graph.

'The complete bipartite graph contains all edges between U and V/

236
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><
o=

Figure 29.1: The cycle on 4 vertices, and its double-cover

Proposition 29.1.2. Let H be the double-cover of G. Then, for every eigenvalue \; of the
Laplacian of G, H has a pair of eigenvalues,

)\i and 2d — )\Z

The easiest way to prove this is to observe that if A is the adjacency matrix of G, then the
adjacency matrix of H looks like
0 A
(3 3)

Our analysis of error-correcting codes will exploit the following theorem, which is analogous to
Theorem 10.2.1.

Theorem 29.1.3. Let G = (UUV, E) be a d-regular bipartite graph that e-approzimates %Knm.
Then, for all S CU and T CV,

(S, T)] ~ < 1517I| < ea/TSTITT
Proof. Similar to the proof of Theorem 27.3.1. O
Let G(SUT) denote the graph induced on vertex set SUT. We use the following simple corollary

of Theorem 29.1.3.

Corollary 29.1.4. For S C U with |S| = on and and T CV with |T| = tn, the average degree of

vertices in G(SUT) is at most
2doT

o+T

+ ed.

Proof. The average degree of a graph is twice its number of edges, divided by the number of
vertices. In our case, this is at most

20 |S|IT| .  \/ISII]

n |8+ 7] S|+ 1T
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The left-hand term is
2doT

o471’

and the right-hand term is at most
ed.

29.2 Building Codes

Our construction of error-correcting codes will require two ingredients: a d-regular bipartite
expander graph G on 2n vertices, and a linear error correcting code Cy of length d. We will
combine these to construct an error correcting code of length dn. We think of the code Cy as
being a small code that drives the construction. This is reasonable as we will keep d a small
constant while n grows.

In our construction of the code, we associate one bit with each edge of the graph. As the graph
has dn edges, this results in dn bits, which we label y1,...,y4,. We now describe the code by
listing the linear constraints its codewords must satisfy. Each vertex requires that the bits on its
attached edges resemble a codeword in the code Cy. That is, each vertex should list its attached
edges in some order (which order doesn’t matter, but it should be fixed). As a vertex has d
attached edges, it is easy to require that the d bits on these edges are a codeword in the code Cj.

Let r¢ be the rate of code Cy. This means that the space of codewords has dimension rod. But,
since Cj is a linear code, it means that its codewords are exactly the the vectors that satisfy some
set of d(1 — rg) linear equations. As there are 2n vertices in the graph, the constraints imposed by
each vertex impose 2nd(1 — rg) linear constraints on the dn bits. Thus, the vector space of
codewords that satisfy all of these constraints has dimension at least

dn — 2dn(1 — rg) = dn(2rg — 1),
and the code we have constructed has rate at least
r=2rg— 1.
So, this rate will be a non-zero constant as long as o > 1/2.

For the rest of the lecture, we will let C' denote the resulting expander code.

29.3 Encoding

We have described the set of codewords, but have not said how one should encode. As the code is
linear, it is relatively easy to find a way to encode it. In particular, one may turn the above
description of the code into a matrix M with dn columns and 2dn(1 — ro) rows such that the
codewords are precisely those y such that

My =0.
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So, the codewords form a vector space of dimension dn(2ry — 1), and so there is a matrix G with
dn(2rg — 1) columns and dn rows for which the codewords are precisely the vectors Gz, for
x € {0, l}dn(%o_l). In fact, there are many such matrices GG, and they are called generator
matrices for the code. Such a matrix G may be computed from M by elementary linear algebra.

29.4 Minimum Distance

We will now see that if Cjy is a good code, then C' has large minimum distance. Let dod be the
minimum distance of the code Cy. You should think of §y as being a constant.

Theorem 29.4.1. If € < 0y/2, then the minimum relative distance § of C satisfies

5> 62/2.

Proof. As C'is a linear code, it suffices to prove that C' has no nonzero codewords of small
Hamming weight. To this end, we identify a codeword with the set of edges on which its bits are
1. Let F be such a set of edges, and let |F| = ¢dn. As the minimum distance of Cy is dod, every
vertex v that is attached to an edge of F' must be attached to at least dod edges of F'. Let S be
the subset of vertices of U adjacent to edges in F', and let T" be the corresponding subset of V.
We have just argued that every vertex in G(S UT) must have degree at least dpd, and so in
particular the average degree of G(S UT) is at least dod.

We may also use this fact to see that
1P|
ST < :

Setting 0 = |S| /n and 7 = |T'| /n, the previous inequality becomes

¢

o, 7T < —

S

Corollary 29.1.4 tells us that the average degree of G(SUT) is at most

2doT
+ ed.
o+T
As
207 < o+ 12< 9( +7),
do
the average degree of G(SUT) is at most
¢
d— + ed.
3 +€

Combining the upper and lower bounds on the average degree of G(S UT'), we obtain

Sod < 42 + ed,
do
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which implies
50(50 — E) S (25

The assumption € < dy/2 then yields
¢ > /2.

As we assumed that F' was the set of edges corresponding to a codeword and that |F| = ¢dn, we
have shown that the minimum relative distance of C' is at least 63 /2. Ul

29.5 Decoding

We will convert an algorithm that corrects errors in Cj into an algorithm for correcting errors in
C. The construction is fairly simple. We first apply the decoding algorithm at every vertex in U.
We then do it at every vertex in V. We alternate in this fashion until we produce a codeword.

To make this more concrete, assume that we have an algorithm A that corrects up to dod/2 errors
in the code Cj. That is, on input any word r € {0, 1}d, A outputs another word in {0, l}d with
the guarantee that if there is a ¢ € Cj such that dist(e¢, r) < dpd/2, then A outputs ¢. We apply
the transformation A independently to the edges attached to each vertex of U. We then do the
same for V| and then alternate sides for a logarithmic number of iterations. We refer to these
alternating operations as U— and V-decoding steps

We will prove that if € < §o/3 then this algorithm will correct up to 63dn/18 errors in at most
log, /3 n iterations. The idea is to keep track of which vertices are attached to edges that contain
errors, rather than keeping track of the errors themselves. We will exploit the fact that any vertex
that is attached to few edges in error will correct those errors. Let S be the set of vertices
attached to edges in error after a U-decoding step. We will show that the set T' of vertices
attached to edges in error after the next V-decoding step will be much smaller.

Lemma 29.5.1. Assume that € < 69/3. Let F' C E be a set of edges, let S be the subset of
vertices in U attached to edges in F' and let T be the subset of vertices in V attached to at least
dod/2 edges in F. If
S| < 6on/9,
then
Tl < 281,
— 4

Proof. Let |S| = on and |T| = 7n. We have |F| > (d0d/2) |T|. As the average degree of G(SUT)
is twice the number of edges in the subgraph divided by the number of vertices, it is at least

dod |T|  dodr

S|+ T|  o+7

Applying Corollary 29.1.4, we find

dodT <2da7’
o+T1T 7 o+T

+ ed.
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This implies
007 < 207 + €(o + 71),

which becomes
< €o
T —
T 0y — 20 —¢€

Recalling that o < §p/9 and € < §yp/3, we obtain

80/3
= 750(4/9)

< -o.

3
1
0

Lemma 29.5.2. Assume that € < 69/3. Let F be the set of edges in error after a U-decoding
step, and let S be the set of vertices in U attached to F. Now, perform a V -decoding step and let
T be the set of vertices in V' attached to edges in error afterwards. If

|S| < don/9,
then
7)< 38
—_— 4 .

Proof. Every vertex in V' that outputs an error after the V-decoding step must be attached to at
least dpd/2 edges of F. Moreover, each of these edges is attached to a vertex of S. Thus, the
lemma follows immediately from Lemma 29.5.1. O

Theorem 29.5.3. If € < 0¢/3, then the proposed decoding algorithm will correct every set of at

most 52
dn
18
errors.

Proof. Let F' denote the set of edges that are initially in error. Let S denote the set of vertices
that output errors after the first U-decoding step. Every vertex in S must be adjacent to at least
dd/2 edges in F, so

Fl<Bam — 51« JEL g

—=dn —_— n/9.

~ 18 = Sodj2 = °

After this point, we may apply Lemma 29.5.2 to show that the decoding process converges in at
most logy 3 n iterations. O

29.6 Historical Notes

Gallager [Gal63] first used graphs to construct error-correcting codes. His graphs were also
bipartite, with one set of vertices representing bits and the other set of vertices representing
constraints. Tanner [Tan81] was the first to put the vertices on the edges. The use of expansion in
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analyzing these codes we pioneered by Sipser and Spielman [SS96]. The construction we present
here is due to Zemor [ZemO01], although he presents a tighter analysis. Improved constructions
and analyses may be found in [BZ02, BZ05, BZ06, AS06].

Surprisingly, encoding these codes is slower than decoding them. As the matrix G will be dense,
leading to an encoding algorithm that takes time ©((dn)?). Of course, one would prefer to encode
them in time O(dn). Using Ramanujan expanders and the Fast Fourier Transform over the
appropriate groups, Lafferty and Rockmore [LR97] reduced the time for encoding to O(d?*n*/3).
Spielman [Spi96a] modifies the code construction to obtain codes with similar performance that
may be encoded in linear time.

Related ideas have been used to design codes that approach channel capacity. See
[LMSS01, RSUO1, RUOS].



Chapter 30

A simple construction of expander
graphs

30.1 Overview

Our goal is to prove that for every € > 0 there is a d for which we can efficiently construct an
infinite family of d-regular e-expanders. I recall that these are graphs whose adjacency matrix
eigenvalues satisfy |u;| < ed and whose Laplacian matrix eigenvalues satisfy |d — \;| < ed, for

i > 1. Viewed as a function of ¢, the d that we obtain in this construction is rather large. But, it
is a constant. The challenge here is to construct infinite families with fixed d and e.

Before we begin, I remind you that in Lecture 5 we showed that random generalized hybercubes
were € expanders of degree f(¢)logn, for some function f. The reason they do not solve today’s
problem is that their degrees depend on the number of vertices. However, today’s construction
will require some small expander graph, and these graphs or graphs like them can serve in that
role. So that we can obtain a construction for every number of vertices n, we will exploit random
generalized ring graphs. Their analysis is similar to that of random generalized hypercubes.

Claim 30.1.1. There exists a function f(€) so that for every e > 0 and every sufficiently large n
the Cayley graph with group Z/n and a random set of at least f(€)logn generators is an
e-expander with high probability.

I am going to present the simplest construction of expanders that I have been able to find. By
“simplest”, I mean optimizing the tradeoff of simplicity of construction with simplicity of
analysis. It is inspired by the Zig-Zag product and replacement product constructions presented
by Reingold, Vadhan and Wigderson [RVW02].

For those who want the quick description, here it is. Begin with an expander. Take its line graph.
Observe that the line graph is a union of cliques. So, replace each clique by a small expander. We
need to improve the expansion slightly, so square the graph. Square one more time. Repeat.

The analysis will be simple because all of the important parts are equalities, which I find easier to
understand than inequalities.
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While this construction requires the choice of two expanders of constant size, it is explicit in the
sense that we can obtain a simple implicit representation of the graph: if the name of a vertex in
the graph is written using b bits, then we can compute its neighbors in time polynomial in b.

30.2 Squaring Graphs

We will first show that we can obtain a family of € expanders from a family of S-expanders for
any 8 < 1. The reason is that squaring a graph makes it a better expander, although at the cost
of increasing its degree.

Given a graph G, we define the graph G? to be the graph in which vertices v and v are connected
if they are at distance 2 in G. Formally, G? should be a weighted graph in which the weight of an
edge is the number of such paths. When first thinking about this, I suggest that you ignore the
issue. When you want to think about it, I suggest treating such weighted edges as multiedges.

We may form the adjacency matrix of G? from the adjacency matrix of G. Let M be the
adjacency matrix of G. Then M?(u,v) is the number of paths of length 2 between v and v in G,
and M?(v,v) is always d. We will eliminate those self-loops. So,

M = M% —dI,.

If G has no cycles of length up to 4, then all of the edges in its square will have weight 1. The
following claim is immediate from this definition.

Claim 30.2.1. The adjacency matriz eigenvalues of G? are precisely
:U’zz —d,
where [, ..., 1y are the adjacency matriz eigenvalues of G.

Lemma 30.2.2. If {G;}, is an infinite family of d-regular B-expanders for > 1/v/d — 1, then
{Gf}Z is an infinite family of d(d — 1)-regular 3% expanders.

We remark that the case of 3 > 1/4/d — 1, or even larger, is the case of interest. We are not
expecting to work with graphs that beat the Ramanujan bound, 2v/d — 1/d.

Proof. For p an adjacency matrix eigenvalue of G; other than d, we have

2 2
pw—d _p d<u7§52.

2
dd—1) d&—d— &

On the other hand, every adjacency eigenvalue of G? is at least —d, which is at least
—B%d(d —1). O

So, by squaring enough times, we can convert a family of 8 expanders for any § < 1 into a family
of € expanders.
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30.3 The Relative Spectral Gap

To measure the qualities of the graphs that appear in our construction, we define a quantity that
we will call the relative spectral gap of a d-regular graph:

r(G) Ao 1nin (AQElG), 2d ; An) :

The graphs with larger relative spectral gaps are better expanders. An e-expander has relative
spectral gap at least 1 — ¢, and vice versa. Because we can square graphs, we know that it suffices
to find an infinite family of graphs with relative spectral gap strictly greater than 0.

We now state exactly how squaring impacts the relative spectral gap of a graph.

Corollary 30.3.1. If G has relative spectral gap 3, then G? has relative spectral gap at least
28 — B2

Note that when ( is small, this gap is approximately 25.

30.4 Line Graphs

Our construction will leverage small expanders to make bigger expanders. To begin, we need a
way to make a graph bigger and still say something about its spectrum.

We use the line graph of a graph. Let G = (V, E) be a graph. The line graph of G is the graph
whose vertices are the edges of G in which two are connected if they share an endpoint in G.
That is, ((u,v), (w, 2)) is an edge of the line graph if one of {u, v} is the same as one of {w, z}.
The line graph is often written L(G), but we won’t do that in this class so that we can avoid
confusion with the Laplacian.

(a) A graph (b) Its line graph.

Let G be a d-regular graph with n vertices, and let H be its line graph'.As G has dn/2 edges, H
has dn/2 vertices. Each vertex of H, say (a,b), has degree 2(d — 1): d — 1 neighbors for the other

f @ is weighted, the weights produced that this construction will be integers. We interpret weighted edges as
multiedges, and add one vertex to the line graph for each. These will be connected by edges of weight two—one for
each vertex that they share. All of the following statements then work out.
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edges attached to a and d — 1 for b. For each vertex a in V, all vertices in H of form (a,b) of G
will be connected. So, H contains a d-clique for every vertex in V. Each vertex of H is contained
in exactly two of these cliques.

Here is the great fact about the spectrum of the line graph.

Lemma 30.4.1. Let G be a d-reqular graph with n vertices, and let H be its line graph. Then the
spectrum of the Laplacian of H is the same as the spectrum of the Laplacian of G, except that it
has dn/2 — n extra eigenvalues of 2d.

Before we prove this lemma, we need to recall the factorization of a Laplacian as the product of
the signed edge-vertex adjacency matrix times its transpose. We reserved the letter U for this
matrix, and defined it by

1 ifa=rc

U((a,b),c) =< -1 ifb=c

0 otherwise.

For an unweighted graph, we have
Lo=U"U.

Recall that each edge indexes one column, and that we made an arbitrary choice when we ordered
the edge (a,b) rather than (b,a). But, this arbitrary choice factors out when we multiply by U”.

30.5 The Spectrum of the Line Graph

Define the matrix | U| to be the matrix obtained by replacing every entry of U by its absolute
value. Now, consider |U|" |U|. It looks just like the Laplacian, except that all of its off-diagonal
entries are 1 instead of —1. So,

\U/"|U| = Dg+ Mg =dI + Mg,

as G is d-regular. We will also consider the matrix |U||U|”. This is a matrix with nd/2 rows
and nd/2 columns, indexed by edges of G. The entry at the intersection of row (u,v) and column
(w, z) is

(00 +6,)T (80 +82).

So, it is 2 if these are the same edge, 1 if they share a vertex, and 0 otherwise. That is
(U U|" = 2Ina + M.

Moreover, |U||U|" and |U|" | U| have the same eigenvalues, except that the later matrix has
nd/2 — n extra eigenvalues of 0.
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Proof of Lemma 30./.1. First, let A; be an eigenvalue of Lg. We see that

A; is an eigenvalue of Dg — Mg —

d — )\; is an eigenvalue of Mo —

2d — A; is an eigenvalue of Do+ Mo =
2d — A; is an eigenvalue of 21,4/, + Mg =
2(d — 1) — \; is an eigenvalue of M g —

A; is an eigenvalue of Dy — M .

Of course, this last matrix is the Laplacian matrix of H. We can similarly show that the extra
dn/2 — n zero eigenvalues of 2I,,4/5 + M i become 2d in Ly. O

While the line graph operation preserves Ao, it causes the degree of the graph to grow. So, we are
going to need to do more than just take line graphs to construct expanders.

Proposition 30.5.1. Let G be a d-reqular graph with d > 7 and let H be its line graph. Then,

A2 (G)

= 5a-

>r(G)/2.

Proof. For G a d-regular graph other than K1, A\2(G) < d + 1. By the Perron-Frobenius
theorem (Lemma 6.A.1) A\ez(G) < 2d (with equality if and only G is bipartite). So,

Amaz(H) = 2d and M\oy(H) = A\2(G) < d. So, the term in the definition of the relative spectral gap
corresponding to the largest eigenvalue of H satisfies

2(2d = 2) = Apaz(H)  2(2d—2) —2d L2
2d — 2 B 2d — 2 T d

as d > 7. On the other hand,

Ao(H) d
< <2/3.
2d—2 5342 =23

As 2/3 < 5/7,

_(A2(H) 2(2d = 2) = Mnae(H)\  X2(H) — Xa(G)
mm(ﬁz_z’ 2d — 2 ):22—2:25—22T(G/2)'

While the line graph of G has more vertices, its degree is higher and its relative spectral gap is
approximately half that of G. We can improve the relative spectral gap by squaring. In the next
section, we show how to lower the degree.
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30.6 Approximations of Line Graphs

Our next step will be to construct approximations of line graphs. We already know how to
approximate complete graphs: we use expanders. As line graphs are sums of complete graphs, we
will approximate them by sums of expanders. That is, we replace each clique in the line graph by
an expander on d vertices. Since d will be a constant in our construction, we will be able to get
these small expanders from known constructions, like the random generalized ring graphs.

Let G be a d-regular graph and let Z be a graph on d vertices of degree k (we will use a
low-degree expander). We define the graph

GDZ

to be the graph obtained by forming the edge graph of G, H, and then replacing every d-clique in
H by a copy of Z. Actually, this does not uniquely define G@O)Z, as there are many ways to
replace a d-clique by a copy of Z. But, any choice will work. Note that every vertex of GO)Z has
degree 2k.

Lemma 30.6.1. Let G be a d-reqular graph, let H be the line graph of G, and let Z be a

k-reqular a-expander. Then,

(1- a)SH <GOZ< (1 +oz)§H

Proof. As H is a sum of d-cliques, let Hy,..., H, be those d-cliques. So,

n
Ly=> Lu,.
=1

Let Z; be the graph obtained by replacing H; with a copy of Z, on the same set of vertices. To
prove the lower bound, we compute

n n
k k
Lg®Z = ZLZi = (1 — Oz)g ZLHZ. = (1 — Q)ELH.
=1 =1
The upper bound is proved similarly. ]
Corollary 30.6.2. Under the conditions of Lemma 30.0.1,

l—«o

r(GOZ) = r(G).

Proof. The proof is similar to the proof of Proposition 30.5.1. We have

kA2 (G)

M (GDZ)> (1-w) 7

and
Amaz(GOZ) < (14 «a)2k.
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So,
kA2 (G)

min (A\2(GOZ),2(2k) — Anaz(GOZ)) > min <(1 —a)

as \2(G) < d. So,

r(GDZ) > 1 —a)kr(G) =

1
oA

So, the relative spectral gap of G@O)Z is a little less than half that of G. But, the degree of GO Z
is 2k, which we will arrange to be much less than the degree of G, d.

We will choose k and d so that squaring this graph improves its relative spectral gap, but still
leaves its degree less than d. If G has relative spectral gap 3, then G? has relative spectral gap at
least

28 — 2.
It is easy to see that when 3 is small, this gap is approximately 23. This is not quite enough to
compensate for the loss of (1 — €)/2 in the corollary above, so we will have to square the graph
once more.

30.7 The whole construction

To begin, we need a “small” k-regular expander graph Z on

d Y (2k(2k —1))? — 2Kk(2k — 1)
vertices. It should be an e-expander for some small e. I believe that e = 1/6 would suffice. The
other graph we will need to begin our construction will be a small d-regular expander graph Gj.
We use Claim 30.1.1 to establish the existence of both of these. Let 5 be the relative spectral gap
of Gy. We will assume that /3 is small, but greater than 0. I believe that 5 = 1/5 will work. Of
course, it does not hurt to start with a graph of larger relative spectral gap.

We then construct Go@Z. The degree of this graph is 2k, and its relative spectral gap is a little
less than /2. So, we square the resulting graph, to obtain

(Go®2Z)%

It has degree approximately 4k2, and relative spectral gap slightly less than 3. But, for induction,
we need it to be more than 8. So, we square one more time, to get a relative spectral gap a little
less than 25. We now set

Gy = ((G0®2)2)2.

The graph G is at least as good an approximation of a complete graph as G, and it has degree
approximately 16k*. In general, we set

Giot = ((01@2)2)2.
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To make the inductive construction work, we need for Z to be a graph of degree k whose number
of vertices equals the degree of G. This is approximately 16k*, and is exactly

(2k(2k — 1))* — 2k(2k — 1).

I’ll now carry out the computation of relative spectral gaps with more care. Let’s assume that Gg
has a relative spectral gap of 5 > 4/5, and assume, by way of induction, that p(G;) > 4/5. Also
assume that Z is a 1/6-expander. We then find

rGiOZ) > (1 - o)(4/5)/2 = 1/3.

So, Gi(©Z is a 2/3-expander. Our analysis of graph squares then tells us that G,;11 is a
(2/3)*-expander. So,
r(Gig1) > 1—(2/3)* = 65/81 > 4/5.

By induction, we conclude that every G; has relative spectral gap at least 4/5.

To improve their relative spectral gaps of the graphs we produce, we can just square them a few
times.

30.8 Better Constructions

There is a better construction technique, called the Zig-Zag product [RVWO02]. The Zig-Zag
construction is a little trickier to understand, but it achieves better expansion. I chose to present
the line-graph based construction because its analysis is very closely related to an analysis of the
Zig-Zag product.



Chapter 31

PSRGs via Random Walks on Graphs

31.1 Overview

There are three major approaches to designing pseudo-random generators (PSRGs). The most
common is to use quick procedures that seem good enough. This is how the PSRGs that are
standard in most languages arise. Cryptographers and Complexity Theorists try to design PSRGs
that work for every polynomial-time algorithm. For example, one can construct PSRGs from
cryptographic functions with the guarantee that if the output of a polynomial-time algorithm
differs from random when using the PSRG, then one can use it to break the cryptographic
function (see [HILL99, Gol07]). In this chapter we consider the construction of PSRGs that can
be proved to work for specific algorithms or algorithms of specific forms. In particular, we will see
w Impagliazzo and Zuckerman’s [IZ89] approach of using of random walks on expanders to run
the same algorithm many times. We are going to perform a very crude analysis that is easy to
present. Rest assured that much tighter analyses are possible and much better PSRGs have been
constructed since.

31.2 Why Study PSRGs?

Pseudo-random number generators take a seed which is presumably random (or which has a lot of
randomness in it), and then generate a long string of random bits that are supposed to act
random. We should first discuss why we would actually want such a thing. I can think of two
reasons.

1. Random bits are scarce. This might be surprising. After all, if you look at the last few bits
of the time that I last hit a key, it is pretty random. Similarly, the low-order bits of the
temperature of the processor in my computer seem pretty random. While these bits are
pretty random, there are not too many of them.

Many randomized algorithms need a lot of random bits. Sources such as these just do not
produce random bits with a frequency sufficient for many applications.
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2. If you want to re-run an algorithm, say to de-bug it, it is very convenient to be able to use
the same set of random bits by re-running the PSRG with the same seed. If you use truly
random bits, you can’t do this.

You may also wonder how good the standard pseudo-random number generators are. The first
answer is that the default ones, such as rand in C, are usually terrible. There are many
applications, such as those in my thesis, for which these generators produce behavior that is very
different from what one would expect from truly random bits (yes, this is personal). On the other
hand, one can use cryptographic functions to create bits that will act random for most purposes,
unless one can break the underlying cryptography [HILL99]. But, the resulting generators are
usually much slower than the fastest pseudo-random generators. Fundamentally, it comes down to
a time-versus-quality tradeoff. The longer you are willing to wait, the better the pseudo-random
bits you can get.

31.3 Expander Graphs

In today’s lecture we will require an infinite family of d-regular 1/10-expander graphs. We require
that d be a constant, that the graphs have 2" vertices for all sufficiently large r, and that we can
construct the neighbors of a vertex in time polynomial in . That is, we need the graphs to have a
simple explicit description. One can construct expanders families of this form using the
techniques from last lecture. For today’s purposes, the best expanders are the Ramanujan graphs
produced by Margulis [Mar88] and Lubotzky, Phillips and Sarnak [LPS88]. Ramanujan graphs of
degree d = 400 are 1/10-expanders. See also the work of Alon, Bruck, Naor, Naor and

Roth [ABN192] for even more explicit constructions.

While the explicit Ramanujan graphs only exist in certain sizes, none of which do have exactly 2"
vertices, some of them have just a little more that 2" vertices. It is possible to trim these to make
them work, say by ignoring all steps in which the vertex does not correspond to r bits.

31.4 Today’s Application : repeating an experiment

Imagine you are given a black box that takes r bits as input and then outputs either 0 or 1.
Moreover, let’s assume that the black box is very consistent: we know that it returns the same
answer at least 99% of the time. If it almost always returns 0, we will call it a 0-box and if it
almost always returns 1, we will call it a 1-box. Our job is to determine whether a given box is a
0 or 1 box. We assume that r is big, so we don’t have time to test the box on all 2" settings of r
bits. Instead, we could pick r bits at random, and check what the box returns. If it says“1”, then
it is probably a 1-box. But, what if we want more than 99% confidence? We could check the box
on many choices of r random bits, and report the majority value returned by the box.!. But, this
seems to require a new set of random bits for each run. In this lecture, we will prove that 9 new
bits per run suffice. Note that the result would be interesting for any constant other than 9.

!Check for yourself that running it twice doesn’t help
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Since we will not make any assumptions about the black box, we will use truly random bits the
first time we test it. But, we will show that we only need 9 new random bits for each successive
test. In particular, we will show that if we use our PSRG to generate bits for ¢ + 1 test, then the
probability that majority answer is wrong decreases exponentially in .

You are probably wondering why we would want to do such a thing. The reason is to increase the
accuracy of randomized algorithms. There are many randomized algorithms that provide weak
guarantees, such as being correct 99% or 51% of the time. To obtain accurate answers from such
algorithms, we run them many times with fresh random bits. You can view such an algorithm has
having two inputs: the problem to be solved and its random bits. The black box is the behavior
of the algorithm when the problem to be solved is fixed, so it is just working on the random bits.

31.5 The Random Walk Generator

Let r be the number of bits that our black box takes as input. So, the space of random bits is
{0,1}". Let X C {0,1}" be the settings of the random bits on which the box gives the minority
answer, and let Y be the settings on which it gives the majority answer.

Our pseudo-random generator will use a random walk on a 1/10-expander graph whose vertex set
is {0,1}". Recall that we can use d = 400. For the first input we feed to the black box, we will
require 7 truly random bits. We treat these bits as a vertex of our graph. For each successive test,
we choose a random neighbor of the present vertex, and feed the corresponding bits to the box.
That is, we choose a random ¢ between 1 and 400, and move to the ith neighbor of the present
vertex. Note that we only need log, 400 ~ 9 random bits to choose the next vertex. So, we will
only need 9 new bits to generate each input we feed to the box after the first.

31.6 Formalizing the problem

Assume that we are going to test the box ¢t + 1 times. Our pseudo-random generator will begin at
a truly random vertex v, and then take ¢t random steps. Recall that we defined X to be the set of
vertices on which the box outputs the minority answer, and we assume that |X| < 27/100. If we
report the majority of the outcomes of the ¢ + 1 outputs of the box, we will return the correct
answer as long as the random walk is inside X less than half the time. To analyze this, let vg be
the initial random vertex, and let v1,...,v; be the vertices produced by the ¢ steps of the random
walk. Let T'={0,...,t} be the time steps, and let S = {i : v; € X}. We will prove

Pr(|S| > t/2] < <55>t+1.

To begin our analysis, recall that the initial distribution of our random walk is py = 1/n. Let xx
and xy be the characteristic vectors of X and Y, respectively, and let Dx = diag(x ) and
Dy =diag(xy). Let

1
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be the transition matrix of the ordinary random walk on G. We are not using the lazy random
walk: it would be silly to use the lazy random walk for this problem, as there is no benefit to
re-running the experiment with the same random bits as before. Let wq,...,w, be the eigenvalues
of W. As the graph is a 1/10-expander, |w;| < 1/10 for all + > 2.

Let’s see how we can use these matrices to understand the probabilities under consideration. For
a probability vector p on vertices, the probability that a vertex chosen according to p is in X
may be expressed
xkp =1"Dxp.
The second form will be more useful, as
Dxp

is the vector obtained by zeroing out the events in which the vertices are not in X. If we then
want to take a step in the graph G, we multiply by W. That is, the probability that the walk
starts at vertex in X, and then goes to a vertex i is q(i) where

q= WDxp,.

Continuing this way, we see that the probability that the walk is in X at precisely the times i € R
is
1"D;, WDy W .---Dz WDy, p,,

%:{XiﬁeR

where

Y otherwise.

We will prove that this probability is at most (1/5)/%l. Tt will then follow that

Pr[|S| >1t/2] < Z Pr [the walk is in X at precisely the times in R]
|R|>t/2

gt

|R|>t/2

by (1) (D2
<2 =
“(3)

92 t+1
)"
31.7 Matrix Norms

Recall that the operator norm of a matrix M (also called the 2-norm) is defined by

[M o]
[v]]

| M| = max
v
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The matrix norm measures how much a vector can increase in size when it is multiplied by M.
When M is symmetric, the 2-norm is just the largest absolute value of an eigenvalue of M (prove
this for yourself). It is also immediate that

[ My M| < [[ M| || Ms]|.
You should also verify this yourself. As Dx, Dy and W are symmetric, they each have norm 1.

Warning 31.7.1. While the largest eigenvalue of a walk matriz is 1, the norm of an asymmetric
walk matriz can be larger than 1. For instance, consider the walk matriz of the path on 3 vertices.
Verify that it has norm /2.

Our analysis rests upon the following bound on the norm of D xW.
Lemma 31.7.2.
|IDx W| <1/5.

Let’s see why this implies the theorem. For any set R, let Z; be as defined above. As p, = Wp,,
we have

1"D,, WDy WDy, WDypy=1" (Dz,W)(Dz_, W)---(Dz W) p,.

Now,
1/5 fori € R, and

D Wi <
H i H - {1 for i € R.

So,
(D2, W) (Dz,_, W) (Dg, W)|| < (1/5)!.

As [[poll = 1/v/n and [[1| = /n, we may conclude

1" (D7, W) (Dy, W)+ (Dz, W) py < ||17|||[(D2 W) (Dz,_, W) -+ (D2, W) py|

< [17] /5 iyl
—(1/5)/".

31.8 The norm of Dxy W

Proof of Lemma 31.7.2. Let  be any non-zero vector, and write
rz=cl+y,

where 17y = 0. We will show that | Dy Wz| < |z /5.

We know that the constant vectors are eigenvectors of W. So, W1 =1 and
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This implies
IDx Wel| = cllxx|l = eVIX| < ev/n/10.

We will now show that || Wy|| < ||y|| /10. The easiest way to see this is to consider the matrix
W —J/n,

where we recall that J is the all-1 matrix. This matrix is symmetric and all of its eigenvalues
have absolute value at most 1/10. So, it has norm at most 1/10. Moreover, (W — J/n)y = Wy,
which implies || Wy < ||y|| /10. Another way to prove this is to expand y in the eigenbasis of
W, as in the proof of Lemma 2.1.3.

Finally, as 1 is orthogonal to y,

2
2| =/ +[lyl”.

IDx Wa| <[|[DxWel| + [Dx Wy|| < ev/n/10+ [lyl| /10 < ||zl /10 + [|=[| /10 < ||z /5.

So,

31.9 Conclusion

Observe that this is a very strange proof. When considering probabilities, it seems that it would
be much more natural to sum them. But, here we consider 2-norms of probability vectors.

31.10 Notes

For the best results on the number of bits one needs for each run of an algorithm, see [?].

For tighter results on the concentration on variables drawn from random walks on expanders, see
Gillman [Gil98]. For matrices, see [GLSS18].
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Chapter 32

Sparsification by Random Sampling

32.1 Overview

In this chapter and the next, we will learn that every graph can be approximated by a sparse
graph, just as an expander graph approximates a complete graph. This chapter shows how to do
this by careful random sampling: for any graph on n vertices we will how to construct an
e-approximation with only O(¢"2nlogn) edges.

This theorem was originally proved in [SS11] using a concentration bound of Rudelson [Rud99].
In this chapter, we prove it using a matrix Chernoff bound due to Tropp [Trol2].

In the next chapter, we will see that the logn term is unnecessary. In fact, almost every graph
can be approximated by a sparse graph almost as well as the Ramanujan graphs approximate
complete graphs.

32.2 Sparsification

For this lecture, I define a graph H to be an e-approximation of a graph G if
(1 — E)LG <Ly < (1 + E)Lg.

We will show that every graph G has a good approximation by a sparse graph. This is a very
strong statement, as graphs that approximate each other have a lot in common. For example,

1. the effective resistance between all pairs of vertices are similar in the two graphs,
2. the eigenvalues of the graphs are similar,
3. the boundaries of all sets are similar, as these are given by X%:LGX g, and

4. the solutions of linear equations in the two matrices are similar.
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We will prove this by using a very simple random construction. We first carefully' choose a
probability p,; for each edge (a,b). We then include each edge (a,b) with probabilty pq s,
independently. If we do include edge (a,b), we give it weight w,/pa . We will show that our
choice of probabilities ensures that the resulting graph H has at most 4nlnn/e? edges and is an €
approximation of G with high probability.

The reason we employ this sort of sampling—blowing up the weight of an edge by dividing by the
probability that we choose it—is that it preserves the matrix in expectation. Let L, denote the
elementary Laplacian on edge (a,b) with weight 1, so that

LG: Z wa,bLa,b-
(a,b)EE

We then have that

ELy = Z Pap(Wap/Pap)Lap = La-
(a,b)EE

32.3 Matrix Chernoff Bounds

The main tool that we will use in our analysis is a theorem about the concentration of random
matrices. These may be viewed as matrix analogs of the Chernoff bound that we saw in Lecture
5. These are a surprisingly recent development, with the first ones appearing in the work of
Rudelson and Vershynin [Rud99, RV07] and Ahlswede and Winter [AW02]. The best present
source for these bounds is Tropp [Tro12], in which the following result appears as Corollary 5.2.

Theorem 32.3.1. Let X1,..., X, be independent random n-dimensional symmetric positive
semidefinite matrices so that || X ;|| < R almost surely. Let X =), X; and let pimin and fimaz be
the minimum and maximum eigenvalues of

]E[X]:ZIE[Xi].

Then,
o€ Hmin/R
Pr )\mm(z; X)) <(1=€&pmin| <n <(1—e)1—6> , for0<e<1, and
o€ Pmaz /R
Pr )\max(zi: X)) > 1+ G)Mmaa:] <n <(1+e)1+6> , for 0 <e.
It is important to note that the matrices X1,..., X, can have different distributions. Also note

that as the norms of these matrices get bigger, the bounds above become weaker. As the

!For those who can’t stand the suspense, we reveal that we will choose the probabilities to be proportional to
leverage scores of the edges.
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expressions above are not particularly easy to work with, we often use the following
approximations.

<(1€)16> S 6762/2, for0<e< ]., and

— €

<(1—i—€)1+5> S 6762/3, for 0 <e<l1.
€

Chernoff (and Hoeffding and Bernstein) bounds rarely come in exactly the form you want.
Sometimes you can massage them into the needed form. Sometimes you need to prove your own.
For this reason, you may some day want to spend a lot of time reading how these are proved.

32.4 The key transformation

Before applying the matrix Chernoff bound, we make a transformation that will enable us to
reduce to the case that pmin = ttmax = 1.

For positive definite matrices A and B, we have
A<(1+4¢eB <<= B Y24AB'?2g(1+¢I
The same things holds for singular semidefinte matrices that have the same nullspace:
Ly<(+eoLle <+« L[Y°LyLi” <+’ LeLl”,
where LJGr/ % is the square root of the pseudo-inverse of Lg. Let
= L Lo Ly,
which is the projection onto the range of Lg. We now know that Lg is an e-approximation of Lg
if and only if Lg/ 2LHLZ/ % is an e-approximation of IT.

As multiplication by a fixed matrix is a linear operation and expectation commutes with linear
operations,
+/2 +/2 _ ;+/2 +/2 +/2 +/2
EL.“LyL; " = L5~ (ELy) Ly~ =EL; "LgL; "~ =1L
So, we really just need to show that this random matrix is probably close to its expectation, I1. It
would probably help to pretend that IT is in fact the identity, as it will make it easier to

understand the analysis. In fact, you don’t have to pretend: you could project all the vectors and
matrices onto the span of IT and carry out the analysis there.

32.5 The probabilities

Let

X = (wa,b/pmb)Lg/zL(a’b)Lg/2 with probability p,p
@b 0 otherwise,
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so that ) )
LLyLi? = Y Xy
(a,b)eFE
We will choose the probabilities to be
def 1
pa"b = Ewavb HL2/2L(G,b)Lg/2 bl

for an R < 1 to be chosen later. Thus, when edge (a,b) is chosen, ||X, ;|| = R. Making this value
uniform for every edge optimizes one part of Theorem 32.3.1.

You may wonder what we should do if one of these probabilities p,; exceeds one. There are many
ways of addressing this issue. For now, pretend that it does not happen. We will then explain
how to deal with this at the end of lecture.

Recall that the leverage score of edge (a, b) written £, was defined in Lecture 14 to be the weight
of an edge times the effective resistance between its endpoints:

ga,b = wa,b(aa - ab)TLE((sa - 5b) = wa,bReH(ay b)

To see the relation between the leverage score and p, p, compute

| 222 ) = || 2460 — )6, — 80717
B M.
= (8, — 0p) ' L5(80 — 6p)
= Resi(a, b).

As we can quickly approximate the effective resistance of every edge, we can quickly compute
sufficient probabilities.

Recall that the leverage score of an edge equals the probability that the edge appears in a random
spanning tree. As every spanning tree has n — 1 edges, this means that the sum of the leverage

scores is n — 1, and thus
> ="
Pab = R = R

(a,b)EE

This is a very clean bound on the expected number of edges in H. One can use a Chernoff bound
(on real variables rather than matrices) to prove that it is exponentially unlikely that the number
of edges in H is more than any small multiple of this.
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For your convenience, I recall another proof that the sum of the leverage scores is n — 1:

Y lap= > wapRer(a,b)

(a,b)eE (a,b)EE
= > wap(8a— 8)"LE(60 — 6y)
(a,b)eEFE
> wepTr (LG8 — 86) (80 — 6p)")
(a,b)eEFE

=Tr | Y Liwap(8a—8,)(8a— )"
(a,b)eE

=Tr LE Z wa,bLmb

(a,b)EE

=Tr (L{ L)

= Tr (IT)

=n—1.
32.6 The analysis
We will choose

2
~ 35Ilnn’
Thus, the number of edges in H will be at most 4(Inn)e~2 with high probability.
We have
> EX,, =01
(a,b)EE

It remains to show that it is unlikely to deviate from this by too much.
We first consider the case in which p(, ;) < 1 for all edges (a,b). If this is the case, then Theorem
32.3.1 tells us that

Pr ZX“” (14 e)II| <nexp(—€’/3R) =nexp(—(3.5/3)Inn) =n 1/,

For the lower bound, we need to remember that we can just work orthogonal to the all-1s vector,
and so treat the smallest eigenvalue of IT as 1. We then find that

Pr ZXab (1—eII| <nexp(—€/2R) = nexp(—(3.5/2) Inn) =n"3/2,
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We finally return to deal with the fact that there might be some edges for which p,; > 1 and so
definitely appear in H. There are two natural ways to deal with these—one that is easiest
algorithmically and one that simplifies the proof. The algorithmically natural way to handle these
is to simply include these edges in H, and remove them from the analysis above. This requires a
small adjustment to the application of the Matrix Chernoff bound, but it does go through.

From the perspective of the proof, the simplest way to deal with these is to split each such X,
into many independent random edges: k = |{,;/R] that appear with probability exactly 1, and
one more that appears with probability ¢, /R — k. This does not change the expectation of their
sum, or the expected number of edges once we remember to add together the weights of edges
that appear multiple times. The rest of the proof remains unchanged.

32.7 Open Problem

If T have time in class, I will sketch a way to quickly approximate the effective resistances of every
edge in the graph. The basic idea, which can be found in [SS11] and which is carried out better in
[KLP12], is that we can compute the effective resistance of an edge (a,b) from the solution to a
logarithmic number of systems of random linear equations in Lg. That is, after solving a
logarithmic number of systems of linear equations in Lg, we have information from which we can
estimates all of the effective resistances.

In order to sparsify graphs, we do not actually need estimates of effective resistances that are
always accurate. We just need a way to identify many edges of low effective resistance, without
listing any that have high effective resistance. I believe that better algorithms for doing this
remain to be found. Current fast algorithms that make progress in this direction and that exploit
such estimates may be found in [KLP12, Koul4, CLM 15, LPS15]. These, however, rely on fast
Laplacian equation solvers. It would be nice to be able to estimate effective resistances without
these. A step in this direction was recently taken in the works [CGP'18, LSY18], which quickly
decompose graphs into the union of short cycles plus a few edges.



Chapter 33

Linear Sized Sparsifiers

33.1 Overview

In this lecture, we will prove a slight simplification of the main result of [BSS12, BSS14]. This will
tell us that every graph with n vertices has an e-approximation with approximately 4e~2n edges.
To translate this into a relation between approximation quality and average degree, note that
such a graph has average degree dg,. = 8¢~ 2. So,

23
N

which is about twice what you would get from a Ramanujan graph. Interestingly, this result even
works for average degree just a little bit more than 1.

€=

33.2 Turning edges into vectors

In the last lecture, we considered the Laplacian matrix of a graph G times the square root of the
pseudoinverse on either side. That is,

+/2 +/2
LG/ Z Wa,bL(a,p) LG/ :
(a,b)EE
Today, it will be convenient to view this as a sum of outer products of vectors. Set
2
v(a7b) = 3 /wa7bLg/ ((Sa — (Sb)

Then,

LE/Q Z wa,bL(&b) Lg/2 = Z v(aﬁ)vz:z,b) =11,
(a,b)EE (a,b)eEFE

264
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where we recall that IT = %LKTL is the projection orthogonal to the constant vectors.

The problem of sparsification is then the problem of finding a small subset of these vectors,
S C FE, along with scaling factors, ¢: S — IR, so that

(1 - E)H =< Z Ca,bv(a,b)v{a’b) < (1 + G)H
(a,b)eS

If we project onto the span of the Laplacian, then the sum of the outer products of vectors v q )
becomes the identity, and our goal is to find a set S and scaling factors ¢, so that

(1—6 Z Cabv(ab)'v (a,b) = (1+€)I
(a,b)eS

That is, so that all the eigenvalues of the matrix in the middle lie between (1 —¢€) and (1 + €).

33.3 The main theorem

Theorem 33.3.1. Let vq,..., v, be vectors in IR™ so that
Z vivl =1
i
Then, for every € > 0 there exists a set S along with scaling factors ¢; so that

(1—¢€)? Zc,'v'v (1+ €)1,
ies

and
|S] < [n/ eﬂ .
The condition that the sum of the outer products of the vectors sums to the identity has a name,

isotropic position. 1 now mention one important property of vectors in isotropic position

Lemma 33.3.2. Let v1,..., v, be vectors in isotropic position. Then, for every matriz M ,

Z’UZTM’UZ' =Tr(M).
Proof. We have
vI'Mv =Tr (’U’UTM) ,

SO

ZviTMvZ ZTr (vivI M) = ((Zvv ) )zTr(IM):Tr(M).
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Today, we will prove that we can find a set of 6n vectors for which all eigenvalues lie between 1n
and 13n. If you divide all scaling factors by v/13n, this puts the eigenvalues between 1/4/13 and
v/13. You can tighten the argument to prove Theorem 33.3.1.

We will prove this theorem by an iterative argument in which we choose one vector at a time to
add to the set S. We will set the scaling factor of a vector when we add it to S. It is possible that
we will add a vector to S more than once, in which case we will increase its scaling factor each
time. Throughout the argument we will maintain the invariant that the eigenvalues of the scaled
sum of outer produces is in the interval [[, u], where [ and u are quantities that will change with
each addition to S. At the start of the algorithm, when S is empty, we will have

lo=-n and wup=n.
Every time we add a vector to S, we increase [ by 47, and u by dy, where
0 =1/3 and oy =2.

After we have done this 6n times, we will have [ = n and v = 13n.

33.4 Rank-1 updates

We will need to understand what happens to a matrix when we add the outer product of a vector.

Theorem 33.4.1 (Sherman-Morrison). Let A be a nonsingular symmetric matriz and let v be a
vector and let ¢ be a real number. Then,
A lypT A1

A-cov!) P =A" e  —
( cvv’) Cl—chAflv

Proof. The easiest way to prove this is to multiply it out, gathering v A~'v terms into scalars:

A lyvT A vvl AT vl A Tyl AL
A—cvv)) (At re——— = |V =T—coviA ' +¢ -
( ) ( 1—cvTA v 1—cvT A v 1—cvTA v
1 cvl Av
=T —cvovlA ' (1- +
< 1—cvTA 'y 1 —cvTA o

=1.

33.5 Barrier Function Arguments

To prove the main theorem we need a good way to measure progress. We would like to keep all
the eigenvalues of the matrix we have constructed at any point to lie in a nice range. But, more
than that, we need them to be nicely distributed within this range. To enforce this, we need to
measure how close the eigenvalues are to the limits.
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Let A be a symmetric matrix with eigenvalues A\; < ... < A,. If uw is larger than all of the
eigenvalues of A, then we call v an upper bound on A. To make this notion quantitive, we define

the upper barrier function
1
PU(A) = )
(4) Z uU— A\

7

This is positive for all upper bounds u, goes to infinity as u approaches the largest eigenvalue,
decreases as u grows, and is convex for u > A,. In particular, we will use

DUt (A) < ®%(A),  for § > 0. (33.1)

Also, observe that
An <u—1/9%(A). (33.2)

We will exploit the following formula for the upper barrier function:

®“(A) =Tr ((ul —A)™").
For a lower bound on the eigenvalues [, we will define an analogous lower barrier function
1
P(A) =Y —— =Tr((A-I])).
=3 5ty =)

This is positive whenever [ is smaller than all the eigenvalues, goes to infinity as [ approaches the
smallest eigenvalue, and decreases as [ becomes smaller. In particular,

[+1/P(A) < A1 (33.3)
The analog of (33.1) is the following.
Claim 33.5.1. Let [ be a lower bound on A and let 6 < 1/®;(A). Then,

1
Pl S Ay -5

Note that this inequality is an equality when A is one-dimensional. In that case,
1 B 1
M—1—0 1/(1/A\—=1)—=0

Proof. After rearranging terms, we see that the inequality is equivalent to
Dpy5(A) — P(A) < 6P115(A)P(A).
We then prove this by expanding in the eigenvalues, keeping in mind that all the terms \; —{ — ¢

are positive:

1 1
AP vy ey ) D vy

o
aP D v vy
<9 _ !
- Z(M—l—ﬁs) ;()‘i_l) '

)
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Initially, we will have

D, (0)=®_,(0)=1 and ®“(0) = &"(0) = 1.

33.6 Barrier Function Updates

The most important thing to understand about the barrier functions is how they change when we
add a vector to S. The Sherman-Morrison theorem tells us that happens when we change A to
A+ cov™:

(A +cvv’) =Tr ((ul — A—cvv’)™)
Tr ((ul — A) tov? (ul — A)71)
1—cvl(ul — A)-1
Tr (v (ul — A) "' (ul — A)"'v)
1—cvl(ul — A)-1
vl (ul — A)~2
1—cvl(ul — A)-!

=Tr((ul — A)7") +c

=®“(A)+c

=®“(A)+c

This increases the upper barrier function, and we would like to counteract this increase by
increasing u at the same time. If we advance u to u = u + dy7, then we find

oI (@l — A)2v
1—ch(uI A

DU (A + covl) = UV (A) + ¢ -
v

T@r — A)—2
1/c—'vTuI A)

)~
= '(4) — (2(4) - BV (4)) +

We would like for this to be less than ®%(A). If we commit to how much we are going to increase
u, then this gives an upper bound on how large ¢ can be. We want

vl(al — A) 2w
(27(4) - @+ (4)) = 5 = (vTI(aIA—) A)-1

which is equivalent to

1 vl (@l — A)?v
>

¢ = (®U(A) — dutdu (A)) ol @r -4y

Define
((u+ 0,)I — A)_2

VA= @u(a) - ot (4))

+ ((u+6,)I — At

We have established a clean condition for when we can add cvv” to S and increase u by &
without increasing the upper barrier function.
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Lemma 33.6.1. If
> v U 4w,

ol

then
U (A 4+ covT) < BY(A).

The miracle in the above formula is that the condition in the lemma just involves the vector v as
the argument of a quadratic form.

We also require the following analog for the lower barrier function. The difference is that
increasing [ by setting [ = [ + d1, increases the barrier function, and adding a vector decreases it.

Lemma 33.6.2. Define

(A—iD)2 Pry—1
Ly = — (A =1I .
@rrs, (A) — Br(a)) A~
it
1 <v'Lyv,
C
then

(I>I+5L(A + C’U’UT) < (I)I(A).

If we fix the vector v and an increment dy,, then this gives a lower bound on the scaling factor by
which we need to multiply it for the lower barrier function not to increase.

33.7 The inductive argument

It remains to show that there exits a vector v and a scaling factor ¢ so that
DUV (A + cvvT) < DU(A) and Byy5, (A + cvvl) < @y(A).
That is, we need to show that there is a vector v; so that
'v;fF Ujgv; < vl-TLA'vi.

Once we know this, we can set ¢ so that
T 1 T
v; Upgv; < — < wvj Lyv;.
c

Lemma 33.7.1.

1
> 0] Uavi < — + Du(A).
i ou
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Proof. By Lemma 33.3.2, we know

Z’U?UA’W:TI'(UA).

To bound this, we break it into two parts

Tr (@ — A)~2)
(@*(A) — Putiv(A))

and
Tr ((ul — A)71).

The second term is easiest
Tr (@l — A)7) = 2“0(4) < “(A).
To bound the first term, consider the derivative of the barrier function with respect to u:

O guay=2y Ly (! L Tr(ul - A)
ou ~ Ou - u—N ~\u—X/) b '

)

As ®%(A) is convex in u, we may conclude that

PUA) — dutU(A) > —5U§<I>u+5u(A) = 6yTr (al — A)~2.
u

The analysis for the lower barrier is similar, but the second term is slightly more complicated.

Lemma 33.7.2.

1 1
Thws> L
zi:vl AY 0L 1/(1)1(A)—(5L

Proof. As before, we bound
Tr ((A i &1))*2)
D15, (A) — Pi(A)

by recalling that

0. . o
S ®i(4) = Tr (A—10).

As ®;(A) is convex in [, we have

0 _
i, (A) — @A) < 65 Brps, (A) = 51Tk (A — (1 +6,)T) 2.
ol

To bound the other term, we use Claim 33.5.1 to prove

1

Tr ((A — (l + (5LI)71) < m
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So, for there to exist a v; that we can add to .S with scale factor ¢ so that neither barrier function
increases, we just need that
1

1 1
5o YA S5 sy =

ou
If this holds, then there is a v; so that
;U gqv; < v;Lpv;.
We then set ¢ so that

v;Upv; < — < wv;Lpv;.

(SN

We now finish the proof by checking that the numbers I gave earlier satisfy the necessary
conditions. At the start both barrier functions are less than 1, and we need to show that this
holds throughout the algorithm. At every step, we will have by induction

1 1 3
LB (A)<t1="
5U+ ul )72+ 5
and 1 1 1 3
>3

o, 1/ (A) -6, =" 1-1/3 2
So, there is always a v; that we can add to .S and a scaling factor ¢ so that both barrier function
remain upper bounded by 1.

If we now do this for 6n steps, we will have

l=-n+6n/3=n and u=n+2-6n=13n.

The bound stated at the beginning of the lecture comes from tightening the analysis. In
particular, it is possible to improve Lemma 33.7.2 so that it says

1 1
T
"Lav;> — — ———.
2V EAY 2 5 )

I recommend the paper for details.

33.8 Progress and Open Problems

e [t is possible to generalize this result to sums of positive semidefinite matrices, instead of
outer products of vectors [dCSHS11].

e It is now possible to compute sparsifiers that are almost this good in something close to
linear time. [AZLO15, LS15].

e Given last lecture, it seems natural to conjecture that the scaling factors of edges should be
proportional to their weights times effective resistances. Similarly, one might conjecture
that if all vectors v; have the same norm, then the scaling factors are unnecessary. This is
true, but not obvious. In fact, it is essentially equivalent to the Kadison-Singer problem
[MSS14, MSS15¢].



Chapter 34

Iterative solvers for linear equations

We introduce basic iterative solvers for systems of linear equations: Richardson iteration and
Chebyshev’s method. We discuss Conjugate Gradient in the next Chapter, and iterative
refinement and preconditioning in Chapter 36.

34.1 Why iterative methods?

One is first taught to solve linear systems like
Az =b

by direct methods such as Gaussian elimination, computing the inverse of A, or the LU
factorization. However, elimination algorithms can be very slow. This is especially true when A is
sparse. Just writing down the inverse takes O(n?) space, and computing the inverse takes O(n?)
time if we do it naively. This might be OK if A is dense. But, it is very wasteful if A only has
O(n) non-zero entries.

In general, we prefer algorithms whose running time is proportional to the number of non-zero
entries in the matrix A, and which do not require much more space than that used to store A.

Iterative algorithms solve linear equations while only performing multiplications by A, and
performing a few vector operations. Unlike the direct methods which are based on elimination, the
iterative algorithms do not find exact solutions. Rather, they get closer and closer to the solution
the longer they work. The advantage of these methods is that they need to store very little, and
are often much faster than the direct methods. When A is symmetric, the running times of these
methods are determined by the eigenvalues of A.

Throughout this lecture we will assume that A is positive definite or positive semidefinite.

272
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34.2 First-Order Richardson Iteration

To get started, we will examine a simple, but sub-optimal, iterative method, Richardson’s
iteration. The idea of the method is to find an iterative process that has the solution to Ax = b
as a fixed point, and which converges. We observe that if Az = b, then for any «,

aAx =ab, —
z+ (@A —Ix =ab, =
x=(—aA)x+ ab.
This leads us to the following iterative process:
z' = (I —aA)z' ! +ab, (34.1)
where we will take £ = 0. We will show that this converges if
I—aA

has norm less than 1, and that the convergence rate depends on how much the norm is less than
1. This is analogous to our analysis of random walks on graphs from Chapter 10.

As we are assuming A is symmetric, I — a4 is symmetric as well, and so its norm is the
maximum absolute value of its eigenvalues. Let 0 < A1 < Aa... < A\, be the eigenvalues of A.
Then, the eigenvalues of I — oA are

1-— Oé/\z',
and the norm of [ — A is

max |1 — a);| = max (1 — aA;, 1 — al,)]|.
(2

This is minimized by taking
2
B A+ A1 ’
in which case the smallest and largest eigenvalues of I — a A become
4+ )\n - >\l 7
An+ A1

and the norm of I — oA becomes o)
1

Y
While we might not know A, + A1, a good guess is often sufficient. If we choose an
a < 2/(An + A1), then the norm of I — @A is at most

1—al.

To show that x! converges to the solution, z, consider the difference z — x!. We have

z—z'=(I—-ad)z+ab)— ((I-ad)z" +ab)
= (I —aA)(z—zh).
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So,
z—z' =T —-aA)l(z—z")=I-ad)z.

and

lz = a*[| = [|(7 - «d)’a|| < [[( - ad)*] 2
= I/ = ad)[" ]

20 \'
<(1--=241 .
_< An+A1> ||

< 672)\1t/()\n+)\1) HwH )

So, if we want to get a solution x! with

|z —
[ R—
it suffices to run for \ \ \
n+ 1 n
In(1/e) = — + = | In(1
1/ = (5 + 3 ) /o)
iterations. The term N
N

is called the condition number' of the matrix A, when A is symmetric. It is often written x(A),
and the running time of iterative algorithms is often stated in terms of this quantity. We see that
if the condition number is small, then this algorithm quickly provides an approximate solution.

34.3 Expanders

Let’s pause a moment to consider the problem of solving systems in the Laplacians of expander
graphs. These are singular, but we know that their nullspace is spanned by the constant vectors.
So, if we work orthogonal to the constant vectors their effective smallest eigenvalue is Ao. If the
graph is an e-expander, then its condition number, A, /A2, will be approximately 1 + 2¢. Thus, we
can solve systems of linear equations in this Laplacian very quickly.

This should make intuitive sense: the Laplacian of an expander is an approximation of the
Laplacian of a complete graph. And, the Laplacians of complete graphs act as multiples of the
identity on the space orthogonal to constant vectors.

In contrast, Gaussian elimination on expanders is slow: it takes time Q(n?) and requires space
Q(n?) [LRT79)].

'For general matrices, the condition number is defined to be the ratio of the largest to smallest singular value.
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34.4 The norm of the residual

Thinking about || — x;|| is a little awkward because we do not know x. For this reason, people
often measure the quality of approximation of a solution to a system of linear equations by
||lb — Az||. For this quantity, the same sort of convergence results hold. First observe that

b— Ax; = Ax — Ax; = A(I —aA)'x = (I —aA)' Az = (I — aA)'b.
So, the right choice of o guarantees that

o= Azill _ 2e/nin)
(L]

In Chapter 35 we will encounter a more useful measure of convergence—convergence in the
A-norm.

34.5 A polynomial approximation of the inverse

I am now going to give another interpretation of Richardson’s iteration. It provides us with a
polynomial in A that approximates A~!. In particular, the tth iterate, ! can be expressed in the
form

pt(A)bv
where p; is a polynomial of degree ¢.

We will view p;(A) as a good approximation of A~! if
|Ap:(A) — 1]

is small. From the formula defining Richardson’s iteration (34.1), we find

0

b

1

2= (I—-aA)ab+ab,

(I —ad)*ab+ (I —ad)ab+ab,and
t

x! = Z(I — aA)'ab.

=0

= ab,
3:

T
€T
€T
€T

To get some idea of why this should be an approximation of A~!, consider the limit as ¢ goes to
infinity. Assuming that the infinite sum converges, we obtain

ai(I —aA)=a(I—-(I-aA) ' =alad)™ = AL.
=0

So, the Richardson iteration can be viewed as a truncation of this infinite summation.
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In general, a polynomial p; will enable us to compute a solution to precision e if
Ipe(A)b — x| < ez
As b = Az, this is equivalent to
Ipe(A) Az — x| < ez,

which is equivalent to
[Api(A) — I <e

34.6 Better Polynomials

This leads us to the question of whether we can find better polynomial approximations to A,
The reason I ask is that the answer is yes! As A, p;(A) and I all commute, the matrix

Api(A) -1

is symmetric and its norm is the maximum absolute value of its eigenvalues. So, it suffices to find
a polynomial p; such that

[Aipe(Ai) — 1] <,
for all eigenvalues \; of A.

To reformulate this, define
qt(z) =1 — ap(x).
Then, it suffices to find a polynomial ¢; of degree ¢t 4+ 1 for which
@(0) = 1, and
lgt(z)] <€, for A\ <z < Ay

We will see that there are polynomials of degree

In(2/e) (\/)\n I+ 1) /2

that satisfy these conditions and thus allow us to compute solutions of accuracy €. In terms of the
condition number of A, this is a quadratic improvement over Richardson’s first-order method.

Theorem 34.6.1. For everyt > 1, and 0 < A\pin < A\paz, there exists a polynomial q(x) such
that

1. |Qt(x)| <e, fOT Amin <@ < )\miru and

2. qt(O) = 1,

for

where
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34.7 Chebyshev Polynomials

I’d now like to explain how we find these better polynomials. The key is to transform one of the
most fundamental polynomials: the Chebyshev polynomials. These polynomials are as small as
possible on [—1, 1], and grow quickly outside this interval. We will translate the interval [—1, 1] to
obtain the polynomials we need.

The tth Chebyshev polynomial, T;(x) has degree ¢, and may be defined by setting
To(z) =1, Ti(z)==x,

and for ¢t > 2
Ty(z) = 22T;—1(x) — Ty—2(x).

These polynomials are best understood by realizing that they are the polynomials for which
cos(tf) = Ty(cos(f)) and cosh(td) = T;(cosh(h)).

It might not be obvious that one can express cos(tf) as a polynomial in cos(#). To see this, and
the correctness of the above formulas, recall that

(). = ).

cos(f) = 5

To verify that these satisfy the stated recurrences with = cos(#), compute
1
04 o0\ (pt-10 4 -0\ _ L (-2  ~(t-20
(e ) () g ()
(6(t0+67t6’> 1 (e(t72)6’_|_6 (t-2)6 ) s <e(t 2)6‘_|_67(t72)6’)

2
(e(te + e*w) .

T cos(t acos(x)) for |x| <1, and
€Tr) =
! cosh(tacosh(z)) for z > 1.

2Tt,1(l’) — Tt,Q(fL') =

N =N =N =

Thus,

Claim 34.7.1. For x € [-1,1], |Ti(x)| < 1.

Proof. For x € [—1,1], there is a 0 so that cos(f) = z. We then have T;(z) = cos(tf), which must
also be between —1 and 1. O

To compute the values of the Chebyshev polynomials outside [—1, 1], we use the hyperbolic cosine
function. Hyperbolic cosine maps the real line to [1, oo and is symmetric about the origin. So,
the inverse of hyperbolic cosine may be viewed as a map from [1, co] to [0, 00], and satisfies

acosh(z) = In (ac +Vz ) for x > 1.
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Claim 34.7.2. For vy >0,
Ty(1+7) > (14 /27)"/2.

Proof. Setting x = 1 4 v, we compute

=

—~
8

~—
|

< etacosh(z) eftacosh(a:))
( ot acosh(:c))

(x+ Va2 — 1)

(L+y+ V(1 +7)? - 1)
(1+7+V2y+7)
(1++/27).

Vv

AV
NN RN RN RN =N —

34.8 Proof of Theorem 34.6.1

We will exploit the following properties of the Chebyshev polynomials:

1. T} has degree t.

2. Ty(x) € [-1,1], for z € [-1,1].

3. Ti(x) is monotonically increasing for x > 1.

4. Ty(1+7) > (1 ++/27)"/2, for v > 0.
To express q;(x) in terms of a Chebyshev polynomial, we should map the range on which we want
q¢ to be small, [Anin, Amaz] to [—1,1]. We will accomplish this with the linear map:

def Amaz + Amin — 22

I(x)

)\mag) - )\m'm
Note that

-1 if x = Appaa
AmazFAmin  {f 5 = ().

Amam _)\min

To guarantee that the constant coefficient in g;(z) is one (¢(0) = 1), we should set

def Ti(1(z))
T:(1(0))

()
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We know that |T;(I(z))] < 1 for z € [Amin, Amaz). To find ¢(z) for x in this range, we must
compute 73(1(0)). We have
1(0) > 1+ 2/k(A),

and so by properties 3 and 4 of Chebyshev polynomials,

T(1(0)) > (1 +2/VK)'/2.

Thus,
q(z) <2(1+2/Vk)™,

for © € [Amin, Amaz), and so all eigenvalues of g(A) will have absolute value at most 2(1+2/,/k) ™.

34.9 Laplacian Systems

One might at first think that these techniques do not apply to Laplacian systems, as these are
always singular. However, we can apply these techniques without change if b is in the span of L.
That is, if b is orthogonal to the all-1s vector and the graph is connected. In this case the
eigenvalue A1 = 0 has no role in the analysis, and it is replaced by As. One way of understanding
this is to just view L as an operator acting on the space orthogonal to the all-1s vector.

By considering the example of the Laplacian of the path graph, one can show that it is impossible
to do much better than the /k iteration bound that I claimed at the end of the last section. To
see this, first observe that when one multiplies a vector & by L, the entry (Lz)(i) just depends on
z(i —1),z(i), and x(i + 1). So, if we apply a polynomial of degree at most ¢, z'(i) will only
depend on b(j) with i — ¢ < j <+ t. This tells us that we will need a polynomial of degree on
the order of n to solve such a system.

On the other hand, /A, /A2 is on the order of n as well. So, we should not be able to solve the
system with a polynomial whose degree is significantly less than /A, /.

34.10 Warning

The polynomial-based approach that I have described here only works in infinite precision
arithmetic. In finite precision arithmetic one has to be more careful about how one implements
these algorithms. This is why the descriptions of methods such as the Chebyshev method found
in Numerical Linear Algebra textbooks are more complicated than that presented here. The
algorithms that are actually used are mathematically identical in infinite precision, but they
actually work. The problem with the naive implementations are the typical experience: in
double-precision arithmetic the polynomial approach to Chebyshev will fail to solve linear systems
in random positive definite matrices in 60 dimensions!



Chapter 35

The Conjugate Gradient and
Diameter

We introduce the matrix norm as the measure of convergence of iterative methods, and show how
the Conjugate Gradient method efficiently minimizes it. We finish by relating the rate of
convergence of any iterative method on a Laplacian matrix to the diameter of the underlying
graph.

My description of the Conjugate Gradient method is inspired by Vishnoi’s [Vis12]. It is the
simplest explanation of the Conjugate Gradient that I have seen.

35.1 The Matrix Norm

Recall from Chapter 14 that for a positive semidefinite matrix A, the matrix norm in A is defined

by
||, = VaT Az = HAV%H .

For many applications, the right way to measure the quality of approximation of a system of
linear equations Ax = b is by || — x|/ 4. Many algorithms naturally produce bounds on the
error in the matrix norm. And, for many applications that use linear equation solvers as
subroutines, this is the measure of accuracy in the subroutine that most naturally translates to
accuracy of the outside algorithm.

We should observe that both the Richardon and Chebyshev methods achieve € error in the
A-norm. Let p be a polynomial such that

Ip(A)A —I|| <e.
Then,

Ip(A)b —all, = [ A"p(A) Az — A2 = | (p(4)A ~ DA *a| < e

Al/%-H = e,

280
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The analysis above works because these methods produce x; by applying a linear operator, p(A),
to b that commutes with A. While most of the algorithms we use to solve systems of equations in
A will be linear operators, they will typically not commute with A. But, they will produce small
error in the A-norm.

The following theorem shows that a linear operator Z is an e approximation of A~! if and only if
it produces at most € error in the A-norm when used to solve systems of linear equations in A.

Theorem 35.1.1. Let A and Z be positive definite matrices. Then
1ZAz -zl 4 < e[zl 4 (35.1)
for all x if and only if
1-eA'Z<(1+e)A L

Proof. The assertion that (35.1) holds for all « is equivalent to the assertion that for all ,
4224~ e < c|[a¥2a].
Setting y = A%z, this becomes equivalent to saying that for all y,
|(a2z412 — Dy| < eyl

which we usually write
|av2za -1 <
This is in turn equivalent to

eI < AYV2ZAY? [ eI

<~
(1—el x AY?Z2AY? < (1+eol —
1-eA < Z < (1+eA
where the last statement follows from multiplying on the left and right by A~%/2. O

35.2 Application: Approximating Fiedler Vectors

Approximately computing eigenvectors of the smallest eigenvalues of matrices, such as Fiedler
vectors, is one application in which approximation in the A-norm is the right thing to do. In
problem [?], we saw that the largest eigenvalue of a matrix can be approximated using the power
method. If we want the smallest eigenvalue, it is natural to use the power method on the inverse
of the matrix.

As we are only going to compute an approximation of the eigenvalue and its corresponding
eigenvector, we might as well use an approximation of the matrix inverse. If Z is an operator that
e-approximates A ™!, then the largest eigenvalue of Z is within 1 + € of the largest eigenvalue of
A~ and the corresponding eigenvector has large Rayleigh quotient with respect to A~!. As we
learned in problem [?], if there is a gap between this and the next eigenvalue, then this vector
makes a small angle with the eigenvector. See [ST14, Section 7] for a more detailed discussion.
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35.3 Optimality in the A-norm

The iterative methods that we consider begin with the vector b, and then perform multiplications
by A and take linear combinations with vectors that have already been produced. So, after ¢
iterations they produce a vector that is in the span of

{b,Ab, A%b,... A'b}.
This subspace is called the t + 1st Krylov subspace generated by A and b.

The Conjugate Gradient will find the vector x; in this subspace that minimizes the error in the
A-norm. It will do so by computing a very useful basis of this subspace. But, before we describe
this basis, let’s examine the error in the A norm.

We have
|z — x|} = ol Az; — 22T Ax; + 27 Az = 2l Az, — 2072, + b .

While we do not know bz, we do know that ||z; — % is minimized when we minimize

1
imtTAmt — bl (35.2)

So, we will work to minimize (35.2).

Let py, ..., p; be a basis of the ¢t + 1st Krylov subspace, and let

t
1=0

We would like to find the coefficients ¢; that minimize (35.2). Expanding x gives
1 WA T t t
pelan—vtni= L (Yon) 4 (Yun) - (Son)

=0 =0 =0

t t
1 1
=3 Z plAp, — Z cibTp; + 3 Z cicjpiTApj.
i=0 i=0 i#]
To simplify the selection of the optimal constants ¢;, the Conjugate Gradient will compute a basis

Py, - - -, Py that makes the rightmost term 0. That is, it will compute a basis such that p;fFApj =0
for all ¢ # j. Such a basis is called an A-orthogonal basis.

When the last term is zero, the objective function becomes

t
1
Z <20z2pzTApi - CibTPz’) .

1=0

So, the terms corresponding to different is do not interact, and we can minimize the sum by
minimizing each term individually. The term
Lo

5Ci p; Ap; — c;b" p,
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is minimized by setting its derivative in ¢; equal to zero, which gives
pri
P?Api

C; =

It remains to describe how we compute this A-orthogonal basis. The algorithm begins by setting

The next vector should be Ap, but A-orthogonalized with respect to p,. That is,

(Apy)" Ap,
pP1=Apy—Po— 7,
1 0 0 p%’Apo
It is immediate that
PgApl =0.

In general, we set
t

Ap TAPi
Py = Ap, — sz%

(35.3)
i—0 p] Ap;

Let’s verify that p, ., is A-orthogonal to p; for 7 < ¢, assuming that p,...,p, are A-orthogonal.
We have

t
Ap TApz‘
pj Ap, 1 =p, AAp, — Zp?Api(Ttll
i=0 Pi APi
(4p,)" Ap;

_ T A2 T
—ijpt_ijpj pTAp,
J J

=0.

The computation of p,,; is greatly simplified by the observation that all but two of the terms in
the sum (35.3) are zero: for i <t —1,

(Ap,)"Ap, = 0.

To see this, note that
(Ap,)" Ap; = p{ A(Ap)),
and that Ap, is in the span of {po, e ,piH}. So, this term will be zero if i + 1 < ¢.

That means that

p — Ap D (Apt)TApt D (Apt)TAptfl
t+1 — t Pt - MPt—1 .
+ p! Ap, Pl Ap,,

So, one can compute p,,, from p, and p, ; while using only a constant number of
multiplications by A and a constant number of vector operations. This means that one can
compute the entire basis py, ..., p; while performing only O(t) multiplications of vectors by A
and O(t) vector operations.
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The computation of x; by

i T
b p.
T=) Pig,

T .
i—0 Pi Ap;
Only requires an additional O(¢) more such operations.

In fact, only ¢t multiplications by A are required to compute pg,...,p; and xi,..., T4 every term
in the expressions for these vectors can be derived from the products Ap,;. Thus, the Conjugate
Gradient algorithm can find the z; in the ¢ + 1st Krylov subspace that minimizes the error in the
A-norm in time O(tn) plus the time required to perform ¢ multiplications by A.

Caution: the algorithm that I have presented here differs from the implemented Conjugate
gradient in that the implemented Conjugate Gradient re-arranges this computation to keep the
norms of the vectors involved reasonably small. Without this adjustment, the algorithm that I've
described will fail in practice as the vectors p; will become too large.

35.4 How Good is CG?

The Conjugate Gradient is at least as good as the Chebyshev iteration, in that it finds a vector of
smaller error in the A-norm in any given number of iterations. The optimality property of the
Conjugate Gradient causes it to perform remarkably well.

For example, one can see that it should never require more than n iterations. The vector x is
always in nth Krylov subspace. Here’s an easy way to see this. Let the distinct eigenvalues of A
be A1,..., ;. Now, consider the polynomial

def [, (i — )
Hf:1 Ai '

You can verify that ¢ is a degree k polynomial such that

q(z)

q(0) =1, and
q(Ai) =0, for all i.

So, CG should be able to find the exact answer to a system in A in k — 1 iterations. I say
“should” because, while this statement is true with infinite precision arithmetic, it doesn’t work
out quite this well in practice.

Ignoring for now issues of finite arithmetic, let’s consider the importance of this for sparse
matrices A. By a sparse matrix, I mean one with at most cn non-zero entries, for some constant
c. That’s not a rigorous definition, but it will help guide our discussion. Multiplication by a
sparse matrix can be done in time O(n). So, CG can solve a system of equations in a sparse
matrix in time O(n?). Note that this is proportional to how long it would take to just write the
inverse of A, and will probably be faster than any algorithm for computing the inverse. On the
other hand, it only provides the solution to one system in A.

For another interesting example, consider the hypercube graph on n vertices. It only has logyn
distinct eigenvalues. So, CG will only need log, n iterations to solve linear systems in the
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Laplacian of the hypercube. While there are other fast algorithms the exploit the special structure
of the hypercube, CG works well when one has a graph that is merely very close to the hypercube.

In general, CG works especially quickly on matrices in which the eigenvalues appear in just a few
clusters, and on matrices in which there are just a few extreme eigenvalues. We will learn more
about this in the next lecture.

35.5 Laplacian Systems, again

This would be a good time to re-examine what we want when our matrix is a Laplacian. The
Laplacian does not have an inverse. Rather, we want a polynomial in the Laplacian that
approximates its pseudo-inverse (which we defined back in Lecture 8). If we were exactly solving
the system of linear equations, we would have found a polynomial p such that

p(L)b ==z,

where b = Lz, so this gives
p(L)Lx = x.

Of course, this is only reasonable if @ is in the span of L. If the underlying graph is connected,
this only happens if @ is orthogonal to the all-1s vector. Of course, L sends constant vectors to
zero. So, we want

p(L)L =TI,

where II is the projection matrix that sends the constant vectors to zero, and acts as an identity
on the vectors that are orthogonal to the constant vectors. Recall that II = %LKn.

Similarly, p gives an e-approximation of the pseudo-inverse if

Ip(L)L - TI|| <e.

35.6 Bounds on the Diameter

Our intuition tells us that if we can quickly solve linear equations in the Laplacian matrix of a
graph by an iterative method, then the graph should have small diameter. We now make that
intuition precise.

If s and t are vertices that are at distance greater than d from each other, then
XsTLdXt = 0.

On the other hand, if L only has k distinct eigenvalues other than 0, then we can form a
polynomial p of degree k — 1 such that

Lp(L) =TI

This allows us to prove the following theorem.
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Theorem 35.6.1. Let G be a connected graph whose Laplacian has at most k distinct eigenvalues
other than 0. Then, the diameter of G is at most k.

Proof. Let d be the diameter of the graph and let s and ¢ be two vertices at distance d from each
other. We have
ellle; = —1/n.

On the other hand, we have just described a polynomial in L with zero constant term, given by
Lp(L), that has degree k and such that
Lp(L) =1I.
If the degree of this polynomial were less than d, we would have
el'Lp(L)e; = 0.

As this is not the case, we have d < k. O

We can similarly obtain bounds on the diameter from approximate pseudo-inverses. If p is a
polynomial such that
Ip(L) L —TI|| <,

then
el (p(L)L —M)e; < ||| [p(L)L — || [ ]| < e.

If s and ¢ are at distance d from each other in the graph, and if the degree of p(L)L has degree
less than d, then
el (p(L)L —M)e; = el (~I)e; = 1/n.

S

This is a contradiction if € < 1/n. So, the polynomials we constructed from Chebyshev
polynomials imply the following theorem of Chung, Faber and Manteuffel [CFM94]

Theorem 35.6.2. Let G = (V, E) be a connected graph, and let Ao < --- < X\, be its Laplacian
eigenvalues. Then, the diameter of G is at most

1 /n
S22 41 2.
(2 A2+>n”



Chapter 36

Preconditioning Laplacians

A preconditioner for a positive semidefinite matrix A is a positive semidefinite matrix B such
that it is easy to solve systems of linear equations in B and the condition number of B~ A is
small. A good preconditioner allows one to quickly solve systems of equations in A.

In this lecture, we will measure the quality of preconditioners in terms of the ratio

r(A,B) ¥ g/a,

where « is the largest number and S is the smallest such that
aB x A <X 8B.

Lemma 36.0.1. Let o and B be as defined above. Then, a and B are the smallest and largest
eigenvalues of B~ A, excluding possible zero eigenvalues corresponding to a common nullspace of
A and B.

We need to exclude the common nullspace when A and B are the Laplacian matrices of
connected graphs. If these matrices have different nullspaces a = 0 or S = oo and the condition
number 3/« is infinite.

Proof of Lemma 36.0.1. We just prove the statement for 3, in the case where neither matrix is
singular. We have
Amaz (BT A) = Aau (B2 AB1/2)

7B 12AB Vg
= max T
x r- T
T
— max 2 Ay)
v y' By
which equals j. O

settting y = B_l/Qa;,

Recall that the eigenvalues of B~' A are the same as those of B~Y/2AB~Y2 and AY2B~1A"Y/2,

287
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36.1 Approximate Solutions

Recall the A-norm:

lz| , = VaT Az = HAl/Q:cH .
We say that z is an e-approximate solution to the problem Az = b if

12—zl <ellzla-

36.2 Iterative Refinement
We will now see how to use a very good preconditioner to solve a system of equations. Let’s
consider a preconditioner B that satisfies

(1-¢) B A< (1+¢)B.

So, all of the eigenvalues of
A1/2B71A1/2 .

have absolute value at most e.

The vector B~1b is a good approximation of « in the A-norm. We have
B~ =], = 4Y2B b - 412

—||a2B 1Az — Al/%H

Al/ZB—lAl/Q(Al/Qx) _ Al/zmH

IN

A2B-141/2 _ IH HA1/2mH

IA

ollarze]

=cllzll4-

Remark: This result crucially depends upon the use of the A-norm. It fails under the Euclidean
norm.

If we want a better solution, we can just compute the residual and solve the problem in the
residual. That is, we set
z; = B~ 'b,

and compute

ri=>b— Az, = Az — x1).
We then use one solve in B to compute a vector x5 such that

(@ —z1) — @2l 4 <ellw—zill4 < lly-
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So, 1 + T2, our new estimate of x, differs from x by at most an €2 factor. Continuing in this
way, we can find an €® approximation of @ after solving k linear systems in B. This procedure is
called iterative refinement.

36.3 Iterative Methods in the Matrix Norm

The iterative methods we studied last class can also be shown to produce good approximate
solutions in the matrix norm. Given a matrix A, these produce e-approximation solutions after ¢
iterations if there is a polynomial g of degree ¢ for which ¢(0) =1 and |g()\;)| < € for all
eigenvalues of A. To see this, recall that we can define p(x) so that ¢(x) =1 — zp(z), and set

& = p(A)b,

to get
|2 — 2[4 = p(A)b —z| 4 = [p(A) Az — x| 4.

As I, A, p(A) and A2 all commute, this equals
HA1/2p(A)Aa; - A1/2a:H - Hp(A)AAl/Qa: - Al/%H

< lp(4)A - 1)| |4

<ellzll4-

36.4 Preconditioned Iterative Methods

Preconditioned iterative methods can be viewed as the extension of Iterative Refinement by
algorithms like Chebyshev iteration and the Preconditioned Conjugate Gradient. These usually
work with condition numbers much larger than 2.

In each iteration of a preconditioned method we will solve a system of equations in B, multiply a
vector by A, and perform a constant number of other vector operations. For this to be
worthwhile, the cost of solving equations in B has to be low.

We begin by seeing how the analysis with polynomials translates. Let A; be the ith eigenvalue of
B7'A. If ¢4(z) = 1 — xp(x) is a polynomial such that |g;()\;)| < € for all 4, then

z: < p,(B~'A)B~'b



CHAPTER 36. PRECONDITIONING LAPLACIANS 290

will be an e-approximate solution to Az = b:

|l — x| 4, = APy — Al/zth
— ||at/2e - Al/th(B‘lA)B_le
— |4'22 — 4'2p(B1 4) B~ Aa

_ || 41724 — A1/2pt(B’1A)B’1A1/2(A1/2:c)H

IN

I-AVp (BT A)BT A |42
We now prod this matrix into a more useful form:
I — A1/2pt(B—1A)B—1A1/2 =7 _pt(Al/QB—lAl/?)Al/QB—lAl/Q — Qt(Al/QB_lAl/Q).

So, we find
lo —@illq < ||a(a 2B~ 41| |[(4"22) | < efla 4

The Preconditioned Conjugate Gradient (PCG) is a magical algorithm that after ¢ steps (each of
which involves solving a system in B, multiplying a vector by A, and performing a constant
number of vector operations) produces the vector x; that minimizes

2 — 2] 4

over all vectors x; that can be written in the form p;(b) for a polynomial of degree at most ¢.
That is, the algorithm finds the best possible solution among all iterative methods of the form we
have described. We first bound the quality of PCG by saying that it is at least as good as
Preconditioned Chebyshev, but it has the advantage of not needing to know o and 5. We will
then find an improved analysis.

36.5 Preconditioning by Trees

Vaidya [Vai90] had the remarkable idea of preconditioning the Laplacian matrix of a graph by the
Laplacian matrix of a subgraph. If H is a subgraph of GG, then

LH < LG?

so all eigenvalues of LI_{1 Lg are at least 1. Thus, we only need to find a subgraph H such that Ly
is easy to invert and such that the largest eigenvalue of L;Il L¢ is not too big.

It is relatively easy to show that linear equations in the Laplacian matrices of trees can be solved
exactly in linear time. One can either do this by finding an LU-factorization with a linear number
of non-zeros, or by viewing the process of solving the linear equation as a dynamic program that
passes up once from the leaves of the tree to a root, and then back down.
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We will now show that a special type of tree, called a low-stretch spanning tree provides a very
good preconditioner. To begin, let T" be a spanning tree of G. Write

LG = Z wu,vLu,v = Z 'wu,v(xu - Xv)(Xu - XU)T'
(u,v)EE (u,v)eE

We will actually consider the trace of L;ng. As the trace is linear, we have

Tr (L7 Le) = Z Wy Tr (L3 Loy )
(u,v)EE

= Z wu,vTr (Ljil(Xu - Xv)(Xu - X’U)T)
(uv)EE

= > wuTr (= x0) L7 (xu — x0))
(u,v)EE

= Z vaU(XU - Xv)TL;l(Xu - XU)'
(u,v)EE

To evaluate this last term, we need to know the value of (X, — Xu)” L7 (Xu — Xo)- You already
know something about it: it is the effective resistance in 1" between u and v. In a tree, this equals
the distance in T" between u and v, when we view the length of an edge as the reciprocal of its
weight. This is because it is the resistance of a path of resistors in series. Let T'(u,v) denote the
path in 7" from u to v, and let wy, ..., w, denote the weights of the edges on this path. As we
view the weight of an edge as the reciprocal of its length,
Ty—1 1
(= X) " L7 (0w = X0) = D e (36.1)
i=1
Even better, the term (36.1) is something that has been well-studied. It was defined by Alon,
Karp, Peleg and West [AKPW95] to be the stretch of the unweighted edge (u,v) with respect to
the tree T. Moreover, the stretch of the edge (u,v) with weight w,, , with respect to the tree T is
defined to be exactly

i
w il
W
=1
where again wi, ..., wy are the weights on the edges of the unique path in T from u to v. A
sequence of works, begining with [AKPW95], has shown that every graph G has a spanning tree

in which the sum of the stretches of the edges is low. The best result so far is due to [AN12], who
prove the following theorem.

Theorem 36.5.1. FEvery weighted graph G has a spanning tree subgraph T such that the sum of
the stretches of all edges of G with respect to T is at most

O(mlognloglogn),

where m is the number of edges G. Moreover, one can compute this tree in time
O(mlognloglogn).
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Thus, if we choose a low-stretch spanning tree T', we will ensure that

Tr (L' Le) = ) wun(Xu — Xo) L7 (X — Xu) < O(mlognloglogn).
(u,v)EE

In particular, this tells us that Ayaq (L7 Lg) is at most O(mlognloglogn), and so the
Preconditioned Conjugate Gradient will require at most O(m'/2logn) iterations, each of which
requires one multiplication by Lg and one linear solve in L. This gives an algorithm that runs in
time O(m>/?lognlog1/e), which is much lower than the O(n3) of Gaussian elimination when m,
the number of edges in G, is small.

This result is due to Boman and Hendrickson [BHO1].

36.6 Improving the Bound on the Running Time

We can show that the Preconditioned Conjugate Gradient will actually run in closer to O(ml/ 3)
iterations. Since the trace is the sum of the eigenvalues, we know that for every g > 0, L;ILG has
at most

Tr (L7'Le) /B

eigenvalues that are larger than (.

To exploit this fact, we use the following lemma. It basically says that we can ignore the largest
eigenvalues of B~ A if we are willing to spend one iteration for each.

Lemma 36.6.1. Let A\1,..., )\, be positive numbers such that all of them are at least o and at
most k of them are more than 3. Then, for every t > k, there exists a polynomial p(X) of degree t

such that p(0) =1 and
5 —(t—Fk)
PN <21+ —F—= ;
Bla

for all ;.

Proof. Let r(X) be the polynomial we constructed using Chebyshev polynomials of degree t — k

for which
9 —(t—k)
r(X)| <214+ — ,
Bla

for all X between v and 5. Now, set
p(X)=r(X) JT 0 =x/2).
A >0
This new polynomial is zero at every \; greater than 3, and for X between « and 8
p(X)| = r(OI [T 11 = X/2)] < Ir(X)],
A >0

as we always have X < \; in the product. O
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Applying this lemma to the analysis of the Preconditioned Conjugate Gradient, with
68 ="Tr (L;ng)z/ and k = Tr (L;ng) Y 3, we find that the algorithm produces e-approximate
solutions within

O(Tr (L7 L) In(1/€)) = O(m /3 log n1n 1/e)
iterations.

This result is due to Spielman and Woo [SW09].

36.7 Further Improvements

We now have three families of algorithms for solving systems of equations in Laplaican matrices
in nearly-linear time.

e By subgraph preconditioners. These basically work by adding back edges to the low-stretch
trees. The resulting systems can no longer be solved directly in linear time. Instead, we use
Gaussian elimination to eliminate the degree 1 and 2 vertices to reduce to a smaller system,
and then solve that system recursively. The first nearly linear time algorithm of this form
ran in time O(mlog®nlog1/e), for some constant ¢ [ST14]. An approach of this form was
first made practical (and much simpler) by Koutis, Miller, and Peng [KMP11]. The
asymptotically fastest method also works this way. It runs in time
O(mlog? mlog®lognlog1/e), [CKM*14] (Cohen, Kyng, Miller, Pachocki, Peng, Rao, Xu).

e By sparsification (see my notes from Lecture 19 from 2015). These algorithms work rather
differently, and do not exploit low-stretch spanning trees. They appear in the papers
[PS14, KLP*16].

e Accelerating Gaussian elimination by random sampling, by Kyng and Sachdeva [KS16].
This is the most elegant of the algorithms. While the running time of the algorithms,
O(mlog® nlog1/e) is not the asymptotically best, the algorithm is so simple that it is the
best in practice. An optimized implementation appears in the package Laplacian. jl.

There are other algorithms that are often fast in practice, but for which we have no theoretical
analysis. I suggest the Algebraic Multigrid of Livne and Brandt, and the Combinatorial Multigrid
of Yiannis Koutis.

36.8 Questions

I conjecture that it is possible to construct spanning trees of even lower stretch. Does every graph
have a spanning tree of average stretch 2log, n? I do not see any reason this should not be true. 1
also believe that this should be achievable by a practical algorithm. The best code that I know for
computing low-stretch spanning trees, and which I implemented in Laplacians. j1, is a heuristic
based on the algorithm of Alon, Karp, Peleg and West. However, I do not know an analysis of
their algorithm that gives stretch better than O(m2\/m). The theoretically better low-stretch
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trees of Abraham and Neiman are obtained by improving constructions of [EEST08, ABN0S|.
However, they seem too complicated to be practical.

The eigenvalues of L;II Lg are called generalized eigenvalues. The relation between generalized
eigenvalues and stretch is the first result of which I am aware that establishes a combinatorial
interpretation of generalized eigenvalues. Can you find any others?



Chapter 37

Augmented Spanning Tree
Preconditioners

This Chapter Needs Editing

The first algorithms that solved Laplacian systems in nearly linear time used augmented spanning
tree preconditioners. These are formed by adding edges of G back to a spanning tree of G. Vaidya
[Vaio0] first suggested doing this with maximum spanning trees. The first nearly linear time
solvers were developed by Spielman and Teng [ST14] by augmenting low stretch spanning trees.
The elegant algorithm described in this chapter is from two papers by Koutis, Miller, and Peng
[KMP10, KMP11]. It solves systems to € accuracy in time 6(m lognloge1).

Using the Iterative Refinement algorithm from the previous chapter, we know that it suffices to
show this with any constant ¢ < 1. You should assume throughout this chapter that € is some
absolute constant like 1/20.

I recall that O is like O-notation, but it hides low order logarithmic terms. That is, when we
write f(n) < O(g(n)), we mean that there is a constant ¢ such that f(n) < O(g(n)log®g(n)). For
example, in this notation we can say that every graph G has a spanning tree T' of average stretch
5(log n). In this Chapter we will want to specify that many statements are true given some
choice of constants c. For this purpose, we will often let ¢ be a constant, but not the same
constant, where it appears throughout the chapter. We do this instead of using O-notation, as it

simplifies making the constants explicit later.

37.1 Recursion

Let H be obtained by adding a few edges back to a spanning tree T' of G. As a large fraction of
the vertices of T' will have degree 1 or 2, the same is true of H. We can eliminate these degree 1

295
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and 2 vertices to obtain a Schur complement H and an upper triangular matrix' U such that

I 0
T
o (L 2o

This means that we can solve a system of equations in Lz by solving systems in U7, Lz, and U.
As elimination of a degree 1 vertex only decreases the degree of its neighbor and the elimination
of a degree 2 vertex does not change the degrees of its neighbors, the matrix U has at most 2n
nonzero entries. As U is upper triangular, systems in U and U’ can be solved in time
proportional to their number of nonzero entries, O(n). This inspires a recursive algorithm for
solving equations in Lg: we construct a good preconditioner H with many degree 1 and 2
vertices, and then solve systems in Ly by approximately solving in L.

We now explore this idea in a little more detail. First observe that because we are applying a
recursive algorithm, we will not solve systems in Ly exactly. Rather, we will be applying an
algorithm to approximately solve these systems. The one guarantee we make about this algorithm
is that it acts as a linear operator. That is, the action of this algorithm corresponds to
multiplication by some matrix Z that we never construct. But, we know that for some ¢

(1-eZ"xLz<x(1+eZ".

This immediately implies that

(1—e)UT<é Z0+)U< UT<£ LOE)U<(1+6)UT<£ ZO+> U.

Thus, we can obtain e-approximate solutions to systems in Ly by solving a system in U,
applying Z, and solving a system in U .

M=U" <£ Z°+> U.

Define

This will imply that x(Lg, M) is at most ((1+¢€)/(1 — €))x(Lq, Li), which will be just a little
more than k(L¢, Lg) and thus fine for our purposes.

Lemma 37.1.1. Let T be a tree on n vertices. Then, more than half the vertices of T have degree
1 or 2.

Proof. The number of edges in T" is n — 1, so the average degree of vertices in T is less than 2.
Thus T must contain at least one degree 1 vertex for every vertex of degree at least 3. The other
vertices have degree 2. O

We learned last lecture that if we keep eliminating degree 1 vertices from trees, then we will
eventually eliminate all the vertices. An analogous fast is true for a graph that equals a tree plus
k edges.

Whether this matrix is actually upper triangular depends on the ordering of the vertices. We assume, without
loss of generality, that the vertices are ordered so that the matrix is upper triangular.
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Lemma 37.1.2. Let H be a tree on n vertices plus k edges. If we eliminate degree 1 and 2
vertices of the tree that do not touch the extra k edges until none remain, we will be left with at
most 4k vertices and 5k edges.

Proof. If we eliminate a degree 1 or 2 vertex of the tree that does not touch one of the extra k

edges, we will obtain a graph that looks like a tree on one fewer vertex, plus k edges. As a tree on
4k vertices must have at least 2k + 1 vertices of degree 1 or 2, at least one of these does not touch
one of the extra k edges, and so can be eliminated. O

37.2 Heavy Trees

Koutis, Miller, and Peng observe that we do not necessarily have to produce a subgraph H of G
that looks like a tree plus a few edges. All we really need is for H to have many fewer edges than
G. This still leaves the question of how we will find such an H that is a good approximation of G.
The trick is to use a variant of the random-sampling based approach of Chapter 32. But, we
avoid the cost of computing effective resistances of edges by estimating them by their stretches, at
the cost of a worse approximation.

We begin by formally stating the result of that chapter for graphs.

Theorem 37.2.1. Let G = (V, E,w) be a graph, let € > 0, and for every edge (a,b) and let

Pap € (0,1] satisfy

41
Da,b > min <1> %wa,bReﬁG(av b)) .

Form the random graph H = (V, F,u) by setting for every edge independently

Wap/Pap With probability pa.p
u =
o 0 with probability 1 — pap.

Then there exists a constant ¢ so that with probability at least 1 —n~¢, H is an € approximation of
G and the number of edges in H is at most 2 Z(Lb Dab-

Lemma 37.2.2. For every weighted graph G = (V, E,w), spanning tree T = (V, F,w) of G, and
a,b eV, Reffg(a,b) < Stretchr(a,b).

Proof. Rayleigh’s Monotonicity Theorem tells us that Reff¢(a,b) < Reffr(a,b), and this latter
term equals Stretchr(a,b). O

The problem with sampling edges with probability proportional to their effective resistance, or
stretches, is that this will produce too many edges. Koutis, Miller, and Peng solve this problem
by multiplicatively increasing the weights of the edges in a low-stretch spanning tree of G. Define

G=G+(s—1T.

That is, G is the same as G, but every edge in the tree T has its weight multiplied by s.
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Thus, for (a,b) not in the tree,
Reff 5 (a,b) < Reffsr(a,b) < (1/s)Stretchr(a, b).
For every edge (a,b)inT we set p,;, = 1 and for every edge (a,b) € T, we set

41
Pa,p > Min (1, #wa,bStretchT(a, b)) .
se

Define o to be the average stretch of edges of G with respect to 7"

o = (1/m)Stretchr(G) = (1/m) Z wq pStretchr(a, b),
(a,b)eE

and recall that o < 5(log n). If we now form H by including edge (a, b) with probability p, p,
then Theorem 37.2.1 tells us that with high probability H is an € approximation of G and that
the number of edges of H that are not in T is at most

4dmolnn
Z Pap < T2
(a,b)gT

So, by making s a little more than some constant times o Inn, we can make sure that the number
of edges of H not in T is less than the number of edges of G not in 7.

But, we need to solve systems in G, not G. To this end, we use the following multiplicative
property of condition numbers.

Claim 37.2.3.
k(Lg, Ly) < k(Lg, Lg)s(Lg, L)

As G differs from G by having the weights of some edges multiplied by s, x(Lg, Lg) < s. Thus,
we will have x(L¢g, Ly) < s(1+¢€)/(1 —¢€), and to get € accurate solutions to systems in Lg we

will need to solve some constant times x(Lg, LH)l/ 2 systems in L. As we are going to keep €

constant, this will be around s'/2.

To make an efficient algorithm for solving systems in G out of an algorithm for solving systems in
H , it would be easiest if the cost of the solves in H is less than the cost of a multiply by G. As we
will solve the system in H around s'/2 times, it seems natural to ensure that the number of edges
of H that are not in T is at most the number of edges in G divide by s'/2. That is, we want

dmolnn
gl22mo mn <
s€2
which requires

s> c(olnn)?,

for some constant c. We will now show that such a choice of ¢ yields an algorithm for solving
linear equations in L¢g to constant accuracy in time O(m log? n).



CHAPTER 37. AUGMENTED SPANNING TREE PRECONDITIONERS 299

We now describe the recursion. Let Gy = G, the input graph. We will eventually solve systems in
G; by recursively solving systems in G;11. Each system G; 1 will have fewer edges than G;, and
thus we can use a brute force solve when the system becomes small enough. We will bound the
running time of solvers for systems in G; in terms of the number of edges that are not in their
spanning trees. We denote this by o, = m; — (n; — 1). There is some issue with og, so let’s assume
without much loss of generality that G does not have any degree 1 or 2 vertices, and thus the

0g = No.

Form él by multiplying a low-stretch spanning tree of G by s, and use random sampling to
produce H;. We know that the number of off-tree edges in H; is at most a 1/(co Inn) fraction of
the number of off-tree edges in G;. If the number of off-tree edges in H; is less than n;/4, then we
know that after eliminating degree 1 and 2 vertices we will be left with a graph having at most
4n; vertices and 5n; edges. We let G;11 be this graph. If this number off of-tree edges in H; is
more than n;/4, then we just set G;11 = H;.

In this way, we ensure that 0,11 < 0;/(colnn). We can now prove by backwards induction on i
that the time required to solve systems of equations in L¢; is at most O(o;0lnn). A solve in G;
to constant accuracy requires performing O(sl/ 2) solves in G4 and as many multiplies by Lg,.
By induction we know that this takes time at most

O(s'/? (01 + 010 Inn)) < O(s'/? (20)) < Ofoyo lnn).

37.3 Saving a log



Chapter 38

Fast Laplacian Solvers by
Sparsification

This Chapter Needs Editing

38.1 Overview

We will see how sparsification allows us to solve systems of linear equations in Laplacian matrices
and their sub-matrices in nearly linear time. By “nearly-linear”, I mean time
O(mlogf(nk—1)loge™!) for systems with m nonzero entries, n dimensions, condition number .
and accuracy €.

This algorithm comes from [PS14].

38.2 Today’s notion of approximation

In today’s lecture, I will find it convenient to define matrix approximations slightly differently
from previous lectures. Today, I define A ~. B to mean

e ‘A< B<eA.

Note that this relation is symmetric in A and B, and that for € small e = 1 + €.

The advantage of this definition is that

A=, B and B~=gC implies A=,.3C.

300
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38.3 The Idea

I begin by describing the idea behind the algorithm. This idea won’t quite work. But, we will see
how to turn it into one that does.

We will work with matrices that look like M = L + X where L is a Laplacian and X is a
non-zero, non-negative diagonal matrix. Such matrices are called M-matrices. A symmetric
M-matriz is a matrix M with nonpositive off-diagonal entries such that M1 is nonnegative and
nonzero. We have encountered M-matrices before without naming them. If G = (V| F) is a graph,
S C V, and G(9) is connected, then the submatrix of Lg indexed by rows and columns in S is an
M-matrix. Algorithmically, the problems of solving systems of equations in Laplacians and
symmetric M-matrices are equivalent.

The sparsification results that we learned for Laplacians translate over to M-matrices. Every
M-matrix M can be written in the form X + L where L is a Laplacian and X is a nonnegative
diagonal matrix. If L ~, L, then it is easy to show (too easy for homework) that

X+ L~ X+L

In Lecture 7, Lemma 7.3.1, we proved that if X has at least one nonzero entry and if L is
connected, then X + L is nonsingular. We write such a matrix in the form M = D — A where D
is positive diagonal and A is nonnegative, and note that its being nonsingular and positive
semidefinite implies

D-A-0 < DA (38.1)

Using the Perron-Frobenius theorem, one can also show that

D~ —A. (38.2)

Multiplying M by D~Y/2 on either side, we obtain
I-D'2AD™ Y2

Define
B = D71/2AD71/27

and note that inequalities (38.1) and (38.2) imply that all eigenvalues of B have absolute value
strictly less than 1.

It suffices to figure out how to solve systems of equations in I — B. One way to do this is to
exploit the power series expansion:

(I-B)'=I+B+B?>+B>+---

However, this series might need many terms to converge. We can figure out how many. If the
largest eigenvalue of B is (1 — k) < 1, then we need at least 1/« terms.

We can write a series with fewer terms if we express it as a product instead of as a sum:

S B =T]+ BY).

i>0 j>1
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To see why this works, look at the first few terms

(I+B)(I+B*(I+B")=(I+B+B*+B*(I+B")=(I+B+B*+B*+B*(I+B+B*+B%).

We only need O(log x~!) terms of this product to obtain a good approximation of (I — B)™!.
The obstacle to quickly applying a series like this is that the matrices I + B? are probably dense.
We know how to solve this problem: we can sparsify them! I'm not saying that flippantly. We
actually do know how to sparsify matrices of this form.

But, simply sparsifying the matrices I + B? does not solve our problem because approximation
is not preserved by products. That is, even if A ~. A and B ~. B, AB could be a very poor
approximation of AB. In fact, since the product AB is not necessarily symmetric, we haven’t
even defined what it would mean for it to approximate A B.

38.4 A symmetric expansion

We will now derive a way of expanding (I — B)~! that is amenable to approximation. We begin
with an alternate derivation of the series we saw before. Note that

(I - B)(I + B) = (I — B?),

and so
(I-B)=(I-B*(I+B)™

Taking the inverse of both sides gives

(I-B)'=(I+B)I-B*)"
We can then apply the same expansion to (I — B2)_1 to obtain

(I -B)!=(I+B)I+B*(I-B)"
What we need is a symmetric expansion. We use
1 1
(I-B)™'= 5I+§(I+B)(I—B2)*1(I+B). (38.3)
We will verify this by multiplying the right hand side by (I — B):
(I+B)(I-B)'I+BI-B)=(I+B)(I-B>»Y1-B*=1+B;

SO
1

[I+(I+B)(I-B>)'I+B)](I-B)=-[I-B)+(I+B)|=1

N =
DO |

This expression for (I — B)~! plays nicely with matrix approximations. If
M, =, (I - B?),
then you can show

(I - B) '~ % [I+(I+B)M;Y(I+B).

If we can apply M 1_1 quickly and if B is sparse, then we can quickly approximate (I — B)~!. You
may now be wondering how we will construct such an M. The answer, in short, is “recursively”.
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385 D and A

Unfortunately, we are going to need to stop writing matrices in terms of I and B, and return to
writing them in terms of D and A. The reason this is unfortunate is that it makes for longer
expressions.

The analog of (38.3) is

(D-A)'=-[D'+(I+D'A)(D-AD'A)"(I+AD™)]. (38.4)

1
2
In order to be able to work with this expression inductively, we need to check that the middle

matrix is an M-matrix.

Lemma 38.5.1. If D is a diagonal matriz and A is a nonnegative matriz so that M = D — A is

an M-matriz, then
M,=D-AD'A

1s also an M-matrix.

Proof. As the off-diagonal entries of this matrix are symmetric and nonpositive, it suffices to
prove that M1 > 0 and M1 # 0. To compute the row sums set

d=D1 and a= A1,
and note that d —a > 0 and d — a # 0. For M, we have
(D-AD'A)1=d-AD 'a>d—-Al=d —a,

which is nonnegative and not exactly zero. O
We will apply transformation like this many times during our algorithm. To keep track of
progress, I say that (D, A) is an («a, 8)-pair if

a. D is positive diagonal,

b. A is nonnegative (and can have diagonal entries), and

c. aD = A and gD = —A.
For our initial matrix M = D — A, we know that there is some number x > 0 for which (D, A) is
a (1 —k,1— k)-pair.

At the end of our recursion we will seek a (1/4,1/4)-pair. When we have such a pair, we can just
approximate D — A by D.

Lemma 38.5.2. If M =D — A and (D, A) is a (1/4,1/4)-pair, then
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Proof. We have
M=D-A<(1+1/4)D < /D,

and
M=D-A3%D-(1/4)D=(3/4)D» ¢ /D,

Lemma 38.5.3. If (D, A) is an (o, a)-pair, then (D, AD™'A) is an (o?,0)-pair.

Proof. From Lecture 14, Lemma 3.1, we know that the condition of the lemma is equivalent to
the assertion that all eigenvalues of D ™! A have absolute value at most «, and that the conclusion
is equivalent to the assertion that all eigenvalues of D~'AD ™! A lie between 0 and o, which is
immediate as they are the squares of the eigenvalues of D' A. O

So, if we start with matrices D and A that are a (1 — k, 1 — k)-pair, then after applying this
transformation approximately log x~! + 2 times we obtain a (1/4,0)-pair. But, the matrices in
this pair could be dense. To keep them sparse, we need to figure out how approximating D — A
degrades its quality.

Lemma 38.5.4. Ife <1/3,

a. (D, A) is a(1—k,0) pair,

b. D—A~.D— A, and

~

c. D=.D,
then D — A is an (1 — ke™2¢, 3¢)-pair-

Proof. First observe that

Then, compute

For the other side, compute

For € < 1/3, 3¢ > €% — 1, so
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It remains to confirm that sparsification satisfies the requirements of this lemma. The reason this
might not be obvious is that we allow A to have nonnegative diagonal elements. While this does

not interfere with condition b, you might be concerned that it would interfere with condition c. It
need not.

Let C be the diagonal of A, and let L be the Laplacian of the graph with adjacency matrix

A — C, and set X sothat X + L= D — A. Let L be a sparse e-approximation of L. By
computing the quadratic form in elementary unit vectors, you can check that the diagonals of L
and L approximate each other. If we now write L = D — A, where A has zero diagonal, and set

D=D+C and A=A+C
You can now check that D and A satisfy the requirements of Lemma 38.5.4.

You might wonder why we bother to keep diagonal elements in a matrix like A. It seems simpler
to get rid of them. However, we want (D, A) to be an («, 3) pair, and removing subtracting C
from both of them would make 5 worse. This might not matter too much as we have good control
over 8. But, I don’t yet see a nice way to carry out a proof that exploits this.

38.6 Sketch of the construction

We begin with an M-matrix My = Dg— Ap. Since this matrix is nonsingular, there is a kg > 0 so
that (Dg, Ap) is a (1 — ko, 1 — Kg) pair.

We now know that the matrix
Dy — A¢D;' Ay

is an M-matrix and that (Do, AgDy ' Ao) is a ((1 — ko)?,0)-pair. Define ;1 so that
l—-rk1=(1- /1)(2), and note that k1 is approximately 2xg9. Lemma 38.5.4 and the discussion
following it tells us that there is a (1 — x1e~2¢, 3¢)-pair (D1, A1) so that

Dy — Ay ~. Dy — AyDy' Ay
and so that A; has O(n/e?) nonzero entries.
Continuing inductively for some number k steps, we find (1 — k;, 3¢) pairs (D;, A;) so that
M;=D; - A,
has O(n/e?) nonzero entries, and
M;~.D;— A;_1D " A;_4.

For the 7 such that k; is small, k41 is approximately twice ;. So, for k = 2+ log, 1/k and € close
to zero, we can guarantee that (Dy, Ag) is a (1/4,1/4) pair.

We now see how this construction allows us to approximately solve systems of equations in
Dy — Ay, and how we must set € for it to work. For every 0 < i < k, we have

—_

(DZ-—AZ-)*%D;l%(I+D;1Ai)(Di—AiDi—lAi)*l(HAiD;l)~ D.—l%(I+D;1A,-)(Di+1—Ai+1)*1(I+Ai

N€§ i



CHAPTER 38. FAST LAPLACIAN SOLVERS BY SPARSIFICATION 306

and
(D — Ap) " ~y3 D

By substituting through each of these approximations, we obtain solutions to systems of
equations in Dy — Ag with accuracy 1/3 + ke. So, we should set ke = 1/3, and thus

e=1/(2+1ogy k).

The dominant cost of the resulting algorithm will be the multiplication of vectors by 2k matrices
of O(n/e?) entries, with a total cost of

O(n(logy(1/x))?).

38.7 Making the construction efficient

In the above construction, I just assumed that appropriate sparsifiers exist, rather than
constructing them efficiently. To construct them efficiently, we need two ideas. The first is that
we need to be able to quickly approximate effective resistances so that we can use the sampling
algorithm from Lecture 17.

The second is to observe that we do not actually want to form the matrix AD ™A before
sparsifying it, as that could take too long. Instead, we express it as a product of cliques that have
succinct descriptions, and we form the sum of approximations of each of those.

38.8 Improvements

The fastest known algorithms for solving systems of equations run in time O(m+/lognloge™1)
[CKM™14]. The algorithm I have presented here can be substantially improved by combining it
with Cholesky factorization. This both gives an efficient parallel algorithm, and proves the
existence of an approximate inverse for every M-matrix that has a linear number of nonzeros

[LPS15).



Chapter 39

Testing Isomorphism of Graphs with
Distinct Eigenvalues

This Chapter Needs Editing

39.1 Introduction

I will present an algorithm of Leighton and Miller [LM82] for testing isomorphism of graphs in
which all eigenvalues have multiplicity 1. This algorithm was never published, as the results were
technically subsumed by those in a paper of Babai, Grigoriev and Mount [BGMS82], which gave a
polynomial time algorithm for testing isomorphism of graphs in which all eigenvalues have
multiplicity bounded by a constant.

I present the weaker result in the interest of simplicity.

Testing isomorphism of graphs is a notorious problem. Until very recently, the fastest-known
algorithm for it took time time 2V (198" (See [Bab81, BL83, ZKT85]). Babai [Bab16] recently
announced a breakthrough that reduces the complexity to 2(1°8 n) o

However, testing graph isomorphism seems easy in almost all practical instances. Today’s lecture
and one next week will give you some idea as to why.

39.2 Graph Isomorphism

Recall that two graphs G = (V, E) and H = (V, F') are isomorphic if there exists a permutation 7
of V such that
(a,b) € E < (7w(a), (b)) € F.

Of course, we can express this relation in terms of matrices associated with the graphs. It doesn’t
matter much which matrices we use. So for this lecture we will use the adjacency matrices.

307
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Every permutation may be realized by a permutation matriz. For the permutation 7, this is the
matrix IT with entries given by
1 ifn(a)=0
(a,b) - -
0 otherwise.
For a vector 1, we see' that

(1) (a) = (7 (a)).

Let A be the adjacency matrix of G and let B be the adjacency matrix of H. We see that G' and
H are isomorphic if and only if there exists a permutation matrix IT such that

mAI” = B.

39.3 Using Eigenvalues and Eigenvectors

If G and H are isomorphic, then A and B must have the same eigenvalues. However, there are
many pairs of graphs that are non-isomorphic but which have the same eigenvalues. We will see
some tricky ones next lecture. But, for now, we note that if A and B have different eigenvalues,
then we know that the corresponding graphs are non-isomorphic, and we don’t have to worry
about them.

For the rest of this lecture, we will assume that A and B have the same eigenvalues, and that
each of these eigenvalues has multiplicity 1. We will begin our study of this situation by
considering some cases in which testing isomorphism is easy.

Recall that we can write
A=TADT

where A is the diagonal matrix of eigenvalues of A and W is an orthonormal matrix holding its
eigenvectors. If B has the same eigenvalues, we can write

B=®AT.
If IT is the matrix of an isomorphism from G to H, then
MPAP TIT = AT,

As each entry of A is distinct, this looks like it would imply IT® = ®. But, the eigenvectors
(columns of ® and W) are only determined up to sign. So, it just implies

v = &S,

where S is a diagonal matrix with £1 entries on its diagonal.

'T hope I got that right. It’s very easy to confuse the permutation and its inverse.
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Lemma 39.3.1. Let A = WAY” and B = ®APT where A is a diagonal matriz with distinct
entries and ¥ and ® are orthogonal matrices. A permutation matriz II satisfies ILATIY = B if
and only if there exists a diagonal £1 matriz S for which

IIv =&8S.

Proof. Let 1¢4,...,%, be the columns of ¥ and let ¢,..., @, be the columns of ®. Assuming
there is a IT for which ITIAII” = B,

n

AR = pne! = S (M)A (i),
=1

i=1
which implies that for all ¢
¢z¢? = (H"»[’i)(ﬂ"»bi)T'
This in turn implies that
¢; = =11y,

To go the other direction, assume II¥ = & 5. Then,
MAII? = IPAY I = $SASPT = PASSPT = PADT = B,

as S and A are diagonal and thus commute, and S? = I. O

Our algorithm for testing isomorphism will determine all such matrices S. Let S be the set of all
diagonal £1 matrices. We will find diagonal matrices S € S such that the set of rows of ®5 is
the same as the set of rows of . As the rows of ¥ are indexed by vertices a € V', we will write
the row indexed by a as the row-vector

def
Vg = ('ﬁbl(a)7 tee 'wn(a))
Similarly denote the rows of ® by vectors u,. In this notation, we are searching for matrices
S € S for which the set of vectors {va},cy is identical to the set of vectors {uqS} We have
thus transformed the graph isomorphism problem into a problem about vectors:

aeV

39.4 An easy case

I will say that an eigenvector 1, is helpful if for all a # b € V, |1p;(a)| # |¢;(b)|. In this case, it is
very easy to test if G and H are isomorphic, because this helpful vector gives us a canonical name
for every vertex. If IT is an isomorphism from G to H, then ITy; must be an eigenvector of B. In
fact, is must be +¢,. If the sets of absolute values of entries of 1; and ¢, are the same, then we

may find the permutation that maps A to B by mapping every vertex a to the vertex b for which

[$i(a)] = |@;(b)].

The reason that I put absolute values in the definition of helpful, rather than just taking values, is
that eigenvectors are only determined up to sign. On the other hand, a single eigenvector
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determines the isomorphism if 9, (a) # 1p,;(b) for all a # b and there is a canonical way to choose a
sign for the vector v,. For example, if the sum of the entries in 1; is not zero, we can choose its
sign to make the sum positive. In fact, unless 1, and —p,; have exactly the same set of values,
there is a canonical choice of the sign for this vector.

Even if there is no canonical choice of sign for this vector, it leaves at most two choices for the
isomorphism.

39.5 All the Automorphisms

The graph isomorphism problem is complicated by the fact that there can be many isomorphisms
from one graph to another. So, any algorithm for finding isomorphisms must be able to find many
of them.

Recall that an automorphism of a graph is an isomorphism from the graph to itself. These form a
group which we denote aut(G): if IT and T' are automorphisms of A then so is IIT". Let AC S
denote the corresponding set of diagonal +1 matrices. The set A is in fact a group and is
isomorphic to aut(G).

Here is a way to make this isomorphism very concrete: Lemma 39.3.1 implies that the
IT € aut(G) and the S € A are related by

II=vSP" and S=9'TIV.

As diagonal matrices commute, we have that for every IT; and I in aut(G) and for
S, =TI W and Sy = T, P,

ILIL =98, ¢705, 97 =95,5,9" =vS5,8,¢7 = 0S5, v"ws, ¢! = 11,I1;.

Thus, the automorphism group of a graph with distinct eigenvalues is commutative, and it is
isomorphic to a subgroup of S.

It might be easier to think about these subgroups by realizing that they are isomorphic to
subspaces of (Z/2Z)". Let f:S — (Z/2Z)" be the function that maps the group of diagonal
matrices with £1 entries to vectors £ modulo 2 by setting (i) so that S(i,i) = (—1)*?). You
should check that this is a group homomorphism: f(S1S82) = f(S1) + f(S2). You should also
confirm that f is invertible.

For today’s lecture, we will focus on the problem of finding the group of automorphisms of a
graph with distinct eigenvalues. We will probably save the slight extension to finding
isomorphisms for homework. Note that we will not try to list all the isomorphisms, as there could
be many. Rather, we will give a basis of the corresponding subspace of (Z/2Z)".

39.6 Equivalence Classes of Vertices

Recall that the orbit of an element under the action of a group is the set of elements to which it is
mapped by the elements of the group. Concretely, the orbit of a vertex a in the graph is the set of
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vertices to which it can be mapped by automorphisms. We will discover the orbits by realizing
that the orbit of a vertex a is the set of b for which v,S = v} for some S € A.

The set of orbits of vertices forms a partition of the vertices. We say that a partition of the
vertices is wvalid if every orbit is contained entirely within one set in the partition. That is, each
class of the partition is a union of orbits. Our algorithm will proceed by constructing a valid
partition of the vertices and then splitting classes in the partition until each is exactly an orbit.

Recall that a set is stabilized by a group if the set is unchanged when the group acts on all of its
members. We will say that a group G C S stabilizes a set of vertices C' if it stabilizes the set of
vectors {v,},cc- Thus, A is the group that stabilizes V.

An orbit is stabilized by A, and so are unions of orbits and thus classes of valid partitions. We
would like to construct the subgroup of S that stabilizes each orbit Cj. However, I do not yet see
how to do that directly. Instead, we will construct a particular valid partition of the vertices, and
find for each class in the partition C; the subgroup of A; C S that stabilizes C}, where here we
are considering the actions of matrices § € S on vectors v,. In fact, A; will act transitively” on
the class C;. As A stabilizes every orbit, and thus every union of orbits, it is a subgroup of A;. In
fact, A is exactly the intersection of all the groups A;.

We now observe that we can use linear algebra to efficiently construct A from the groups A; by
exploiting the isomorphism between S and (Z/2)". Each subgroup A; is isomorphic to a
subgroup of (Z/2)™. Each subgroup of (Z/2)" is precisely a vector space modulo 2, and thus may
be described by a basis. It will eventually become clear that by “compute .4;” we mean to
compute such a basis. From the basis, we may compute a basis of the nullspace. The subgroup of
(Z/2)"™ corresponding to A is then the nullspace of the span of the nullspaces of the subspaces
corresponding to the A;. We can compute all these using Gaussian elimination.

39.7 The first partition

We may begin by dividing vertices according to the absolute values of their entries in
eigenvectors. That is, if |¢;(a)| # |4,;(b)| for some i, then we may place vertices a and b in
different classes, as there can be no S € S for which v,S = v;. The partition that we obtain this
way is thus valid, and is the starting point of our algorithm.

39.8 Unbalanced vectors

We say that an eigenvector 1, is unbalanced if there is some value x for which

{a:i(a) =z} # {a: ;(a) = —z}].

Such vectors cannot change sign in an automorphism. That is, S(7,7) must equal 1. The reason is
that an automorphism with S(i,7) = —1 must induce a bijection between the two sets above, but
this is impossible if their sizes are different.

2That is, for every a and b in Cj, there is an § € A; for which v, 8 = by.
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Thus, an unbalanced vector tells us that all vertices for which 1,;(a) = = are in different orbits
from those for which ;(a) = —x. This lets us refine classes.

We now extend this idea in two ways. First, we say that ; is unbalanced on a class C' if there is
some value x for which

o€ C:9y(a) =z} # {a € C:pi(a) = —a}].

By the same reasoning, we can infer that the sign of S(i,7) must be fixed to 1. Assuming, as will
be the case, that C' is a class in a valid partition and thus a union of orbits, we are now able to
split C' into two smaller classes

Co={acC:¢;(a)=x} and Ci={aecC:9¢;(a)=—z}.

The partition we obtain by splitting C' into C; and Cs is thus also valid. Of course, it is only
useful if both sets are non-empty.

Finally, we consider vectors formed from products of eigenvectors. For R C {1,...,n}, define ¢ p
to be the component-wise product of the 1; for i € R:

Yr(a) = H Yi(a).
iR

We say that the vector 9y is unbalanced on class C' if there is some value x for which

{a € C:pla) =2} # [{a e C:Ypla) = —x}|.

An unbalanced vector of this form again tells us that the vertices in the two sets belong to
different orbits. So, if both sets are nonempty we can use such a vector to split the class C' in two
to obtain a more refined valid partition. It also provides some relations between the entries of S,
but we will not exploit those.

We say that a vector is balanced if it is not unbalanced.

We say that a subset of the vertices C' C V' is balanced if every non-constant product of
eigenvectors is balanced on C. Thus, orbits are balanced. Our algorithm will partition the
vertices into balanced classes.

My confusion over this lecture stemmed from thinking that all balanced classes must be orbits.
But, I don’t know if this is true.

Question: Is every balanced class an orbit of A7

39.9 The structure of the balanced classes

Let C; be a balanced class. By definition, the product of every subset of eigenvectors is either
constant or balanced on C;. We say that a subset of eigenvectors () is independent on Cj if all
products of subsets of eigenvectors in ) are balanced on C; (except for the empty product). In
particular, none of these eigenvectors is zero or constant on C;. Construct a matrix Mc, ¢ whose
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rows are indexed by vertices in a € C;, whose columns are indexed by subsets R C @), and whose
entries are given by

1 ifx>0
Mc; g(a, R) = sgn(vp(a)), where I recall sgn(z) = { —1 if x <0,and
0 iftz=0.

Lemma 39.9.1. If Q is independent on C then the columns of Mc,q are orthogonal.

Proof. Let Ry and Ry index two columns of M¢ . That is, Ry and Ry are two different subsets of
Q. Let Ry be their symmetric difference. We have

Mcg(a, R1)Mcg(a, Re) = sgn(¢g, (a))sgn(Yg,(a)) =
H sgn(t;(a)) H sgn(vp;(a)) = H sgn(v;(a)) = sgn(¢g,(a)) = Mcq(a, Ro).

i€ERy i€ Ro 1€Rp

As all the nonempty products of subsets of eigenvectors in @) are balanced on C, M¢ g(a, Ry) is
positive for half the a € C' and negative for the other half. So,

Me(;, R)"Mog(:, Re) = Y Meg(a, Ri)Meg(a, Re) = Y Meg(a, Ro) = 0.
aeC acC

O

Lemma 39.9.2. If C is a balanced class of vertices and Q) is a maximal set of eigenvectors that
are independent on C, then for every a and b in C there is an i € Q for which v;(a) # ,(b).

Proof. Assume by way of contradiction that this does not hold. There must be some eigenvector ¢
for which 1;(a) # 1;(b). We will show that if we added ¢ to @, the product of every subset would
still be balanced. As we already know this for subsets of (), we just have to prove it for subsets of
the form R U {i}, where R C Q. As ¢ (a) = 1, (b) for every h € Q, ¥ p(a) = ¥ g(b). This implies
Yrugy(a) # Yoy (0). Thus, Pg g is not uniform on €, and so it must be balanced on C. [

Lemma 39.9.3. If C is a balanced class of vertices and Q) is a maximal set of eigenvectors that
are independent on C, then the rows of Mc g are orthogonal.

Proof. Let a and b be in C. From Lemma 39.9.2 we know that there is an ¢ € ) for which
P;(a) = —1p,;(b). To prove that the rows Mc g(a,:) and Mc g(b,:) are orthogonal, we compute
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their inner product:

Z sgn(pp(a)yr(b)) = Z sgn(pp(a)Pr(b)) + Sg“(wRu{i}(a)’lPRu{i}(b))
RCQ RCQ—{i}
= Z sgn(Yr(a)Pr(b)) + sgn(tr(a);(a)Pr(b);(b))
RCQ—{d}
= Y sen(¥p(@)pr(b) + sen(Pr(a)ihr(b))sgn(eh;(a);(b)
RCQ—{i}
= Z sgn(Yr(a)Pr(b)) — sgn(Pr(a)Pr(b))
RCQ—{i}
=0.

O]

Corollary 39.9.4. Let C be a balanced subset of vertices. Then the size of C is a power of 2. If
Q is an independent set of eigenvectors on C, then |Q| < logy |C|.

Proof. Let C be an orbit and let QQ be a maximal set of eigenvectors that are independent on C.
As the rows and columns of M¢ g are both orthogonal, M¢ ¢ must be square. This implies that
|IC| = 2|9l If we drop the assumption that Q is maximal, we still know that all the columns of
M¢ g are orthogonal. This matrix has 219l columns. As they are vectors in |C| dimensions, there
can be at most |C| of them. O

We can now describe the structure of a balanced subset of vertices C. We call a maximal set of
eigenvectors that are independent on C' a base for C. Every other eigenvector j is either constant
on C or becomes constant when multiplied by the product of some subset R of eigenvectors in Q.
In either case, we can write

pi(a) =7 H ,;(a) foralla e C, (39.1)

i€ER
for some constant +.

Let v,(Q) denote the vector (v,(i));cq—the restriction of the vector v, to the coordinates in Q.
I claim that every one of the 2/9! + sign patterns of length |@Q| must appear in exactly one of the
vectors v4(Q). The reason is that there are |C| = 2191 of these vectors, and we established in
Lemma 39.9.2 that v4(Q) # vp(Q) for all @ # b in Q. Thus, for every diagonal + matrix S¢ of
dimension |@|, we have

{va(Q)Sq:ae€C} ={v,(Q) :a € C}.

That is, this set of vectors is stabilized by +1 diagonal matrices.

As equation (39.1) gives a formula for the value taken on C' by every eigenvector not in @ in
terms of the eigenvectors in @), we have described the structure of the subgroup of S that
stabilizes C: the diagonals corresponding to ) are unconstrained, and every other diagonal is
some product of these. This structure is something that you are used to seeing in subspaces.
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Apply f to map this subgroup of S to (Z/2)", and let B be a n-by-log,(|C|) matrix containing a
basis of the subspace in its columns. Any independent subset of logy(|C|) rows of B will form a
basis of the row-space, and is isomorphic to a base for C' of the eigenvectors.

39.10 Algorithms

Let C; be a balanced class. We just saw how to compute A;, assuming that we know C; and a
base @ for it. Of course, by “compute” we mean computing a basis of f(.A;). We now show how
to find a base for a balanced class C;. We do this by building up a set ) of eigenvectors that are
independent on Cj. To do this, we go through the eigenvectors in order. For each eigenvector v;,
we must determine whether or not its values on C; can be expressed as a product of eigenvectors
already present in @. If it can be, then we record this product as part of the structure of A;. If
not, we add ¢ to Q.

The eigenvector 1), is a product of eigenvectors in @) on Cj if and only if there is a constant v and
yp € {0,1} for h € @ such that
¥i(a) = [T (wn(a)™
heQ

for all vertices a € C;. This happens if and only if

sgn(vh;(a) = [ [ sen(shn(a))”.

heQ

We can tell whether or not these equations have a solution using linear algebra modulo 2. Let B
be the matrix over Z/2 such that

$ila) = (1P,

Then, the above equations become

B(i,a) = Z ypB(h,a) for all a € Cj.
heQ

Thus, we can solve for the coefficients y; in polynomial time, if they exist. If they do not, we add

ito Q.

Once we have determined a base ) and how to express on C; the values of every other
eigenvector as a product of eigenvectors in (), we have determine A;.

It remains to explain how we partition the vertices into balanced classes. Consider applying the
above procedure to a class C; that is not balanced. We will discover that Cj is not balanced by
finding a product of eigenvectors that is neither constant nor balanced on C;. Every time we add
an eigenvector 1, to @), we will examine every product of vectors in ) to check if any are
unbalanced on C;j. We can do this efficiently, because there are at most 2@l < |C}| such products
to consider. As we have added 1; to @, none of the products of vectors in @) can be constant on
C;. If we find a product that it not balanced on Cj, then it must also be non-constant, and thus
provide a way of splitting class C; into two.
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We can now summarize the entire algorithm. We first compute the partition by absolute values of
entries described in section 39.7. We then go through the classes of the partition one-by-one. For
each, we use the above procedure until we have either split it in two or we have determined that it
is balanced and we have computed its automorphism group. If we do split the class in two, we
refine the partition and start over. As the total number of times we split classes is at most n, this
algorithm runs in polynomial time.

After we have computed a partition into balanced classes and have computed their
automorphisms groups, we combine them to find the automorphisms group of the entire graph as
described at the end of section 39.6.



Chapter 40

Testing Isomorphism of Strongly
Regular Graphs

This Chapter Needs Editing

40.1 Introduction

In the last lecture we saw how to test isomorphism of graphs in which every eigenvalue is distinct.
So, in this lecture we will consider the opposite case: graphs that only have 3 distinct eigenvalues.
These are the strongly regular graphs.

Our algorithm for testing isomorphism of these will not run in polynomial time. Rather, it takes
time nO('/?10gn)  This is at least much faster than the naive algorithm of checking all n! possible
permutations. In fact, this was the best known running time for general algorithms for graph
isomorphism until three years ago.

40.2 Definitions

A graph G is strongly regular if

1. it is d-regular, for some integer d;

2. there exists an integer « such that for every pair of vertices x and y that are neighbors in G,
there are exactly « vertices z that are neighbors of both x and y;

3. there exists an integer 8 such that for every pair of vertices x and y that are not neighbors
in G, there are exactly g vertices z that are neighbors of both x and y.

These conditions are very strong, and it might not be obvious that there are any non-trivial
graphs that satisfy these conditions. Of course, the complete graph and disjoint unions of

317
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complete graphs satisfy these conditions. Before proceeding, I warn you that there is a standard
notation in the literature about strongly regular graphs, and I am trying not to use it. In this
literature, d becomes k, a becomes A and 8 becomes p. Many other letters are bound as well.

For the rest of this lecture, we will only consider strongly regular graphs that are connected and
that are not the complete graph. I will now give you some examples.

40.3 Paley Graphs and The Pentagon

The Paley graphs we encountered are strongly regular. The simplest of these is the pentagon. It
has parameters
n=>5 d=2, a=0, [=1.

40.4 Lattice Graphs

For a positive integer n, the lattice graph L, is the graph with vertex set {1,.. .n}2 in which

vertex (a,b) is connected to vertex (c,d) if a = ¢ or b = d. Thus, the vertices may be arranged at
the points in an n-by-n grid, with vertices being connected if they lie in the same row or column.
Alternatively, you can understand this graph as the product of two complete graphs on n vertices.

The parameters of this graph are:

d=2(n-1), a=n-2, =2

40.5 Latin Square Graphs

A Latin square is an n-by-n grid, each entry of which is a number between 1 and n, such that no
number appears twice in any row or column. For example,

3 4 3 4
2 3 4 3
1 2 | of> and
41 2 1

=W N
W =R N
N R o
— N o

1 2 1 2
4 1 2 1
3 4 ’ 3 4
2 3 4 3
are Latin squares. Let me remark that the number of different Latin squares of size n grows very

quickly—at least as fast as n!(n —1)!(n —2)!...2l. Two Latin squares are said to be isomorphic if
there is a renumbering of their rows, columns, and entries, or a permutation of these, that makes

them the same. As this provides 6(n!)? isomorphisms, and this is much less than the number of

Latin squares, there must be many non-isomorphic Latin squares of the same size. The two of the
Latin squares above are isomorphic, but one is not.

From such a Latin square, we construct a Latin square graph. It will have n? nodes, one for each
cell in the square. Two nodes are joined by an edge if
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1. they are in the same row,
2. they are in the same column, or

3. they hold the same number.

So, such a graph has degree d = 3(n — 1). Any two nodes in the same row will both be neighbors
with every other pair of nodes in their row. They will have two more common neighors: the nodes
in their columns holding the other’s number. So, they have n common neighbors. The same
obviously holds for columns, and is easy to see for nodes that have the same number. So, every
pair of nodes that are neighbors have exactly &« = n common neighbors.

On the other hand, consider two vertices that are not neighbors, say (1,1) and (2,2). They lie in
different rows, lie in different columns, and we are assuming that they hold different numbers.
The vertex (1,1) has two common neighbors of (2,2) in its row: the vertex (1,2) and the vertex
holding the same number as (2,2). Similarly, it has two common neighbors of (2,2) in its column.
Finally, we can find two more common neighbors of (2,2) that are in different rows and columns
by looking at the nodes that hold the same number as (1,1), but which are in the same row or
column as (2,2). So, 8 = 6.

40.6 The Eigenvalues of Strongly Regular Graphs

We will consider the adjacency matrices of strongly regular graphs. Let A be the adjacency
matrix of a strongly regular graph with parameters (d, o, §). We already know that A has an
eigenvalue of d with multiplicity 1. We will now show that A has just two other eigenvalues.

To prove this, first observe that the (a,b) entry of A? is the number of common neighbors of
vertices a and b. For a = b, this is just the degree of vertex a. We will use this fact to write A% as
a linear combination of A, I and J, the all 1s matrix. To this end, observe that the adjacency
matrix of the complement of A (the graph with non-edges where A has edges) is J — I — A. So,

A2 =aA+B(J—T1—A)+dl = (a—B)A+BJ+ (d—B)I.
For every vector v orthogonal to 1,
A%y = (a— B)Av + (d — B)wv.
So, every eigenvalue A\ of A other than d satisfies
M= (a—BA+d-5.

Thus, these are given by

W a—BEVa-B)+4(d—B)
. .

These eigenvalues are traditionally denoted r and s, with r > s. By convention, the multiplicty of
the eigenvalue r is always denoted f, and the multiplicty of s is always denoted g.
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For example, for the pentagon we have

V5 -1 V5 +1

r= , §=— .

2 2
For the lattice graph L,,, we have
r=n—2, s=-—2.
For the Latin square graphs of order n, we have
r=n—3, s=-3.
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One can prove that every connected regular graph whose adjacency (or Laplacian) matrix has just

three distinct eigenvalues is a strongly regular graph.

40.7 Testing Isomorphism by Individualization and Refinement

The problem of testing isomorphism of graphs is often reduced to the problem of giving each

vertex in a graph a unique name. If we have a way of doing this that does not depend upon the

initial ordering of the vertices, then we can use it to test graph isomorphism: find the unique
names of vertices in both graphs, and then see if it provides an isomorphism. For example,

consider the graph below.

O
/

We could begin by labeling every vertex by its degree.

The degrees distinguish between many nodes, but not all of them. We may refine this labeling by

appending the labels of every neighbor of a node.
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Now, every vertex has its own unique label. If we were given another copy of this graph, we could
use these labels to determine the isomorphism between them. This procedure is called refinement,
and it can be carried out until it stops producing new labels. However, it is clear that this
procedure will fail to produce unique labels if the graph has automorphisms, or if it is a regular
graph. In these cases, we need a way to break symmetry.

The procedure called individualization breaks symmetry arbitrarily. It chooses some nodes in the
graph, arbitrarily, to give their own unique names. Ideally, we pick one vertex to give a unique
name, and then refine the resulting labeling. We could then pick another troubling vertex, and
continue. We call a set of vertices S C V' a distinguishing set if individualizing this set of nodes
results in a unique name for every vertex, after refinement. How would we use a distinguishing set
to test isomorphism? Assume that S is a distinguishing set for G = (V, E). To test if H = (W, F)
is isomorphic to G, we could enumerate over every possible set of |S| vertices of W, and check if
they are a distinguishing set for H. If G and H are isomorphic, then H will also have an
isomorphic distinguishing set that we can use to find an isomorphism between G and H. We
would have to check (|g|) sets, and try |S|! labelings for each, so we had better hope that S is
small.

40.8 Distinguishing Sets for Strongly Regular Graphs

We will now prove a result of Babai [Bab80] which says that every strongly regular graph has a
distinguishing set of size O(y/nlogn). Babai’s result won’t require any refinement beyond naming
every vertex by the set of individualized nodes that are its neighbors. So, we will prove that a set
of nodes S is a distinguishing set by proving that for every pair of distinct vertices a and b, either
there is an s € S that is a neighbor of a but not of b, or the other way around. This will suffice to
distinguish a and b. As our algorithm will work in a brute-force fashion, enumerating over all sets
of a given size, we merely need to show that such a set .S exists. We will do so by proving that a
random set of vertices probably works.

I first observe that it suffices to consider strongly-regular graphs with d < n/2, as the complement
of a strongly regular graph is also a strongly regular graph (that would have been too easy to
assign as a homework problem). We should also observe that every strongly-regular graph has
diameter 2, and so d > v/n — 1.

Lemma 40.8.1. Let G = (V, E) be a connected strongly reqular graph with n vertices and degree
d < n/2. Then for every pair of vertices a and b, there are at least d/3 vertices that are neighbors
of a but not b.

Before I prove this, let me show how we may use it to prove the theorem. This lemma tells us
that there are at least v/n — 1/3 nodes that are neighbors of a but not of b. Let T' be the set of
nodes that are neighbors of a but not neighbors of b. So, if we choose a vertex at random, the
probability that it is in 7" is at least

]T|>\/n—1> 1
n — 3n ~3/n+2
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If we choose a set S of 3v/n + 2Inn? vertices at random, the probability that none of them is in 7'
is

1 3v/n+2Inn? 1
1 — =
< 3\/n+2>

So, the probability that a random set of this many nodes fails to distinguish all (g) pairs is at
most 1/2.

n2’

Proof of Lemma 40.8.1. Write a ~ b if a is a neighbor of b, and a ¢ b otherwise. If a ~ b, then the
number of nodes that are neighbors of a but not of bis d — 1 — «, and if a % b the number if
d — . So, we need to prove that neither o nor 3 is too close to d.

We will do this by establishing some elementary relations between these parameters. First,
consider the case in which a ~ b. Let z be any vertex such that a ¢ z and b 4 z. We will use z to
prove an upper bound on the number of vertices w that are neighbors of a but not of b (I know
this looks like the wrong direction, but be patient). Let

Zo={w:w~awqyz}, and Z;={w:wLbw~z}.

E —
Z:o\"‘k;( );(b)(zt
o ——

Clearly, every w that is a neighbor of a but not of b lies in either Zy or Z;. As z is neither a
neighbor of a nor of b,
1 Zo| = [Z1] = d — B.

So,
d—a—-1<2d-p5) = 286<d+a+1l. (40.1)

So, if £ is close to d, a must also be close to d.

We will obtain an inequality in the other direction when a ¢ b by exploiting a z such that z ~ a
and z ~ b. Now, for any w ~ a but w ¢ b, we have either

(w~aand w % z) or (w~ zand w £ b).

Wo—"q’_%xlﬂ
/N
\&—H—’tﬂ(
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So,
d—p<2(d—a-1) = 2a+1)<d+8. (40.2)

This tells us that if « is close to d, then  is also.

We require one more relation between o and 5. We obtain this relation by picking any vertex a,
and counting the pairs b, z such that b ~ z, a ~ b and a # z.

&
/X
5 — 2

Every node b that is a neighbor of a has « neighbors in common with a, and so has d —a — 1
neighbors that are not neighbors of a. This gives

{(b,z) :b~z,a~bagz} =dd—a-—1).

On the other hand, there are n — d — 1 nodes z that are not neighbors of a, and each of them has
8 neighbors in common with a, giving

{(b,2) :b~z,a~baz} =(n—d—1)p.

Combining, we find
n—d—-1)=d(d—a-1). (40.3)

As d < n/2, this equation tells us
dd—a-1)>d8 = d—a-1>28. (40.4)
Adding inequality 40.1 to (40.4) gives
2d > 38 = p< %d,
while adding inequality 40.2 to (40.4) gives

a+1< -d

Wl o

Thus, for every a # b the number of vertices that are neighbors of a but not of b is at least
min(d —a—1,d — ) > d/3.
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40.9 Notes

You should wonder if we can make this faster by analyzing refinement steps. In, [Spi96b], I
improved the running time bound to 20(n'/?logn) by analyzing two refinement phases. The
algorithm required us to handle certain special families of strongly regular graphs separately:
Latin square graphs and Steiner graphs. Algorithms for testing isomorphism of strongly regular
graphs were recently improved by Babai, Chen, Sun, Teng, and Wilmes [BCS*13, BW13, SW15].
The running times of all these algorithms are subsumed by that in Babai’s breakthrough

algorithm for testing graph isomorphism [Bab16].
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Chapter 41

Expected Characteristic Polynomials

This Chapter Needs Editing

41.1 Overview

Over the next few lectures, we will see two different proofs that infinite families of bipartite
Ramanujan graphs exist. Both proofs will use the theory of interlacing polynomials, and will
consider the expected characteristic polynomials of random matrices. In today’s lecture, we will
see a proof that some of these polynomials are real rooted.

At present, we do not know how to use these techniques to prove the existence of infinite families
of non-bipartite Ramanujan graphs.

The material in today’s lecture comes from [MSS15d], but the proof is inspired by the treatment
of that work in [HPS15].

41.2 Random sums of graphs

We will build Ramanujan graphs on n vertices of degree d, for every d and even n. We begin by
considering a random graph on n vertices of degree d. When n is even, the most natural way to
generate such a graph is to choose d perfect matchings uniformly at random, and to then take
their sum. I should mention one caveat: some edge could appear in many of the matchings. In
this case, we add the weights of the corresponding edges together. So, the weight of an edge is the
number of matchings in which it appears.

Let M be the adjacency matrix of some perfect matching on n vertices. We can generate the
adjacency matrix of a random perfect matching by choosing a permutation matrix II uniformly at
random, and then forming IIMTIT. The sum of d independent uniform random perfect machings
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is then
d

> 1M

i=1

In today’s lecture, we will consider the expected characteristic polynomial of such a graph. For a
matrix M, we let

Xz(M) def det(xI — M)
denote the characteristic polynomial of M in the variable x.

For simplicity, we will consider the expected polynomial of the sum of just two graphs. For
generality, we will let them be any graphs, or any symmetric matrices.

Our goal for today is to prove that these expected polynomials are real rooted.

Theorem 41.2.1. Let A and B be symmetric n-by-n matrices and let 11 be a uniform random
permutation. Then,

En [x.(A +IBIT)]

has only real roots.

So that you will be surprised by this, I remind you that the sum of real rooted polynomials might
have no real roots. For example, both (z — 2)? and (x + 2)? have only real roots, but their sum,
222 + 8, has no real roots.

Theorem 41.2.1 also holds for sums of many matrices. But, for simplicity, we restrict ourselves to
considering the sum of two.

41.3 Interlacing

Our first tool for establishing real rootedness of polynomials is interlacing.

If p(z) is a real rooted polynomial of degree n and ¢(z) is a real rooted polynomial of degree
n — 1, then we say that p and q interlace if p has roots A\ > Ao > -+ > A\, and ¢ has roots
W1 > o > -0 > -1 that satisfy

AL = A > o 2 Ap1 2 Hp—1 = Ap.

We have seen two important examples of interlacing in this class so far. A real rooted polynomial
and its derivative interlace. Similarly, the characteristic polynomial of a symmetric matrix and
the characteristic polynomial of a principal submatrix interlace.

When p and g have the same degree, we also say that they interlace if their roots alternate. But,
now there are two ways in which their roots can do so, depending on which polynomial has the
largest root. If

n n

p(z)=J(@=X) and q(@) =[]z~ m),

i=1 i=1
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we write ¢ — p if p and ¢ interlace and for every i the ith root of p is at least as large as the ith
root of g. That is, if
AL > 1 > Ao > > > Ay 2> i

Lemma 41.3.1. Let p and q be polynomials of degree n and n — 1 that interlace and have positive
leading coefficients. For every t > 0, define pi(z) = p(x) — tq(x). Then, pi(x) is real rooted and

p(z) = pi(x).

Proof Sketch. For simplicity, I consider the case in which all of the roots of p and ¢ are distinct.
One can prove the general case by dividing out the common repeated roots.

To see that the largest root of p; is larger than A1, note that ¢(x) is positive for all x > p;, and
A1 > p1. So, pe(A1) = p(A1) —tg(A1) < 0. As p; is monic, it is eventually positive and it must have
a root larger than A;.

We will now show that for every i > 1, p, has a root between A;+1 and A;. As this gives us d — 1
more roots, it accounts for all d roots of p;. For ¢ odd, we know that g()\;) > 0 and g(Ai41) < 0.
As p is zero at both of these points, p;(A;) > 0 and p;(Ai+1) < 0, which means that p; has a root
between A; and A;41. The case of even ¢ is similar. O]

The converse of this theorem is also true.

Lemma 41.3.2. Let p and q be polynomials of degree n and n — 1, and let p,(z) = p(z) — tq(x).
If py is real rooted for all t € IR, then p and q interlace.

Proof Sketch. Recall that the roots of a polynomial are continuous functions of its coefficients, and
thus the roots of p; are continuous functions of . We will use this fact to obtain a contradiction.

For simplicity,! I again just consider the case in which all of the roots of p and ¢ are distinct.

If p and ¢ do not interlace, then p must have two roots that do not have a root of g between
them. Let these roots of p be A\;11 and );. Assume, without loss of generality, that both p and ¢
are positive between these roots. We now consider the behavior of p; for positive ¢.

As we have assumed that the roots of p and ¢ are distinct, ¢ is positive at these roots, and so p; is
negative at A\;y1 and A;. If ¢ is very small, then p; will be close to p in value, and so there must be
some small ¢y for which py,(z) > 0 for some ;11 < x < A;. This means that p;, must have two
roots between \; 1 and ;.

As g is positive on the entire closed interval [Aj;+1, A;], when t is large p; will be negative on this
entire interval, and thus have no roots inside. As we vary t between ty and infinity, the two roots
at tg must vary continuously and cannot cross A;+1 or A\;. This means that they must become
complex, contradicting our assumption that p; is always real rooted. O

Together, Lemmas 44.7.2 and 44.7.1 are known as Obreschkoff’s Theorem [Obr63].

The following example will be critical.

T thank Sushant Sachdeva for helping me work out this particularly simple proof.
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Lemma 41.3.3. Let A be an n-dimensional symmetric matriz and let v be a vector. Let
pi(z) = xo(A + tvv?).

Then there is a degree n — 1 polynomial q(x) so that
pi(r) = xo(A) — tq(x).

Proof. Consider the case in which v = §;. It suffices to consider this case as determinants, and

thus characteristic polynomials, are unchanged by multiplication by rotation matrices.

Then, we know that
Xz(A + t516{) =det(al — A — tdlér{).

Now, the matrix t6151T is zeros everywhere except for the element ¢ in the upper left entry. So,
det(zI — A —18:67) = det(xI — A) — tdet(zI™ — AW) =y, (A) — tx.(AD),

where A is the submatrix of A obtained by removing its first row and column. O

We know that x,(A + tvwv”) is real rooted for all ¢, and we can easily show using the Courant
Fischer Theorem that for ¢ > 0 it interlaces x,(A) from above. Lemmas 44.7.2 and 44.7.1 tell us
that these facts imply each other.

We need one other fact about interlacing polynomials.

Lemma 41.3.4. Let po(x) and pi(x) be two degree n monic polynomials for which there is a third
polynomial r(x) that has the same degree as py and p1 and so that

po(x) = r(x) and pi(xz)— r(x).

Then for all 0 < s <1,

ps(x) = spy(@) + (1 — 8)po(z)

1$ a real rooted polynomaial.

Sketch. Assume for simplicity that all the roots of r are distinct. Let u3 > pg > -+ > p, be the
roots of r. Our assumptions imply that both py and p; are positive at u; for odd i and negative
for even i. So, the same is true of their sum ps. This tells us that p; must have at least n — 1 real
roots.

We can also show that ps has a root that is less than p,. One way to do it is to recall that the
complex roots of a polynomial with real coefficients come in conjugate pairs. So, ps can not have
only one complex root. O
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41.4 Sums of polynomials

Our goal is to show that

> Xa(A+1BIY)
I1eSn,

is a real rooted polynomial for all symmetric matrices A and B, where S, is the set of n-by-n
permuation matrices. We will do this by proving it for smaller sets of permutation matrices. To
begin, we know it for S = {I}. We will build up larger sets by swapping coordinates.

This will actually result in a distribution on permuations, so we consider o : S, — IR, and
consider sums of the form
> o()x.(A + IBIY).
il

For coordinates 7 and j, let I'; ; be the permutation matrix that just swaps i and j. We call such a
permutation a swap. We need the following important fact about the action of swaps on matrices.

Lemma 41.4.1. Let A be a symmetric matriz. Then, for all i and j, there are vectors u and v
so that
Fi’jAFZ‘J' =A— ’LLUT + ’U’UT.

Proof. Without loss of generality, let ¢ = 1 and j = 2. We prove that A —I'; ; AL'; ; has rank 2
and trace 0.

We can write this difference in the form

a11 — a2 aiz2 —a21 a3 —azz 414 — a24

T
a1 — @12 @2 —ai] a3 — Q13 G4 — Q14 ... a By

T
asy —asy asy — asy 0 . =[-8 —a -y
(41 — Q42 Q42 — Q41 0 e y -y Opo

for some numbers «, 5 and some column vector y of length n — 2. If a # § then the sum of the

first two rows is equal to (¢, —¢,0,...,0) for some ¢ # 0, and every other row is a scalar multiple
of this. On the other hand, if & = 8 then the first two rows are linearly dependent, and all of the
other rows are multiples of (1,—1,0,...,0). O

Lemma 41.4.2. Let o be such that for all symmetric matrices A and B,

def

pa(4,B) = Y o(M)x.(A +TBIT)

I1es

1s real rooted. Then, for every 0 < s < 1 and pair of vectors u and v, for every symmetric A and
B the polynomial
(1 - S)px(A, B) + pr(A - uuT + va> B)

1s real rooted.
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Proof. Define
ri(z) = pa(A + tvvl, B).

By assumption, 7(z) is real rooted for every ¢t € R. By Lemma 44.5.1, we can write
ri(z) = ro(x) — tq(x),

where ¢(z) has degree n — 1 and both ry and ¢ have positive leading coefficients. So, by Lemma
44.7.1 q(x) interlaces ro(z) = pz(A, B). Lemma 44.7.2 then tells us that

pe(A, B) = p.(A +vvl, B).
The same argument tells us that
pe(A —uul +vv’, B) = p.(A +vol, B).

This tells us that p,(A, B) and p,(A — uu? + vv”, B) both interlace r1(x) from below. We
finish by applying Lemma 44.7.3 to conclude that every convex combination of these polynomials
is real rooted. O

Corollary 41.4.3. Let o be such that for all symmetric matrices A and B,

def

pz(A,B) = Z o(I)x (A + HBHT)

I1es

is real rooted. Then, for every 0 < s < 1 and for every symmetric A and B the polynomial

> so(M)x.(A+IBI") + (1 — s)o(I)x.(A + T ;IBI'T]))
I1es

1s real rooted.

Proof. Recall that
Xa(A + Ty ;IIBI'T] ;) = xo (I, AT j + IBIIT) = x, (I j AL} ; + IIBIIT).

The corollary now follows from the previous lemma. O

41.5 Random Swaps

We will build a random permutation out of random swaps. A random swap is specified by
coordinates ¢ and j and a swap probability s. It is a random matrix is that is equal to the identity
with probability 1 — s and I'; ; with probability s. Let § be a random swap.

In the language of random swaps, we can express Corollary 41.5.1 as follows.
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Corollary 41.5.1. Let Il be a random permutation matrix drawn from a distribution so that for
all symmetric matrices A and B,

E [xz(A + IIBII")]

is real rooted. Let S be a random swap. Then,
E [x2(A + STIBII" ST)]

1s real rooted for every symmetric A and B.

All that remains is to show that a uniform random permutation can be assembled out of random
swaps. The trick to doing this is to choose the random swaps with swap probabilities other than
1/2. If you didn’t do this, it would be impossible as there are n! permutations, which is not a
power of 2.

Lemma 41.5.2. For every n, there exists a finite sequence of random swaps S1,..., Sk so that
S185... 8%

is a uniform random permutation.

Proof. We prove this by induction. We can generate a random permutation on 1,...,n by first
choosing which item maps to n, and then generating a random permutation on those that remain.
To this end, we first form a sequence that gives a random permtuation on the first n — 1 elements.
We then compose this with a random swap that exchanges elements 1 and n with probability

1 —1/n. At this point, the element that maps to n will be uniformly random. We then compose
with yet another sequence that gives a random permutation on the first n — 1 elements. O



Chapter 42

Quadrature for the Finite Free
Convolution

This Chapter Needs Editing

42.1 Overview

The material in today’s lecture comes from [MSS15d] and [MSS15a]. My goal today is to prove
simple analogs of the main quadrature results, and then give some indication of how the other
quadrature statements are proved. I will also try to explain what led us to believe that these
results should be true.

Recall that last lecture we considered the expected characteristic polynomial of a random matrix
of the form A + IIBII”, where A and B are symmetric. We do not know a nice expression for
this expected polynomial for general A and B. However, we will see that there is a very nice
expression when A and B are Laplacian matrices or the adjacency matrices of regular graphs.

42.2 The Finite Free Convolution

In Free Probability [Voi97], one studies operations on matrices in a large dimensional limit. These
matrices are determined by the moments of their spectrum, and thus the operations are
independent of the eigenvectors of the matrices. We consider a finite dimensional analog.

For n-dimensional symmetric matrices A and B, we consider the expected characteristic
polynomial
Egecom) [X«(A+ QBQ")],

where O(n) is the group of n-by-n orthonormal matrices, and @ is a random orthonormal matrix
chosen according to the Haar measure. In case you are not familiar with “Haar measure”, I'll
quickly explain the idea. It captures our most natural idea of a random orthnormal matrix. For
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example, if A is a Gaussian random symmetric matrix, and V is its matrix of eigenvectors, then
V is a random orthonormal matrix chosen according to Haar measure. Formally, it is the
measure that is invariant under group operations, which in this case are multiplication by
orthnormal matrices. That is, the Haar measure is the measure under which for every S C O(n)
and P € O(n), S has the same measure as {QP : Q € S}.

This expected characteristic polynomial does not depend on the eigenvectors of A and B, and
thus can be written as a function of the characteristic polynomials of these matrices. To see this,
write A= VDVT and B= UCU?” where U and V are the orthnormal eigenvectors matrices
and C and D are the diagonal matrices of eigenvalues. We have

X(VDVT+QUCUTQT)=x.,(D+VIQUCUTQTV)=x.(D+(VIQU)C(VIQU)").
If Q is distributed according to the Haar measure on O(n), then sois VI QU.

If p(z) and g(x) are the characteristic polynomials of A and B, then we define their finite free
convolution to be the polynomial

p(2) By q(z) € Egeom) [x-(A+ QBQT)].

In today’s lecture, we will establish the following formula for the finite free convolution.

Theorem 42.2.1. Let

Then,

p(@) B gle) = 3 e (- 3 BN (42.1)

| — 73—
— it nl(n —i—j)!
This convolution was studied by Walsh [Wal22], who proved that when p and ¢ are real rooted, so

is pH, q.

Our interest in the finite free convolution comes from the following theorem, whose proof we will
also sketch today.

Theorem 42.2.2. Let A and B be symmetric matrices with constant row sums. If A1 = al and
B1 = b1, we may write their characteristic polynomials as

Xz(A) = (z —a)p(z) and xo(B) = (z - b)q(z).

We then have
Eres, [X:(A +TIBI")] = (z — (a + b)) (p(x) By1 g(2)).

We know that 1 is an eigenvector of eigenvalue a + b of A 4+ IIBII” for every permutation matrix
II. Once we work orthogonal to this vector, we discover the finite free convolution.
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We describe this theorem as a quadrature result, because it obtains an integral over a continuous
space as a sum over a finite number of points.

Before going in to the proof of the theorem, I would like to explain why one might think
something like this could be true. The first answer is that it was a lucky guess. We hoped that
this expectation would have a nice formula. The nicest possible formula would be a bi-linear map:
a function that is linear in p when ¢ is held fixed, and vice versa. So, we computed some examples
by holding B and ¢ fixed and varying A. We then observed that the coefficients of the resulting
expected polynomial are in fact a linear functions of the coeflicients of p. Once we knew this, it
didn’t take too much work to guess the formula.

I now describe the main quadrature result we will prove today. Let B(n) be the nth
hyperoctahedral group. This is the group of symmetries of the generalized octahedron in n
dimensions. It may be described as the set of matrices that can be written in the form DII, where
D is a diagonal matrix of +1 entries and II is a permutation. It looks like the family of
permutation matrices, except that both 1 and —1 are allowed as nonzero entries. B(n) is a
subgroup of O(n).

Theorem 42.2.3. For all symmetric matrices A and B,

Eqgcom) [X=(A+ QBQ")| = Epes(n) [X2(A+ PBPT)].

We will use this result to prove Theorem 42.2.1. The proof of Theorem 42.2.2 is similar to the
proof of Theorem 42.2.3. So, we will prove Theorem 42.2.3 and then explain the major differences.

42.3 Quadrature

In general, quadrature formulas allow one to evaluate integrals of a family of functions over a
fixed continuous domain by summing the values of those functions at a fixed number of points.
There is an intimate connection between families of orthogonal polynomials and quadrature
formulae that we unfortunately do not have time to discuss.

The best known quadrature formula allows us to evalue the integral of a polynomial around the
unit circle in the complex plane. For a polynomial p(x) of degree less than n,

2 ' 1n—1
0 k
p(e)df = — p(w"),
/9_0 (€”) "gzo (w")

2mi/n

where w = ¢ is a primitive nth root of unity.

We may prove this result by establishing it separately for each monomial. For p(z) = 2* with

k#0,
27 ) 2m
/ p(e?)do = / e%dh = 0.
6=0 6=0
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And, for |k| < n, the corresponding sum is the sum of nth roots of unity distributed
symmetrically about the unit circle. So,

n—1
g Wik =
Jj=0

We used this fact in the start of the semester when we computed the eigenvectors of the ring
graph and observed that all but the dominant are orthogonal to the all-1s vector.

On the other hand, for p(x) = 1 both the integral and sum are 1.

We will use an alternative approach to quadrature on groups, encapsulted by the following lemma.

Lemma 42.3.1. For every n and function p(z) = 3 <, cirk, and every 0 € [0,27],
Zp 27r]/n+9) Zp 27r]/n

This identity implies the quadrature formula above, and has the advantage that it can be
experimentally confirmed by evaluating both sums for a random 6.

Proof. We again evaluate the sums monomial-by-monomial. For p(z) = x*, with |k| < n, we have

z":( (27r]/n+9) _ 19162 27rj/n

j=0

For k # 0, the latter sum is zero. For k = 0, e’% = 1. O

42.4 Quadrature by Invariance

For symmetric matrices A and B, define the function

faB(Q)=det(A+ QBQ").
We will derive Theorem 42.2.3 from the following theorem.

Theorem 42.4.1. For all Q € O(n),

Epesm) [f(P)] = Epeswm) [f(QP)].

Proof of Theorem 42.2.5. First, observe that it suffices to consider determinants. For every
P € B(n), we have

/ det(A + QBQT) = / £(Q) = / /(QP).
QcO(n) Qec0O(n) Qe0O(n)
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P)| = .
Epes [ /Q B )] /Q o, (@

On the other hand, as B(n) is discrete we can reverse the order of integration to obtain

/QGO(n) f(Q) = /QGO(n) Epesn) [f(QP)] = / EpeBmn) [f(P)] = EpeB(n) [f(P)],

QeO0(n)

where the second equality follows from Theorem 42.4.1. O

42.5 Structure of the Orthogonal Group

To prove Theorem 42.4.1, we need to know a little more about the orthogonal group. We divide
the orthonormal matrices into two types, those of determinant 1 and those of determinant —1.
The orthonormal matrices of determinant 1 form the special orthogonal group, SO(n), and every
matrix in O(n) may be written in the form D Q where @ € SO(n) and D is a diagonal matrix in
which the first entry is £1 and all others are 1. Every matrix in SO(n) may be expressed as a
product of 2-by-2 rotation matrices. That is, for every @ € SO(n) there are matrices @, ; for

1 <i < j<nso that Qi’j is a rotation in the span of §; and J; and so that

Q = Q1,2 Q1,3 e Ql,n Q2,3 T QQ,n T Qn—l,n'

If you learned the QR-factorization of a matrix, then you learned an algorithm for computing this
decomposition.

These facts about the structure of O(n) tell us that it suffices to prove Theorem 42.4.1 for the
special cases in which @ = diag(—1,1,1,...,1) and when @ is rotation of the plane spanned by §;
and ;. As the diagonal matrix is contained in B(n), the result is immediate in that case.

For simplicity, consider the case i = 1 and j = 2, and let Ry denote the rotation by angle 8 in the

first two coordinates:
cosf sinf 0

Ry f 1 _sind cosd 0
0 0 I,

The hyperoctahedral group B(n) contains the matrices Ry for 6 € {0,7/2,m,37/2}. As B(n) is a
group, for these 6 we know

Epesm) [f(P)] = Epeswm) [f (RoP)],

as the set of matrices in the expectations are identical. This identity implies

1 3
1 > Epesm) [f4.8(RarjjaP)] = Epesm) Lf(P)].
=0

We will prove the following lemma, and then show it implies Theorem 42.4.1.
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Lemma 42.5.1. For every symmetric A and B, and every 0

3 3
1 1
1 > faB(Royanjs) = 1 > faB(Raxja)-
i=0 =0

This lemma implies that for every @,

Epesm) [f(P)] = Epecsn) [f(QLQP)] .
This, in turn, implies Theorem 42.4.1 and thus Theorem 42.2.3.
We can use Lemma 42.3.1 to derive Lemma 42.5.1 follows from the following.

Lemma 42.5.2. For every symmetric A and B, there exist c_s,c_1,cg, 1, So that

2

faB(Rg) = Y cn(e®)F.

k=—2
Proof. We need to express f(Ry) as a function of ¢?. To this end, recall that
cosf = %(ew +e7 %) and sinf = ;(ew —e ),
From these identities, we see that all two-by-two rotation matrices can be simultaneously
diagonalized by writing ' o g
(“ome o) = (o ) v

where

Let Dy be the digaonal matrix having its first two entries e and e=%, and the rest 1, and let U,
be the matrix with U in its upper 2-by-2 block and 1s on the diagonal beneath. So,

Ry=U,DyU’.
Now, examine

fA7B(R9) = det
= det
= det
= det

A+ RyBR})

A+ U,DyUBU,D;U?)
U AU, + DyU:BU,D})
U AU,Dy+ DyU:BU,).

—~~ /N —~



CHAPTER 42. QUADRATURE FOR THE FINITE FREE CONVOLUTION 339

The term €? only appears in the first row and column of this matrix, and the term e~ only
appears in the second row and column. As a determinant can be expressed as a sum of products
of matrix entries with one in each row and column, it is immediate that this determinant can be
expressed in terms of ¥ for |k| < 4. As each such product can have at most 2 terms of the form

9 and at most two of the form e~ we have |k| < 2. O

The difference between Theorem 42.2.3 and Theorem 42.2.2 is that the first involves a sum over
the isometries of hyperoctahedron, while the second involves a sum over the symmetries of the
regular n-simplex in n — 1 dimensions. The proof of the appropriate quadrature theorem for the
symmetries of the regular simplex is very similar to the proof we just saw, except that rotations of
the plane through §; and §; are replaced by rotations of the plane parallel to the affine subspace
spanned by triples of vertices of the simplex.

42.6 The Formula

To establish the formula in Theorem 42.2.1, we observe that it suffices to compute the formula for
diagonal matrices, and that Theorem 42.2.3 makes this simple. Every matrix in B(n) can be
written as a product II.D where D is a +1 diagonal matrix. If B is the diagonal matrix with
entries fi1, ..., tin, then IIDBDIIT = IIBTIT, which is the diagonal matrix with entries

Hr(1)s - - - s Hr(n), Where 7 is the permutation corresponding to II.

Let A be diagonal with entries Ay, ..., A,. For a subset S of {1,...,n}, define

=II»

i€S

=) A%

|S|=i

We then have

Let .
pH, q= an_k(—l)kck.
k=0

We first compute the expected determinant, c,,.

PN | CRVRIEED 3 Py | T

T |S|=t h:(h)ES

As opposed to expanding this out, let’s just figure out how often the product A¥u” appears. We
must have |T'| = n — | S|, and then this term appears for each permutation such that 7(7') NS = 0.
This happens 1/ (?) fraction of the time, giving the formula

Z Z A" Z pu” Z (%) aibp—; = Z W%bn—i.

\S\—z |T|=n—t 1=0 =0
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For general ¢, and i + j = k, we see that ¥ and p” appear whenever u(T) is disjoint from S.
The probability of this happening is

(") _ (= i)ln =)' _ (n—i)n—j)!

(?) nl(n —i—j)ly! nl(n —i—j)!

)

and so

42.7 Question

For which discrete subgroups of O(n) does a result like Theorem 42.2.3 hold? Can it hold for a
substantially smaller subgroup than the symmetries of the simplex (which has size (n + 1)! in n
dimensions).



Chapter 43

Ramanujan Graphs of Every Size

This Chapter Needs Editing

43.1 Overview

We will mostly prove that there are Ramanujan graphs of every number of vertices and degree.
The material in today’s lecture comes from [MSS15d] and [MSS15a]. In those papers, we prove
that for every even n and degree d < n there is a bipartite Ramanujan graph of degree d on n
vertices. A bipartite Ramanujan graph of degree d is an approximation of a complete bipartite
graph. It’s adjacency matrix thus has eigenvalues d and —d, and all other eigenvalues bounded in
absolute value by 2v/d — 1.

The difference between this result and that which we prove today is that we will show that for
every d < n there is a d-regular (multi) graph in whose second adjacency matrix eigenvalue is at
most 2v/d — 1. This bound is sufficient for many applications of expanders, but not all. We will
not control the magnitude of the negative eigenvalues. The reason will simply be for simplicity:
the proofs to bound the negative eigenvalues would take more lectures.

Next week we will see a different technique that won’t produce a multigraph and that will
produce a bipartite Ramanujan graph.

43.2 The Approach

We will consider the sum of d random perfect matchings on n vertices. This produces a d-regular
graph that might be a multigraph. Friedman [Fri08] proves that such a graph is probably very
close to being Ramanujan if n is big enough relative to d. In particular, he proves that for all d
and € > 0 there is an ng so that for all n > ng, such a graph will probably have all eigenvalues
other than p; bounded in absolute value by 2v/d — 1 + . We remove the asymptotics and the e,
but merely prove the existence of one such graph. We do not estimate the probability with which

341
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such a graph is Ramanujan. But, it is predicted to be a constant [?].

The fundamental difference between our technique and that of Friedman is that Friedman bounds
the moments of the distribution of the eigenvalues of such a random graph. I suspect that there is
no true bound on these moments that would allow one to conclude that a random graph is
probably Ramanujan. We consider the expected characteristic polynomial.

Let M be the adjacency matrix of a perfect matching, and let IIy,...,II; be independent uniform
random permutation matrices. We will consider the expected characteristic polynomial

Em,.. 1, [Xz(HlMH{ 4+t HdMHz;)} )

In Lecture 22, we learned that this polynomial is real rooted. In Lecture 23, we learned a
technique that allows us to compute this polynomial. Today we will prove that the second largest
root of this polynomial is at most 2v/d — 1. First, we show why this matters: it implies that there
is some choice of the matrices Ily, ..., II; so that resulting polynomial has second largest root at
most 2v/d — 1. These matrices provide the desired graph.

43.3 Interlacing Families of Polynomials

The general problem we face is the following. We have a large family of polynomials, say
p1(x),...,pm(x), for which we know each p; is real-rooted and such that their sum is real rooted.
We would like to show that there is some polynomial p; whose largest root is at most the largest
root of the sum, or rather we want to do this for the second-largest root. This is not true in
general. But, it is true in our case. We will show that it is true whenever the polynomials form
what we call an interlacing family.

Recall from Lecture 22 that we say that for monic degree n polynomials p(x) and r(x),

p(x) — r(z) if the roots of p and r interlace, with the roots of r being larger. We proved that if
p1(x) — r(x) and pa(x) — r(x), then every convex combination of p; and py is real rooted. If we
go through the proof, we will also see that for all 0 < s <1,

spa(x) + (1 = s)pi(x) = r(z).

Proceeding by induction, we can show that if p;(x) — r(z) for each 4, then every convex
combination of these polynomials interlaces r(x), and is thus real rooted. That is, for every
S1y---,8m so that s; > 0 (but not all are zero),

Z sipi(x) — r(z).

Polynomials that satisfy this condition are said to have a common interlacing. By a technique
analogous to the one we used to prove Lemma 22.3.2, one can prove that the polynomials
P1,---,Pm have a common interlacing if and only if every convex combination of these
polynomials is real rooted.
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Lemma 43.3.1. Let pi,...,pm be polynomials so that p;(z) — r(x), and let s1,..., Sy > 0 be not
identically zero. Define

po(z) = Z sipi(z).
=1

Then, there is an i so that the largest root of p;(x) is at most the largest root of py(x). In general,
for every j there is an i so that the jth largest root of p;(x) is at most the jth largest root of py(x).

Proof. We prove this for the largest root. The proof for the others is similar. Let A\; and Ay be
the largest and second-largest roots of r(x). Each polynomial p;(z) has exactly one root between
A1 and A9, and is positive at all x > A;. Now, let p be the largest root of py(x). We can see that
p must lie between A\; and A2. We also know that

Zpi(ﬂ) = 0.

If p;(1) = 0 for some i, then we are done. If not, there is an i for which p;(u) > 0. As p; only has
one root larger than As, and it is eventually positive, the largest root of p; must be less than y. [

Our polynomials do not all have a common interlacing. However, they satisfy a property that is
just as useful: they form an interlacing family. We say that a set of polynomials py, ..., p,, forms
an interlacing family if there is a rooted tree T in which

a. every leaf is labeled by some polynomial p;,

b. every internal vertex is labeled by a nonzero, nonnegative combination of its children, and

c. all siblings have a common interlacing.

The last condition guarantees that every internal vertex is labeled by a real rooted polynomial.
Note that the same label is allowed to appear at many leaves.

Lemma 43.3.2. Let py,...,pm be an interlacing family, let T be the tree witnessing this, and let
pg be the polynomial labeling the root of the tree. Then, for every j there exists an i for which the
jth largest root of p; is at most the jth largest root of py.

Proof. By Lemma 44.5.2, there is a child of the root whose label has a jth largest root that is
smaller than the jth largest root of py. If that child is not a leaf, then we can proceed down the
tree until we reach a leaf, at each step finding a node labeled by a polynomial whose jth largest
root is at most the jth largest root of the previous polynomial. O

Our construction of permutations by sequences of random swaps provides the required interlacing
family.
Theorem 43.3.3. For permutation matrices Il, ... 114, let

pH17~-~7Hd($) = ng(HlMH{ + -+ HdMHZ;).

These polynomials form an interlacing family.



CHAPTER 43. RAMANUJAN GRAPHS OF EVERY SIZE 344

We will finish this lecture by proving that the second-largest root of

E [pnl,...,Hd (x)]

is at most 24/d — 1. This implies that there is a d-regular multigraph on n vertices in our family
with second-largest adjacency eigenvalue at most 2v/d — 1.

43.4 Root Bounds for Finite Free Convolutions

Recall from the last lecture that for n-dimensional symmetric matrices A and B with uniform
row sums a and b and characteristic polynomials (z — a)p(x) and (z — b)g(x),

Et [Xo(A +IIBIT)| = (z — (a+ b))p(z) By-1 q().

This formula extends to sums of many such matrices. It is easy to show that

Xo(M) = (z — 1)"2(z + 1)"2 = (z — 1)p(z), where p(z) & (z — 1)2 (2 + 1)"/2.

So,
def
po(z) = E [pm,,...n,(2)] = (z = d) (p(z) Bn-1 p(z) Bnoy () By -+ o1 p(2)
where p(x) appears d times above.

We would like to prove a bound on the largest root of this polynomial in terms of the largest
roots of p(x). This effort turns out not to be productive. To see why, consider matrices A = al
and B = bI. It is clear that A 4+ IIBII” = (a + b)I for every II. This tells us that

(r—a)"BH((@x—-0)"=(z—(a+b)"

So, the largest roots can add. This means that if we are going to obtain useful bounds on the
roots of the sum, we are going to need to exploit facts about the distribution of the roots of p(z).
As in Lecture 7?7, we will use the barrier functions, just scaled a little differently.

For,

For those who are used to Cauchy transforms, I remark that this is the Cauchy transform of the
uniform distribution on the roots of p(z). As we will be interested in upper bounds on the
Cauchy transform, we will want a number u so that for all x > u, G, (z) is less than some
specified value. That is, we want the inverse Cauchy transform, which we define to be

Kp(w) =max{z: G, (z) = w}.
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For a real rooted polynomial p, and thus for real Ai,..., Ay, it is the value of x that is larger than
all the \; for which G, (x) = w. For w = oo, it is the largest root of p. But, it is larger for finite w.

We will prove the following bound on the Cauchy transforms.

Theorem 43.4.1. For degree n polynomials p and q and for w > 0,
Kpq (0) < Kp (w) + Kq (w) — 1/w.

For w = oo, this says that the largest root of pH, ¢ is at most the sum of the largest roots of p
and ¢g. But, this is obvious.

To explain the 1/w term in the above expression, consider g(x) = z™. As this is the characteristic
polynomial of the all-zero matrix, p&, ¢ = p(z). We have
1 nz" 11

Gq (z) = =

n x" x

So,
Ky (w) =max{z:1/z =w} = 1/w.

Thus,
Ky (w) —1/w=0.

I will defer the proof of this theorme to next lecture (or maybe the paper [MSS15a]), and now just
show how we use it.

43.5 The Calculation

For p(z) = (z — 1)"/> "}z +1)"/?,

Gy () = — (n/2_1+ "/2><i<n/2+ n/2>,

n—1 r—1 r+1 r—1 x+1

for x > 1. This latter expression is simple to evaluate. It is

i
21 Gx(m) ().

We also see that
Kp (w) < Kyar) (w),
for all w > 0.

Theorem 43.4.1 tells us that

d—1
Ky _y-mp (W) < dISy (w) — o

Using the above inequality, we see that this is at most

d—1
dK:x(M) (w) _ .

w
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As this is an upper bound on the largest root of pH,_1 - - - H,_1 p, we wish to set w to minimize
this expression. As,

x
Gy(m) (@) = 21
we have .
Ky (w) =z if and only if w = PR
So,
d—1 2?2 —1
dICX(M)(w)—T.Sd.Z‘—d—l T .

The choice of  that minimizes this is v/d — 1, at which point it becomes

d—1)(d—2)

ava—1- 1 =V -1 (d-2)Vd-1=2Vi- 1L

43.6 Some explanation of Theorem 43.4.1

I will now have time to go through the proof of Theorem 43.4.1. So, I'll just tell you a little about
it. We begin by transforming statements about the inverse Cauchy transform into statements
about the roots of polynomials.

As Gy () = 3214,

This tells us that
Kp (w) = maxroot (p(z) — p'(x)/wd) = maxroot ((1 — (1/wd)d,)p) .
As this sort of operator appears a lot in the proof, we give it a name:
Uy,=1-—a0,;.
In this notation, Theorem 43.4.1 becomes

maxroot (U (pH,, q)) < maxroot (Uyp) + maxroot (U,p) — na. (43.1)

We, of course, also need to exploit an expression for the finite free convolution. Last lecture, we
proved that if

p(z) = Zx"‘i(—l)iai and ¢(x) = Zx"‘i(—l)ibi.
=0 =0

Then,

n

p(z) B, q(x) = Zw"*k(—l)k Z Waibj. (43.2)

| —7—=N!
— i nlin —i—j)!
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From this, one can derive a formula that plays better with derivatives:

1< _ ,
p(2)Bh g(z) = — > (n = i)bip (a).
T =0
This equation allows us to understand what happens when p and ¢ have different degrees.

Lemma 43.6.1. If p(z) has degree n and q(x) = "1, then
p(x) Bn q(z) = Opp(z).

n—1

For the special case of g(x) = 2"~ ", we have

Uaq(z) = 2" — a(n — 1)2" 2,

maxroot (Uyq(x)) = a(n — 1).

So, in this case (43.1) says

maxroot (Ua0zp) < maxroot (Uyp) + maxroot (U,q) — na = maxroot (Uyp) — a.

The proof of Theorem 43.4.1 has two major ingredients. We begin by proving the above
inequality. We then show that the extreme case for the inequality is when ¢(x) = (z — b)™ for
some b. To do this, we consider an arbitrary real rooted polynomial ¢, and then modify it to make
two of its roots the same. This leads to an induction on degree, which is essentially handled by
the following result.

Lemma 43.6.2. If p(x) has degree n and the degree of q(x) is less than n, then
1
PBnq = —(0p) Bn-1 4.

The whose proof is fairly straightforward, and only requires 2 pages.

43.7 Some thoughts

I would like to reflect on the fundamental difference between considering expected characteristic
polynomials and the distributions of the roots of random polynomials. Let A be a symmetric
matrix of dimension 3k with k eigenvalues that are 1, 0, and —1. If you consider A + ITAII” for a
random II, the resulting matrix will almost definitely have a root at 2 and a root at —2. In fact,
the chance that it does not is exponentially small in k. However, all the roots of the expected
characteristic polynomial of this matrix are strictly bounded away from 2. You could verify this
by computing the Cauchy transform of this polynomial.
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In our case, we considered a matrix A with k eigenvalues of 1 and k eigenvalues of —1. If we
consider A + ITAII”, it will almost definitely have roots at 2 and —2, and in fact the expected
characteristic polynomial has roots that are very close to this. But, if we consider

A+ 1L AT + T, ATIY

even though it almost definitely has roots at 3 and —3, the largest root of the expected
characteristic polynomial is at most 2v/2 < 3.

I should finish by saying that Theorem 43.4.1 is inspired by a theorem of Voiculescu that holds in
the infinite dimensional case. In this limit, the inequality becomes an equality.



Chapter 44

Bipartite Ramanujan Graphs

44.1 Overview

Margulis [Mar88] and Lubotzky, Phillips and Sarnak [LPS88] presented the first explicit
constructions of infinite families of Ramanujan graphs. These had degrees p + 1, for primes p.
There have been a few other explicit constructions, [Piz90, Chi92, JL97, Mor94], all of which
produce graphs of degree ¢ + 1 for some prime power g. Over this lecture and the next we will
prove the existence of infinite families of bipartite Ramanujan of every degree. While today’s
proof of existence does not lend itself to an explicit construction, it is easier to understand than
the presently known explicit constructions.

We think that much stronger results should be true. There is good reason to think that random
d-regular graphs should be Ramanujan [MNS08]. And, Friedman [Fri08] showed that a random
d-regular graph is almost Ramanujan: for sufficiently large n such a graph is a 2v/d — 1+ ¢
approximation of the complete graph with high probability, for every € > 0.

In today’s lecture, we will use the method of interlacing families of polynomials to prove (half) a
conjecture of Bilu and Linial [BLO6] that every bipartite Ramanujan graph has a 2-lift that is also
Ramanujan. This theorem comes from [MSS15b], but today’s proof is informed by the techniques
of [HPS15]. We will use theorems about the matching polynomials of graphs that we will prove
next lecture.

In the same way that a Ramanujan graph approximates the complete graph, a bipartite
Ramanujan graph approximates a complete bipartite graph. We say that a d-regular graph is a
bipartite Ramanujan graph if all of its adjacency matrix eigenvalues, other than d and —d, have
absolute value at most 2v/d — 1. The eigenvalue of d is a consequence of being d-regular and the
eigenvalue of —d is a consequence of being bipartite. In particular, recall that the adjacency
matrix eigenvalues of a bipartite graph are symmetric about the origin. This is a special case of
the following claim, which you can prove when you have a sparse moment.

349



CHAPTER 44. BIPARTITE RAMANUJAN GRAPHS 350

Claim 44.1.1. The eigenvalues of a symmetric matrix of the form
0 A
AT o

We remark that one can derive bipartite Ramanujan graphs from ordinary Ramanujan
graphs—just take the double cover. However, we do not know any way to derive ordinary
Ramanujan graphs from the bipartite ones.

are symmetric about the origin.

As opposed to reasoning directly about eigenvalues, we will work with characteristic polynomials.
For a matrix M, we write its characteristic polynomial in the variable x as

Xo(M) ¥ det(zI — M).

44.2 2-Lifts

We saw 2-lifts of graphs in Problem 3 from Problem Set 2:

We define a signed adjacency matriz of G to be a symmetric matrix S with the same
nonzero pattern as the adjacency matrix A, but such that each nonzero entry is either
1or —1.

We will use it to define a graph GS. Like the double-cover, the graph G will have
two vertices for every vertex of G and two edges for every edge of G. For each edge
(u,v) € E, if 8(u,v) = —1 then G has the two edges

(u1,v2) and (v, us2),
just like the double-cover. If S(u,v) = 1, then G* has the two edges
(up,v1) and (ve,us2).

You should check that G=4 is the double-cover of G and that G4 consists of two
disjoint copies of G.

Prove that the eigenvalues of the adjacency matrix of G are the union of the
eigenvalues of A and the eigenvalues of S.

The graphs G¥ that we form this way are called 2-lifts of G.

Bilu and Linial [BL06] conjectured that every d-regular graph G has a signed adjacency matrix S
so that ||.S|| < 2v/d — 1. This would give a simple procedure for constructing infinite families of
Ramanujan graphs. We would begin with any small d-regular Ramanujan graph, such as the
complete graph on d + 1 vertices. Then, given any d-regular Ramanujan graph we could construct
a new Ramanujan graph on twice as many vertices by using G where || S|| < 2v/d — 1.

We will prove something close to their conjecture.
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Theorem 44.2.1. Every d-regular graph G has a signed adjacency matrixz S for which the
minimum eigenvalue of S is at least —2+/d — 1.

We can use this theorem to build infinite families of bipartite Ramanujan graphs, because their
eigenvalues are symmetric about the origin. Thus, if u, > —2+/d — 1, then we know that

|i] <2v/d—1for all 1 < i < n. Note that every 2-lift of a bipartite graph is also a bipartite
graph.

44.3 Random 2-Lifts

We will prove Theorem 44.2.1 by considering a random 2-lift. In particular, we consider the
expected characteristic polynomial of a random signed adjacency matrix S':

Es [xz(5)]. (44.1)

Godsil and Gutman [GG81] proved that this is equal to the matching polynomial of G! We will
learn more about the matching polynomial next lecture.

For now, we just need the following bound on its zeros which was proved by Heilmann and Lieb
[HL72].

Theorem 44.3.1. The eigenvalues of the matching polynomial of a graph of mazimum degree at
most d are real and have absolute value at most 2+/d — 1.

Now that we know that the smallest zero of (44.1) is at least —2+/d — 1, all we need to do is to
show that there is some signed adjacency matrix whose smallest eigenvalue is at least this bound.
This is not necessarily as easy as it sounds, because the smallest zero of the average of two
polynomials is not necessarily related to the smallest zeros of those polynomials. We will show
that, in this case, it is.

44.4 Laplacianized Polynomials

Instead of directly reasoning about the characteristic polynomials of signed adjacency matrices S,
we will work with characteristic polynomials of dI — S. It suffices for us to prove that there exists
an S for which the largest eigenvalue of dI — S is at most d + 2v/d — 1.

Fix an ordering on the m edges of the graph, associate each S with a vector o € {£1}", and
define

Po(x) = Xz (dI — S).
The expected polynomial is the average of all these polynomials.

We define two vectors for each edge in the graph. If the ith edge is (a,b), then we define

'Ui,ai = 6a — Ui(sb.
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For every o € {£1}", we have

m

T
E Vi Vg = dI — S,
i=1

where S is the signed adjacency matrix corresponding to o. So, for every o € {£1}"™,

m
po‘(aj) = Xz (Z ’Ui,ai’UZgi) .
i=1

44.5 Interlacing Families of Polynomials

Here is the problem we face. We have a large family of polynomials, say pi(x),...,pm(z), for
which we know each p; is real-rooted and that their sum is real rooted. We would like to show
that there is some polynomial p; whose largest zero is at most the largest zero of the sum. This is
not true in general. But, it is true in our case because the polynomials form an interlacing family.

n n—1

For a polynomial p(z) = [["_, (z — A;) of degree n and a polynomial ¢(x) = [[}'-; (x — p;) of
degree n — 1, we say that q(x) interlaces p(z) if

An S pn—1 < Ap—1 <o <A < g < g
If r(z) = [T, (z — pi) has degree n, we write r(z) — p(z) if
pn < Ap < i1 <o S Ao <pup <AL

That is, if the zeros of p and r interlace, with the zeros of p being larger. We also make these
statements if they hold of positive multiples of p, r and q.

The following lemma gives the examples of interlacing polynomials that motivate us.

Lemma 44.5.1. Let A be a symmetric matriz and let v be a vector. For a real number t let
pe(r) = x2 (A + tvvT).

Then, fort >0, po(x) — pi(x) and there is a monic' degree n — 1 polynomial q(x) so that for all t

pe(7) = x2(A4) — tq(2).

Proof. The fact that po(x) — p(z) for t > 0 follows from the Courant-Fischer Theorem.

We first establish the existence of ¢(x) in the case that v = §;. As the matrix t§;97 is zeros
everywhere except for the element ¢ in the upper left entry and the determinant is linear in each
entry of the matrix,

Xo(A +16167) = det(zI — A — t6,67) = det(2 — A) — tdet(zI® — AN) = . (A) — tx.(AD),

LA monic polynomial is one whose leading coefficient is 1.
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where AW is the submatrix of A obtained by removing its first row and column. The polynomial
q(z) = x2(AWM) has degree n — 1.

For arbitrary, v, let @ be a rotation matrix for which Qv = ;. As determinants, and thus
characteristic polynomials, are unchanged by multiplication by rotation matrices,

Xo(A +tvo") = x4 (Q(A + tvv!) Q")
= x2(QAQ"T +18167)) = x.(QAQT) — tq(x) = xx(A) — tq(x),

for some q(z) of degree n — 1. O

For a polynomial p, let Apqz(p) denote its largest zero. When polynomials interlace, we can relate
the largest zero of their sum to the largest zero of at least one of them.

Lemma 44.5.2. Let pi(z), p2(x) and r(x) be polynomials so that r(x) — p;i(x). Then,
r(xz) = p1(z) + p2(x) and there is an i € {1,2} for which

)\mam(pi) < Ama:p(pl +p2)-

Proof. Let pq be the largest zero of r(x). As each polynomial p;(x) has a positive leading
coefficient, each is eventually positive and so is their sum. As each has exactly one zero that is at
least p1 each is nonpositive at p1, and the same is also true of their sum. Let A be the largest zero
of p1 + pa. We have established that A > uy.

If p;(\) = 0 for some 4, then we are done. If not, there is an ¢ for which p;(A) > 0. As p; only has
one zero larger than p1, and it is eventually positive, the largest zero of p; must be less than A. [

If p1,...,pm are polynomials such that there exists an r(x) for which r(z) — p;(z) for all i, then
these polynomials are said to have a common interlacing. Such polynomials satisfy the natural
generalization of Lemma 44.5.2.

The polynomials p,(x) do not all have a common interlacing. However, they satisfy a property
that is just as useful: they form an interlacing family. Rather than defining these in general, we
will just explain the special case we need for today’s theorem.

We define polynomials that correspond to fixing the signs of the first k£ edges and then choosing
the rest at random. We indicate these by shorter sequences o € {:l:l}k. For k <m and o € {:tl}k
we define
po () « B cqs1yn* [Po,p()] -
So,
Po(x) = Esefa1ym [po ()]

We view the strings o, and thus the polynomials p,, as vertices in a complete binary tree. The
nodes with o of length m are the leaves, and () corresponds to the root. For ¢ of length less than
n, the children of o are (0,1) and (o, —1). We call such a pair of nodes siblings. We will
eventually prove in Lemma 44.6.1 that all the polynomials p,(z) are real rooted and in Corollary
44.6.2 that every pair of siblings has a common interlacing.
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But first, we show that this implies that there is a leaf indexed by o € {£1}" for which

)\max (po) < Amam (p(D)-
This implies Theorem 44.2.1, as we know from Theorem 44.3.1 that A\paz(pg) < d+2vd — 1.
Lemma 44.5.3. There is a o € {£1}" for which

)\max(pcf) < )\max(p(Z))'

Proof. Corollary 44.6.2 and Lemma 44.5.2 imply that every non-leaf node in the tree has a child
whose largest zero is at most the largest zero of that node. Starting at the root of the tree, we
find a node whose largest zero is at most the largest zero of py. We then proceed down the tree
until we reach a leaf, at each step finding a node labeled by a polynomial whose largest zero is at
most the largest zero of the previous polynomial. The leaf we reach, o, satisfies the desired
inequality. O

44.6 Common Interlacings

We can now use Lemmas 44.5.1 and 44.5.2 to show that every o € {+1}™ ! has a child (o, s) for
which Az (pcr,s) < AMnmaz (pa)' Let

m—1
_ § ) T
i=1

The children of o, (0,1) and (o, —1) have polynomials p(,, 1) and p( _1) that equal
Xz(A + vm,l'vﬁ,ﬁ and  xz(A+ vm,_lv%,l).

By Lemma 44.5.1, xz(A) = Xo(A+ vy sv] ) for s € {1}, and Lemma 44.5.2 implies that there
is an s for which the largest zero of p(s,s) is at most the largest zero of their average, which is p,.

To extend this argument to nodes higher up in the tree, we will prove the following statement.

Lemma 44.6.1. Let A be a symmetric matriz and let w; s be vectors for 1 <i <k and
s € {0,1}. Then the polynomial

DU o

pef0,1}*

is real rooted, and for each s € {0, 1},
Z Xx(A'f‘szpZ ,i> Z Xx(A+szpl ip +wkswk5>'
pef0,1}* pef0,1}"

Corollary 44.6.2. For every k < n and o € {£1}*, the polynomials pss(z) for s € {£1} are real
rooted and have a common interlacing.
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44.7 Real Rootedness

To prove Lemma 44.6.1, we use the following two lemmas which are known collectively as
Obreschkoff’s Theorem [Obr63].

Lemma 44.7.1. Let p and q be polynomials of degree n and n — 1, and let p,(z) = p(z) — tq(x).
If p; is real rooted for allt € R, then q interlaces p.

Proof Sketch. Recall that the roots of a polynomial are continuous functions of its coeflicients, and
thus the roots of p; are continuous functions of . We will use this fact to obtain a contradiction.

For simplicity,” I just consider the case in which all of the roots of p and ¢ are distinct. If they are
not, one can prove this by dividing out their common divisors.

If p and ¢ do not interlace, then p must have two roots that do not have a root of ¢ between
them. Let these roots of p be A\;11 and );. Assume, without loss of generality, that both p and ¢
are positive between these roots. We now consider the behavior of p; for positive ¢.

As we have assumed that the roots of p and ¢ are distinct, ¢ is positive at these roots, and so p; is
negative at A\; 11 and A;. If ¢ is very small, then p; will be close to p in value, and so there must be
some small ¢y for which py,(z) > 0 for some A\;+; < z < A;. This means that p;, must have two
roots between ;11 and A;.

As ¢ is positive on the entire closed interval [A\;11, A;], when ¢t is large p; will be negative on this
entire interval, and thus have no roots inside. As we vary t between tg and infinity, the two roots
at tp must vary continuously and cannot cross A; 1 or A;. This means that they must become
complex, contradicting our assumption that p; is always real rooted. O

Lemma 44.7.2. Let p and q be polynomials of degree n and n — 1 that interlace and have positive
leading coefficients. For every t > 0, define pi(x) = p(z) — tq(x). Then, pi(x) is real rooted and

p(x) = pi(z).

Proof Sketch. For simplicity, I consider the case in which all of the roots of p and ¢ are distinct.
One can prove the general case by dividing out the common repeated roots.

To see that the largest root of p; is larger than \;, note that g(x) is positive for all > p;, and
A1 > pr. So, pe(A) = p(A1) —tq(A1) < 0. As p; is monic, it is eventually positive and it must have
a root larger than A;.

We will now show that for every ¢ > 1, p; has a root between ;11 and \;. As this gives us d — 1
more roots, it accounts for all d roots of p;. For ¢ odd, we know that g(\;) > 0 and g(Aiy1) < 0.
As p is zero at both of these points, ps(\;) > 0 and ps(N\;j+1) < 0, which means that p; has a root
between A; and A;41. The case of even ¢ is similar. ]

Lemma 44.7.3. Let po(z) and p1(z) be degree n monic polynomials for which there is a third
polynomial r(x) Such that
r(x) = po(z) and r(z)— pi(x).

2I thank Sushant Sachdeva for helping me work out this particularly simple proof.
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Then
r(x) = (1/2)po(z) + (1/2)p1 (),

and the latter is a real rooted polynomial.

Sketch. Assume for simplicity that all the roots of r are distinct and different from the roots of pg
and p1. Let up < pp—1 < --- < pp be the roots of . Our assumptions imply that both py and py
are negative at p; for odd ¢ and positive for even ¢. So, the same is true of their average. This
tells us that their average must have at least n — 1 real roots between u, and p;. As their average
is monic, it must be eventually positive and so must have a root larger than ;. That accounts for
all n of its roots. O

Proof of Lemma 44.6.1. We prove this by induction on k. Assuming that we have proved it for
k — 1, we now prove it for k. Let u be any vector and let ¢ € IR. Define

Z Xz (A‘szz,pz w,; , +tuu ) .
pe{0,1}*
By Lemma 44.5.1, we can express this polynomial in the form

pe(x) = po(z) — tq(z),
where ¢ has positive leading coefficient and degree n — 1. By absorbing tuu’ into A we may use
induction on k to show that p;(z) is real rooted for all t. Thus, Lemma 44.7.1 implies that g(x)
interlaces po(x), and Lemma 44.7.2 tells us that for ¢t > 0

po(x) = pi(x).

So, we may conclude that for every s € {£1},

k—1 k—1
Z Xz (A + Z wivﬂiw;{pi> — Z Xz (A T Z wiﬂpingpi + wk,s’lﬂ%ﬁ) )

pe{0,1}F 1 =1 pe{0,1}F i=1
So, Lemma 44.7.3 implies that

S (4 Tmant )+ X (4Tl

pe{0,1}F 1 =1 pe{0,1}*

and that the latter polynomial is real rooted. O

44.8 Conclusion

The major open problem left by this work is establishing the existence of regular (non-bipartite)
Ramanujan graphs. The reason we can not prove this using the techniques in this lecture is that
the interlacing techniques only allow us to reason about the largest or smallest eigenvalue of a
matrix, but not both.

To see related papers establishing the existence of Ramanujan graphs, see [MSS15d, HPS15]. For
a survey on this and related material, see [MSS14].



Chapter 45

The Matching Polynomial

45.1 Overview

The coefficients of the matching polynomial of a graph count the numbers of matchings of various
sizes in that graph. It was first defined by Heilmann and Lieb [HL72], who proved that it has
some amazing properties, including that it is real rooted. They also proved that all root of the
matching polynomial of a graph of maximum degree d are at most 2v/d — 1. In the next lecture,
we will use this fact to derive the existence of Ramanujan graphs.

Our proofs today come from a different approach to the matching polynomial that appears in the
work of Godsil [God93, God81]. My hope is that someone can exploit Godsil’s approach to
connect the 24/d — 1 bound from today’s lecture with that from last lecture. In today’s lecture,
2v/d — 1 appears as an upper bound on the spectral radius of a d-ary tree. Infinite d-ary trees
appear as the graphs of free groups in free probability. I feel like there must be a formal relation
between these that I am missing.

45.2 The Matching Polynomial

A matching in a graph G = (V, E) is a subgraph of G in which every vertex has degree 1. We say
that a matching has size k if it has k edges. We let

denote the number of matchings in G of size k. Throughout this lecture, we let |V| = n. Observe
that m1(G) is the number of edges in G, and that m,, »(G) is the number of perfect matchings in
G. By convention we set mo(G) = 1, as the empty set is matching with no edges. Computing the
number of perfect matchings is a # P-hard problem. This means that it is much harder than
solving N P-hard problems, so you shouldn’t expect to do it quickly on large graphs.

357
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The matching polynomial of G, written p, [G], is

n/2

1o [G] €S a2 (1) kmy ().
k=0

Our convention that my(G) = 1 ensures that this is a polynomial of degree n.

This is a fundamental example of a polynomial that is defined so that its coefficients count
something. When the “something” is interesting, the polynomial usually is as well.

45.3 Properties of the Matching Polynomial

We begin by establishing some fundamental properties of the matching polynomial. For graphs G
and H on different vertex sets, we write G U H for their disjoint union.

Lemma 45.3.1. Let G and H be graphs on different vertex sets. Then,

pe [GUH| = pa [G] pa [H]

Proof. Every matching in G U H is the union of a matchings in G and a matching in H. Thus,

B

mi(GUH) = (G (H).
=0

The lemma follows. O

For a a vertex of G = (V, E), we write G — a for the graph G(V — {a}). This notation will prove
very useful when reasoning about matching polynmomials. Fix a vertex a of GG, and divide the
matchings in G into two classes: those that involve vertex a and those that do not. The number
of matchings of size k that do not involve a is my(G — a). On the other hand, those that do
involve a connect a to one of its neighbors. To count these, we enumerate the neighbors b of a. A
matching of size k that includes edge (a,b) can be written as the union of (a,b) and a matching of
size k — 1 in G — a — b. So, the number of matchings that involve a is

ka_l(G —a—0»).

So,
mi(G) =my(G —a) + > mp_1(G —a—b).

b~a

To turn this into a recurrence for u, [G], write
2" (GQ) = & - 2" R (1) Emg (G — a) — 2" 22D ()R (G —a — D).

This establishes the following formula.
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Lemma 45.3.2.
fio [G] zxuz[G—a]—Z,ux[G—a—b].

b~a

The matching polynomials of trees are very special—they are exactly the same as the
characteristic polynomial of the adjacency matrix.

Theorem 45.3.3. Let G be a tree. Then
Mz [G] = Xm(AG)‘

Proof. Expand
Xz(Ag) = det(xI — Ag)

by summing over permutations. We obtain

Z(_l)sgn(ﬂx\{aiﬂ(a):‘lﬂ H (—Ag(a,m(a))).

TESy a:m(a)#a

We will prove that the only permutations that contribute to this sum are those for which
m(m(a)) = a for every a. And, these correspond to matchings.

If 7 is a permutation for which there is an a so that m(7w(a)) # a, then there are a = ay, ..., ax
with k& > 2 so that m(a;) = a;j+1 for 1 <14 < k, and m(ar) = a;. For this term to contribute, it
must be the case that Ag(a;,a;4+1) =1 for all 7, and that Ag(ag,a1) = 1. For k > 2, this would
be a cycle of length k in G. However, G is a tree and so cannot have a cycle.

So, the only permutations that contribute are the involutions: the permutations 7 that are their
own inverse. An involution has only fixed points and cycles of length 2. Each cycle of length 2
that contributes a nonzero term corresponds to an edge in the graph. Thus, the number of
permutations with k cycles of length 2 is equal to the number of matchings with k£ edges. As the
sign of an involution with & cycles of length 2 is (—1)*, the coefficient of 2"~2¥ is (—1)Fmy(G). O

45.4 The Path Tree

Godsil proves that the matching polynomial of a graph is real rooted by proving that it divides
the matching polynomial of a tree. As the matching polynomial of a tree is the same as the
characteristic polynomial of its adjacency matrix, it is real rooted. Thus, the matching
polynomial of the graph is as well. The tree that Godsil uses is the path tree of G starting at a
vertex of G. For a a vertex of G, the path tree of G starting at a, written 7;,(G) is a tree whose
vertices correspond to paths in G that start at a and do not contain any vertex twice. One path is
connected to another if one extends the other by one vertex. For example, here is a graph and its
path tree starting at a.
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b-obd—-abd
/a > c;béce

/ \d a
\ / N\ ocd — acd b

ac”
N
e Gce

When G is a tree, T, (G) is isomorphic to G.

Godsil’s proof begins by deriving a somewhat strange equality. Since I haven’t yet found a better
proof, I'll take this route too.

Theorem 45.4.1. For every graph G and vertex a of G,

pa [G — a _ Ha [Ta(G) — d
1 [G] pa [Ta(G)]

The term on the upper-right hand side is a little odd. It is a forrest obtained by removing the
root of the tree T,(G). We may write it as a disjoint union of trees as

Proof. 1f G is a tree, then the left and right sides are identical, and so the inequality holds. As
the only graphs on less than 3 vertices are trees, the theorem holds for all graphs on at most 2
vertices. We will now prove it by induction on the number of vertices.

We may use Lemma 45.3.2 to expand the reciprocal of the left-hand side:

pa (Gl apa[G—a] =30 o pa[G—a— 1 fiz [ —a—b]
po |G —al pe [G — a bZN;

By applying the inductive hypothesis to G — a, we see that this equals

x—Z““’ _aa)]b]. (45.1)
b~a

To simplify this expression, we examine these graphs carefully. By the observtion we made before
the proof,

Ty(G-a)—b= |J T.(G-a-b).
c~b,c#a

G)—a:UTC(G—

c~a

:U’SC[ H,U’CC c _a]-

c~a

Similarly,

which implies
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Let ab be the vertex in 7,(G) corresponding to the path from a to b. We also have

TQ(G)aab( U Tc(Ga))U( U TC(Gab))

c~a,c£b e~b,c#a
= ( U Tc(Ga)> U (T(G —a) —b).
cr~a,c#£b

which implies

cra,c#£b

piz [Ta(G) — a — ab] = ( I #elr(G- a)]) pz [Ty(G — a) — b] .

Thus,

Mz [TQ(G) —a— CLb] <Hc~a,cyﬁb Haz [TC(G - a’)]) Haz [Tb(G - a) - b]

po Io(G) —a] [T to [1e(G — a)]
_ Haz [Tb(G —a) — b]
pe (G —a)]

Plugging this in to (45.1), we obtain

pe [G] — pa [To(G) — a — ab]
al bz !

e [G — » [Tu(G) —a]
_ T [To(G) — al = > pg o [Ta(G) — a — ab]
pa [To(G) — a
_ mlT(©)]
pa [To(G) — a
Be obtain the equality claimed in the theorem by taking the reciprocals of both sides. O

Theorem 45.4.2. For every vertex a of G, the polynomial u, [G] divides the polynomial
pz [Ta(G)).

Proof. We again prove this by induction on the number of vertices in G, using as our base case
graphs with at most 2 vertices. We then know, by induction, that for b ~ a,

pe |G —a] divides pg [Tp(G — a)].

Ta(G) —a = UbNaTb(G — a),
po [Th(G — a)]  divides pg [T,(G) —a .

Thus,
te |G —a] divides pg [To(G) —al,
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and so
pa [Ta(G) — a

po |G — d]
is a polynomial in . To finish the proof, we apply Theorem 45.4.1, which implies

Mz [G] - [G] Ha [Ta(G> B a] )

b [T(G)) = b [T(G) = al =y = o [G] = =

45.5 Root bounds

If every vertex of G has degree at most d, then the same is true of T,(G). We showed in
Theorem 4.2.4 that every eigenvalue of a tree of maximum degree d is at most 24/d — 1. When
combined with Theorem 45.4.2, this tells us that that matching polynomial of a graph with
maximum degree at most d has all of its roots bounded in absolute value by 2+/d — 1.
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