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Chapter 1
Linear Algebra Background

In which we review linear algebra prerequisites.

The following background from linear algebra will be sufficient for the sake of this course:
to know what is an eigenvalue and an eigenvector, to know that real symmetric matrices
have real eigenvalues and their real eigenvectors are orthogonal, and to know the variational
characterization of eigenvalues.

1.1 Basic Definitions

If x = a + ib is a complex number, then we let £ = a — ib denote its conjugate. Note that a
complex number z is real if and only if z = z. If M € C™*" is a matrix, then M* denotes
the conjugate transpose of M, that is, (M*); ; = M;;. If the entries of M are real, then
M* = M7, where M7 is the transpose of M, that is, the matrix such that (MT)M = M;;.

We say that a matrix M is Hermitian if M = M*. In particular, real symmetric matrices
are Hermitian.

If x,y € C" are two vectors, then their inner product is defined as
(v,w) := v*w:Zvﬁ--wi (1.1)
i

Notice that, by definition, we have (v,w) = ({(w,v))* and (v,v) = ||v||>. Note also that,
for two matrices A, B, we have (A - B)* = B* - A*, and that for every matrix M and every
two vectors X, y, we have

(Mx,y) =x*"M*y = (x, M"y)



If M € C"™ is a square matrix, A € C is a scalar, v.€ C" — {0} is a non-zero vector and
we have

Mv = \v (1.2)

then we say that \ is an eigenvalue of M and that v is eigenvector of M corresponding to
the eigenvalue .

1.2 The Spectral Theorem

We want to prove

Theorem 1.1 (Spectral Theorem) Let M € R™ ™ be a symmetric matriz with real-
valued entries, then there are n real numbers (not necessarily distinct) \i,..., A, and n
orthonormal real vectors Xi,...,Xy, X; € R™ such that x; is an eigenvector of ;.

Assuming the fundamental theorem of algebra (that every polynomial has a complex root)
and basic properties of the determinant, the cleanest proof of the spectral theorem is to
proceed by induction on n, and to show that M must have a real eigenvalue A\; with a real
eigenvector vi, and to show that M maps vectors orthogonal to v; to vectors orthogonal to
v1. Then one applies the inductive hypothesis to M restricted to the (n — 1)-dimensional
space of vectors orthogonal to v and one recovers the remaining (n — 1) eigenvalues and
eigenvectors.

The cleanest way to formalize the above proof is to give all definitions and results in terms
of linear operators T : V — V where V is an arbitrary vector space over the reals. This
way, however, we would be giving several definitions that we would never use in the future,
S0, instead, the inductive proof will use a somewhat inelegant change of basis to pass from
M to an (n —1) x (n — 1) matrix M.

We begin by showing that a real symmetric matrix has real eigenvalues and eigenvectors.

Theorem 1.2 [f M € R™ ™ is symmetric, then there is a real eigenvalue A € R and a real
etgenvector v € R™ such that Mv = Av.

We begin by noting that every matrix has a complex eigenvalue.

Lemma 1.3 For every matrix M € C"*™, there is an eigenvalue A € C and an eigenvector
v € C" such that Mv = A\v.

PROOF: Note that A is an eigenvalue for M if and only if

Ix£0. (M —A)x=0



which is true if and only if the rows of M — AI are not linearly independent, which is true
if and only if
det(M — XI) =0

Now note that the mapping ¢t — det(M — tI) is a univariate polynomial of degree n in t,
and so it must have a root A by the fundamental theorem of algebra. [

Next we show that if M is real and symmetric, then its eigenvalues are real.

Lemma 1.4 If M is Hermitian, then, for every x andy,

(Mx,y) = (x, My)
PROOF:

(Mx,y) = (x, M"y) = (x, My)
O

Lemma 1.5 If M is Hermitian, then all the eigenvalues of M are real.

PRrOOF: Let M be an Hermitian matrix and let A be a scalar and x be a non-zero vector
such that Mx = Ax. We will show that A = \*, which implies that XA is a real number.

We note that

(Mx,x) = (Ax,x) = \*||z[”

and

(x, Mx) = (x, %) = Al|]|*
and by the fact that (Mx,x) = (x, Mx) , we have A = \*. [

In order to prove Theorem 1.2, it remains to argue that, for a real eigenvalue of a real
symmetric matrix, we can find a real eigenvector.

PROOF:[Of Theorem 1.2] Let M € R™ "™ be a real symmetric matrix, then M has a real
eigenvalue A and a (possibly complex valued) eigenvector z = x + iy, where x and y are
real vectors. We have

Mx +iMy = Ax +1\y

from which (recalling that the entries of M and the scalar A are real) it follows that Mx = Ax
and that My = MAy; since x and y cannot both be zero, it follows that A has a real
eigenvector. [J

We are now ready to prove the spectral theorem



PRrROOF:[Of Spectral Theorem| We proceed by induction on n. The case n =1 is trivial.

Assume that the statement is true for dimension n — 1. Let A1 be a real eigenvalue of M
and x1 be a real eigenvector Aj.

Now we claim that for every vector y that is orthogonal to x1, then My is also orthogonal
to x1. Indeed, the inner product of My and x; is

(x1, My) = (Mx1,y) = (A\x1,y) =0

Let V be the n — 1-dimensional subspace of R” that contains all the vectors orthogonal to
x1. We want to apply the inductive hypothesis to M restricted to V; we cannot literally do
that, because the theorem is not stated in terms of arbitrary linear operators over vector
spaces, so we will need to do that by fixing an appropriate basis for V.

let B € R 1) be a matrix that computes a bijective map from R"! to V. (If
by,...,b,_1 is an orthonormal basis for V', then B is just the matrix whose columns are the
vectors b;.) Let also B’ € R(M™=D*" he the matrix such that, for every y € V, BBy = y.
(We can set B’ = BT where B is as described above.) We apply the inductive hypothesis
to the matrix

M’ := B'MB e RI"-1x(n=1)

and we find eigenvalues \o, ..., \, and orthonormal eigenvectors yo,...,y, for M’.

For every i = 2,...,n, we have

B'MBy; = \y;

and so
BB’MByZ- = /\iByi

Since By; is orthogonal to x;i, it follows that M By; is also orthogonal to x;, and so
BB'M By; = M By;, so we have
MBy; = \;By;

and, defining x; := By;, we have
MXZ' = )\ixi

Finally, we observe that the vectors x; are orthogonal. By construction, x; is orthogonal
to Xo,...,X,, and, for every 2 < ¢ < 7 < n, we have that

We have not verified that the vectors x; have norm 1 (which is true), but we can scale them
to have norm 1 if not. [



1.3 Variational Characterization of Eigenvalues

We conclude these notes with the variational characterization of eigenvalues for real sym-
metric matrices.

Theorem 1.6 Let M € R™ ™ be a symmetric matriz, and \1 < Ay < --- )\, be the eigen-
values of M in non-increasing order. Then

. x! Mx
AL, = min max T
k—dim V  xeV—-{0} X' X

xT Mx

The quantity *_+* is called the Rayleigh quotient of x with respect to M, and we will
denote it by Rps(x).

PROOF: Let vq,..., v, be orthonormal eigenvectors of the eigenvalues A1, ..., A, as promised
by the spectral theorem. Consider the k-dimensional space spanned by vy, ..., vg. For every
vector x = Zle a;v; in such a space, the numerator of the Rayleigh quotient is

k k
E aiajV;‘FMVj = E aiaj)\jvgfvj = g NaZ <\ - g a?
ij ij i=1 i=1

The denominator is clearly Ele a?, and so Rps(x) < Ag. This shows that

. xL Mx
Ar > min max T
k—dim V  xeV—-{0} X X

For the other direction, let V' be any k-dimensional space: we will show that V' must contain
a vector of Rayleigh quotient > Ax. Let S be the span of vy, ..., vy; since S has dimension
n—k+1 and V has dimension k, they must have some non-zero vector in common. Let x
be one such vector, and let us write x = Y " ; a;v;. The numerator of the Rayleigh quotient
of x is

n
Stz Yt
i=k i
and the denominator is . a?, so Ras(x) > Ap. O

We have the following easy consequence.

Fact 1.7 If A\ is the smallest eigenvalue of a real symmetric matrix M, then

)\1 == E(Il;l& RM(X)

Furthermore, every minimizer is an eigenvector of Ap.



PROOF: The identity is the k = 1 case of the previous theorem. For the furthermore part,
let Ay < --- A\, be the list of eigenvalues of M in non-decreasing order, and vy,...,Vv, be
corresponding eigenvectors. If x =), a;v; is any vector, then

\;a2
Ry (x) = i ZQZ
. af
771
If Ryr(x) = Ay, then a; = 0 for every i such that A\; > A, that is, x is a linear combination
of eigenvectors of A1, and hence it is an eigenvector of A;. [J

Fact 1.8 If A\, is the largest eigenvalue of a real symmetric matriz M, then

Ap = max Rys(x
n = 1max R (x)
Furthermore, every maximizer is an eigenvector of \y.

PRrOOF: Apply Fact 1.7 to the matrix —M. O

Fact 1.9 If A\ is the smallest eigenvalue of a real symmetric matric M, and X1 is an
etgenvector of A\, then
Ay = i R
2 x;é(gfuxnlxl M(X)

Furthermore, every minimizer is an eigenvector of Ag.

PROOF: A more conceptual proof would be to consider the restriction of M to the space
orthogonal to x;, and then apply Fact 1.7 to such a linear operator. But, since we have not
developed the theory for general linear operators, we would need to explicitly reduce to an
(n — 1)-dimensional case via a projection operator as in the proof of the spectral theorem.

Instead, we will give a more hands-on proof. Let Ay < Ay < --- A, be the list of eigenvalues
of M, with multiplicities, and vi,...,Vv, be orthonormal vectors as given by the spectral
theorem. We may assume that vi = x1, possibly by changing the orthonormal basis of the
eigenspace of A\;. For every vector x = Zfﬁ a;v; orthogonal to vy, its Rayleigh quotient is

n 2
Rag(x) = 22220 >

and the minimum is achieved by vectors x such that a; = 0 for every A; > Ao, that is, for
vectors x which are linear combinations of the eigenvectors of Ao, and so every minimizer
is an eigenvector of Ay. [J



Chapter 2

Introduction

In which we describe what this course is about.

2.1 Overview

This is class is about applications of linear algebra to graph theory and to graph algorithms.
In the finite-dimensional case, linear algebra deals with vectors and matrices, and with a
number of useful concepts and algorithms, such as determinants, eigenvalues, eigenvectors,
and solutions to systems of linear equations.

The application to graph theory and graph algorithms comes from associating, in a nat-
ural way, a matrix to a graph G = (V, E), and then interpreting the above concepts and
algorithms in graph-theoretic language. The most natural representation of a graph as a
matrix is via the |V| x |V| adjacency matriz of a graph, and certain related matrices, such
as the Laplacian and normalized Laplacian matrix will be our main focus. We can think
of |V|-dimensional Boolean vectors as a representing a partition of the vertices, that is, a
cut in the graph, and we can think of arbitrary vectors as fractional cuts. From this point
of view, eigenvalues are the optima of continuous relaxations of certain cut problems, the
corresponding eigenvectors are optimal solutions, and connections between spectrum and
cut structures are given by rounding algorithms converting fractional solutions into integral
ones. Flow problems are dual to cut problems, so one would expect linear algebraic tech-
niques to be helpful to find flows in networks: this is the case, via the theory of electrical
flows, which can be found as solutions to linear systems.

The course can be roughly subdivided into three parts: in the first part of the course we
will study spectral graph algorithms, that is, graph algorithms that make use of eigenvalues
and eigenvectors of the normalized Laplacian of the given graph. In the second part of the
course we will look at constructions of expander graphs, and their applications. In the third
part of the course, we will look at fast algorithms for solving systems of linear equations of



the form Lx = b, where L is Laplacian of a graph, their applications to finding electrical
flows, and the applications of electrical flows to solving the max flow problem.

2.2 Spectral Graph Algorithms

We will study approximation algorithms for the sparsest cut problem, in which one wants
to find a cut (a partition into two sets) of the vertex set of a given graph so that a min-
imal number of edges cross the cut compared to the number of pairs of vertices that are
disconnected by the removal of such edges.

This problem is related to estimating the edge expansion of a graph and to find balanced
separators, that is, ways to disconnect a constant fraction of the pairs of vertices in a graph
after removing a minimal number of edges.

Finding balanced separators and sparse cuts arises in clustering problems, in which the
presence of an edge denotes a relation of similarity, and one wants to partition vertices into
few clusters so that, for the most part, vertices in the same cluster are similar and vertices
in different clusters are not. For example, sparse cut approximation algorithms are used
for image segmentation, by reducing the image segmentation problem to a graph clustering
problem in which the vertices are the pixels of the image and the (weights of the) edges
represent similarities between nearby pixels.

Balanced separators are also useful in the design of divide-and-conquer algorithms for graph
problems, in which one finds a small set of edges that disconnects the graph, recursively
solves the problem on the connected components, and then patches the partial solutions
and the edges of the cut, via either exact methods (usually dynamic programming) or
approximate heuristic. The sparsity of the cut determines the running time of the exact
algorithms and the quality of approximation of the heuristic ones.

We will study a spectral algorithm first proposed by Fiedler in the 1970s, and to put its
analysis into a broader context, we will also study the Leighton-Rao algorithm, which is
based on linear programming, and the Arora-Rao-Vazirani algorithm, which is based on
semidefinite programming. We will see how the three algorithms are based on conceptually
similar continuous relaxations.

Before giving the definition of sparsest cut, it is helpful to consider examples of graphs that
have very sparse cuts, in order to gain intuition.

Suppose that a communication network is shaped as a path, with the vertices representing
the communicating devices and the edges representing the available links. The clearly
undesirable feature of such a configuration is that the failure of a single edge can cause the
network to be disconnected, and, in particular, the failure of the middle edge will disconnect
half of the vertices from the other half.

This is a situation that can occur in reality. Most of Italian highway traffic is along the high-
way that connect Milan to Naples via Bologna, Florence and Rome. The section between
Bologna and Florence goes through relatively high mountain passes, and snow and ice can
cause road closures. When this happens, it is almost impossible to drive between Northern



and Southern Italy. Closer to California, I was once driving from Banff, a mountain resort
town in Alberta which hosts a mathematical institute, back to the US. Suddenly, traffic on
Canada’s highway 1 came to a stop. People from the other cars, after a while, got out of
the cars and started hanging out and chatting on the side of the road. We asked if there
was any other way to go in case whatever accident was ahead of us would cause a long road
closure. They said no, this is the only highway here. Thankfully we started moving again
in half an hour or so.

Now, consider a two-dimensional /n x y/n grid. The removal of an edge cannot disconnect
the graph, and the removal of a constant number of edges can only disconnected a constant
number of vertices from the rest of the graph, but it is possible to remove just \/n edges, a
1/O(y/n) fraction of the total, and have half of the vertices be disconnected from the other
half.

A k-dimensional hypercube with n = 2* is considerably better connected than a grid,
although it is still possible to remove a vanishingly small fraction of edges (the edges of
a dimension cut, which are a 1/k = 1/logyn fraction of the total number of edges) and
disconnect half of the vertices from the other half.

Clearly, the most reliable network layout is the clique; in a clique, if an adversary wants to
disconnect a p fraction of vertices from the rest of the graph, he has to remove at least a
p - (1 — p) fraction of edges from the graph.

This property of the clique will be our “gold standard” for reliability. The expansion and
the sparsest cut parameters of a graph measure how worse a graph is compared with a
clique from this point of view.

For simplicity, here we will give definitions that apply only to the case of regular graphs.

Definition 2.1 (Edge expansion of a set) Let G = (V,E) be a d-regular graph, and
S CV a subset of vertices. The edge expansion of S is

o(5) 1= 2o

where E(S,V —S) is the number of edges in E that have one endpoint in S and one endpoint
mV —S5.

d|S| is a trivial upper bound to the number of edges that can leave S, and so ¢(S) measures
how much smaller the actual number of edges is than this upper bound. We can also think
of ¢(S) as the probability that, if we pick a random node v in S and then a random neighbor
w of v, the node w happens to be outside of S.

The quantity 1 — ¢(S) is the average fraction of neighbors that vertices in S have within S.
For example, if G represents a social network, and S is a subset of users of expansion .3,
this means that, on average, the users in S have 70% of their friends within S.

If (S,V —8) is a cut of the graph, and |S| < |V — S|, then ¢(95) is, within a factor of two,
the ratio between the fraction E(S,V — S)/|E| = 2E(S,V — S)/dn of edges that we have
to remove to disconnect S from V — S, and the fraction |S|- [V — S|/ (}) of pairs of vertices



that become unreachable if we do so. We define the edge expansion of a cut as
¢(S,V = 8) := max{¢(5), ¢(V — )}

The edge expansion of a graph is the minimum of the edge expansion of all cuts.

Definition 2.2 (Edge expansion of a graph) Let G = (V, E) be a d-regular graph, its
edge expansion is

o) = s:ogﬁsi\ll\vl oSV = 5) = s:oglsi\r;% #5)

If A is the adjacency matrix of a d-regular graph G = (V, E), then the normalized Laplacian
of G is the matrix L :=1 — éA. We will prove the Cheeger inequalities: that if Ay < Ay <
-+ < A\, are the eigenvalues of L, counted with multiplicities and sorted in nondecreasing
order, then

2 <0(6) 5 Voh

The lower bound ¢(G) > % follows by using the variational characterization of eigenvalues
to think of Ao as the optimum of a continuous optimization problem, and then realizing
that, from this point of view, Ay is actually the optimum of a relazation of ¢(G).

The upper bound ¢(G) < v/2)s has a constructive proof, showing that the set Sg returned
by Fiedler’s algorithm has size < |V'|/2 and satisfies ¢(Sr) < 2¢/Ay. The two inequalities,
combined, show that ¢(Sr) < 2./¢(G) and provide a (tight) worst-case analysis of the
quality of the cut found by Fiedler-s algorithm, compared with the optimal cut.

To put this result in a broader context, we will see the Leighton-Rao approximation algo-
rithm, based on linear programming, which finds a cut of expansion < ¢(G) - O(log|V]),
and the Arora-Rao-Vazirani algorithm, based on semidefinite programming, which finds a
cut of expansion < ¢(G) - O(y/log|V]). The spectral, linear programming, and semidefinite
programming relaxation can all be seen as very related.

We will then consider combinatorial characterizations, and algorithms for other laplacian
eigenvalues.

We will prove a “higher order” Cheeger inequality that characterizes A\, for & > 2 similarly
to how the standard Cheeger inequality characterizes Ao, and the proof will provide a worst-
case analysis of spectral partitioning algorithms similarly to how the proof of the standard
Cheeger inequality provides a worst-case analysis of Fiedler’s algorithm.

The outcome of these results is that small Laplacian eigenvalues characterize the presence of
sparse cuts in the graph. Analogously, we will show that the value of \,, characterizes large
cuts, and the proof a Cheeger-type inequality for A, will lead to the worst-case analysis of
a spectral algorithm for max cut.

10



2.3 Constructions and Applications of Expander Graphs

A family of constant-degree expanders is a collection of arbitrarily large graphs, all of degree
O(1) and edge expansion €2(1). Expanders are useful in several applications, and a common
theme in such applications is that even though they are sparse, they have some of the
“connectivity” properties of a complete graph.

For example, if one removes a o(1) fraction of edges from an expander, one is left with a
connected component that contains a 1 — o(1) fraction of vertices.

Lemma 2.3 Let G = (V,E) be a regular graph of expansion ¢. Then, after an € < ¢
fraction of the edges are adversarially remowved, the graph has a connected component that
spans at least 1 — €/2¢ fraction of the vertices.

PROOF: Let d be the degree of G, and let E/ C E be an arbitrary subset of < ¢|E| =
e-d-|V|/2 edges. Let Cq,...,Cy, be the connected components of the graph (V, E — E’),
ordered so that |Cy| > |Ca| > -+ > |Cy,|. We want to prove that [Ci| > |V (1 — 2¢/¢).
We have

1 1
|E'| > 3 g E(C;,Cj) = 3 E E(C;,V = C;)
i#£j %

If |Cy] <|V]/2, then we have
\E’|>12d'gb-|0|—1-d-¢-|V!
T 24 Y2

but this is impossible if ¢ > e.
If |Cy] > |V]/2, then define S := CyU---UCy,. We have

|E'| > E(C,S)>d- ¢S]
which implies that |S| < 55 - [V] and so C1 > (1 - ﬁ) V). O

In a d-regular expander, the removal of k edges can cause at most O(k/d) vertices to
be disconnected from the remaining “giant component.” Clearly, it is always possible to
disconnect k/d vertices after removing k edges, so the reliability of an expander is essentially
best possible.

Another way in which expander graphs act similarly to a complete graph is the following.
Suppose that, given a graph G = (V, E), we generate a sequence vy, ...,v; by choosing
vy € V uniformly at random and then performing a (k — 1)-step random walk. If G
is a complete graph (in which every vertex has a self-loop), this process uses klog |V
random bits and generates k uniform and independent random vertices. In an expander
of constant degree, the process uses only log |V| 4+ O(k) random bits, and the resulting
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sequence has several of the useful statistical properties of a sequence generated uniformly
at random. Especially in the case in which k is of the order of log |V|, using O(log |V|)
instead of O(log?|V|) random bits can be a significant saving in certain application. (Note,
in particular, that the sample space has polynomial size instead of quasi-polynomial size.)

Constructions of constant-degree expanders are useful in a variety of applications, from the
design of data structures, to the derandomization of algorithms, from efficient cryptographic
constructions to being building blocks of more complex quasirandom objects.

There are two families of approaches to the explicit (efficient) construction of bounded-
degree expanders. One is via algebraic constructions, typically ones in which the expander
is constructed as a Cayley graph of a finite group. Usually these constructions are easy to
describe but rather difficult to analyze. The study of such expanders, and of the related
group properties, has become a very active research program. There are also combinatorial
constructions, which are somewhat more complicated to describe but considerably simpler
to analyze.

2.4 Mixing time of random walks

If one takes a random walk in a regular graph that is connected and not bipartite, then,
regardless of the starting vertex, the distribution of the ¢-th step of the walk is close to
the uniform distribution over the vertices, provided that ¢ is large enough. It is always
sufficient for ¢ to be quadratic in the number of vertices; in some graphs, however, the
distribution is near-uniform even when ¢ is just poly-logarithmic, and, indeed, the time is

at most O ()\—12 log ]V|>, and thus it is at most logarithmic in expander graphs.

Among other applications, the study of the “mixing time” (the time that it takes to reach
the uniform distribution) of random walks has applications to analyzing the convergence
time of certain randomized algorithms.

The design of approximation algorithms for combinatorial counting problems, in which one
wants to count the number of solutions to a given NP-type problem, can be reduced to
the design of approximately uniform sampling in which one wants to approximately sample
from the set of such solutions. For example, the task of approximately counting the number
of perfect matchings can be reduced to the task of sampling almost uniformly from the set
of perfect matchings of a given graph. One can design approximate sampling algorithms by
starting from an arbitrary solution and then making a series of random local changes. The
behavior of the algorithm then corresponds to performing a random walk in the graph that
has a vertex for every possible solution and an edge for each local change that the algorithm
can choose to make. Although the graph can have an exponential number of vertices in
the size of the problem that we want to solve, it is possible for the approximate sampling
algorithm to run in polynomial time, provided that a random walk in the graph converges
to uniform in time poly-logarithmic in its size.

The study of the mixing time of random walks in graphs is thus a main analysis tool
to bound the running time of approximate sampling algorithms (and, via reductions, of
approximate counting algorithms).
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As a way of showing applications of results proved so far, we will show that, because of
Cheeger’s inequality, the mixing time is upper-bounded by O (# log ]V|>, and then we will
use the dual of the Leighton-Rao relaxation to show that 1/¢ can be upper-bounded by
the congestion of a certain flow problem. We will apply this theory to the analysis of an
algorithm that approximates the number of perfect matchings in a given dense bipartite
graph.

2.5 Linear Systems, Electrical Flows, and Applications

In the last part of the course, we will turn to connections between graph theory and a
different aspect of linear algebra, namely the solution of systems of linear equations. If we
have a system of linear equations of the form

Ax=Db

we can solve it (or determine that it has no solution) in polynomial time using Gaussian
elimination. Sometimes, it is possible to develop faster and more numerically stable algo-
rithms by thinking of the problem has an optimization, such as, for example,

min ||Ax — b||

for an appropriate choice of norm.

If A is positive definite (that is, all the eigenvalues are strictly positive), then another way
of turning a linear system into an optimization problem is to consider the problem

1
min ixTAx —bTx (2.1)

The problem is strictly convex, because the Hessian of the function f(x):= %XTAX —bTx,
that is, the matrix of partial second derivatives of f(-), is, at every point, the matrix A
itself, which we assumed to be positive definite.

The strongly convex optimization problem (2.1) has a unique minimum, achieved at a point
x*. The gradient of f(-) at a point x, that is, the vector of partial derivates at x, is
Vf(x) = Ax — b. The gradient has to be equal to the 0 vector at the optimum x*, and so
we have Ax* = b.

If we want to solve the linear system Ax = b, and A is positive definite, then a possible
strategy is to solve the convex optimization problem (2.1) using gradient descent, or similar
local-search algorithms for convex optimization. The running time of such algorithms will
be determined by the smallest eigenvalue A. In order to deal with matrix having small
eigenvalues, one resorts to preconditioning, which is a technique that reduces the Ax = b
system to a By = b’ system in which B has a larger smallest eigenvalue. In the interesting
special case in which A is the Laplacian matrix of an undirected graph, the running time
is determined by the expansion of the graph, and preconditioning can be understood in
graph-theoretic terms.

13



(Technically, the Laplacian is not positive definite. What we mean above is that we are
interested in solving an equation of the form Lx = b where L is a Laplacian matrix, and x
is further constrained to be orthogonal to the eigenspace of zero.)

Efficiently solving “Laplacian systems” of the form Lx = b is closely related to the problem
of finding sparsifiers of graphs, and we will see nearly linear time algorithms for both
problems.

One application of finding solutions to systems of the form Lx = b is to find electrical flows
in networks. We will then see how to use fast algorithms for finding electrical flows and
turn them into algorithm for the Max Flow problem.
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Chapter 3
The Basics of Spectral Graph Theory

In which we introduce the Laplacian matrix and we prove our first results in spectral graph
theory.

3.1 The Laplacian Matrix

Given an undirected graph G = (V, E), the approach of spectral graph theory is to asso-
ciate a symmetric real-valued matrix to G, and to related the eigenvalues of the matrix to
combinatorial properties of G.

For the sake of this lecture, we will restrict ourselves to the case in which G is a d-regular
graph, and we will then see how to extend our results to apply to irregular graphs as well.

The most natural matrix to associate to G is the adjacency matrix A such that A; ; =1 if
{i,j} € F and A; j = 0 otherwise. In the second part of the course, in which we will study
expander graphs, the adjacency matrix will indeed be the most convenient matrix to work
with. For the sake of the algorithms that we will analyze in the first part of the course,
however, a slight variation called the normalized Laplacian is more convenient.

There are a few ways to motivate the definition of the Laplacian. One way is the following;:
the variational characterization of the eigenvalues of real symmetric matrices tells us that
we can think of the eigenvalues of M as optima of min-max optimization problems in which
vectors x € RY are feasible solutions and the cost function is the Rayleigh quotient

xT Mx
Ry (r) =

xT'x

We know that every homogeneous polynomial of degree 2 can be realized as 27 Mx for some
matrix M, and,if we want to study cuts in a graph G = (V| E), it makes sense to choose a
matrix M such that
xT Mx = Z (20 — )2
{uv}eE
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because, if x € {0, l}V is a Boolean vector, representing a cut in the graph, then the
right-hand-side expression above is counting the number of edges that cross the cut, and so
optimization problems with the above cost functions will be relaxations of cut problems.

Some calculations show that the matrix having such a property is dI — A, which is called
the Laplacian matrix of G. Indeed, we can verify that

xT(dI — A)x = Z (T4 — 20)?
{uv}eF
because both expressions are easily seen to be equal to
Z dm% -2 Z TyuLo
v {uv}elE

As we will see in a moment, the eigenvalues of dI — A are in the range [0,2d], and it is
not hard to see that their sum is dn, so it is convenient to divide the Laplacian matrix by
d so that the range and the average values of the eigenvalues of the resulting matrix are
independent of the degree. (This degree independence will make it possible to generalize
results to the irregular case.)

We have thus reached the following definition.

Definition 3.1 (Normalized Laplacian) The normalized Laplacian matriz of an undi-
rected d-regular graph G = (V,E) is L := 1 — éA'

3.2 Some Facts About Laplacian Eigenvalues

We shall now prove the following relations between the eigenvalues of L and certain purely
combinatorial properties of G.

Theorem 3.2 Let G be a d-reqular undirected graph, let A be the adjacency matriz of G,
and L =1 — é - A be the normalized Laplacian matrixz of G. Let A1 < Ao < --- < A\, be the
real eigenvalues of L with multiplicities, in nondecreasing order. Then

1. A1 =0 and M\, < 2.
2. My = 0 if and only if G has at least k connected components.

3. A\p =2 if and only if at least one of the connected components of G is bipartite.

Note that the first two properties imply that the multiplicity of 0 as an eigenvalue is precisely
the number of connected components of G.

PRrROOF: By the characterization of the Rayleigh quotient of L that we established above,
and from the variational characterization of eigenvalues, we have
. Z{u,v}GE(xU - xv)2
A1 = min 5
x€R"—{0} dy ., 3
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and so A1 > 0 because the Rayleigh quotient, being a ratio of sums of squares, is always
non-negative.

If we take 1 = (1,...,1) to be the all-one vector, we see that its Rayleigh quotient is 0, and
so 0 is the smallest eigenvalue of L, with 1 being one of the vectors in the eigenspace of 1.

We also have the following formula for Ag:

2
. Z{u,v}EE(mu - J:U)
A = ) ~ min max 5
S k—dimensional subspace of R" xeS—{0} d Zv xy

So, if Ay = 0, there must exist a k-dimensional space S such that for every x € S and every
{u,v} € E, we have z,, = z,, and so x,, = x,, for every u,v which are in the same connected
component. This means that each x € S must be constant within each connected component
of GG, and so the dimension of S can be at most the number of connected components of G,
meaning that G has at least k connected components.

Conversely, if G has at least k£ connected components, we can let S be the space of vectors
that are constant within each component, and S is a space of dimension at least k such that
for every element x of S we have

Z (y —2)2 =0

{u,v}eFE
meaning that S is a witness of the fact that A\ = 0.

Finally, to study A, we first note that we have the formula

xT' I x
Ap = max T
xeR"—{0} x!'x

from the variational characterization of eigenvalues (see Handout 0).

We also observe that for every vector x € R” we have

1
T Tre_ 2
2X' X — X Lx—g E (Ty + T0)
{uv}€eFE

and so

Ty + Ty 2
Ay =2— min Z{u,v}EE( )
x€R"—{0} ay., z?

from which it follows that

Ap <2

and if A\, = 2 then there must be a non-zero vector x such that

Z (y+20)2 =0

{u,v}eFE

17



which means that z,, = —z, for every edge (u,v) € E.

Let us now define A := {v : z, > 0} and B := {v : 2, < 0}. The set AU B is non-empty
(otherwise we would have x = 0) and is either the entire graph, or else it is disconnected
from the rest of the graph, because otherwise an edge with an endpoint in A U B and
an endpoint in V' — (A U B) would give a positive contribution to }_r, yep(®u — 7,)%;
furthermore, every edge incident on a vertex on A must have the other endpoint in B, and
vice versa. Thus, AU B is a connected component, or a collection of connected components,
of G which is bipartite, with the bipartition 4, B. [J
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Chapter 4

Cheeger's Inequalities

In which we generalize the notion of normalized Laplacian to irreqular graphs, we extend
the basic spectral graph theory results from last lecture to irregular graphs, and we prove the
easy direction of Cheeger’s inequalities.

4.1 Irregular Graphs

Let G = (V,E) be an undirected graph, not necessarily regular. We will assume that
every vertex has non-zero degree. We would like to define a normalized Laplacian matrix
associated to G so that the properties we proved last time are true: that the multiplicity of
0 as an eigenvalue is equal to the number of connected components of GG, that the largest
eigenvalue is at most 2, and that it is 2 if and only if (a connected component of) the graph
is bipartite.

In order to have a matrix such that zero is the smallest eigenvalue, and such that multiplicity
of zero is the number of connected component, we want a matrix such that the numerator
of the Rayleigh quotient is (a multiple of)

Z (Tu — $v)2

{uv}eE

and the matrix M such that x” Mx is the above expression is the matrix M = D — A, where
D is the diagonal matrix such that D, , = d,, the degree of v. The matrix D — A is called
the Laplacian matrix of G. Note that there is no fixed constant upper bound to the largest
eigenvalue of D — A; for example, if G is a d-regular bipartite graph, the largest eigenvalue
is 2d, as proved in the last lecture.

Some calculations shows that the right analog of the normalization that we did in the regular
case (in which we divided by the degree d) would be to have a matrix whose Rayleigh
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quotient is

Z{u,v}EE(mu - $U)2 _9_ Z{u,v}EE(mU + 'CCU)2

Zv di}x?} ZU dvl‘%
and it’s clear that the above expression is at most 2 for every x, and it is possible to find an
x for which the above expression is 2 if and only if G has a bipartite connected component.

(4.1)

Unfortunately, there is no matrix whose Rayleigh quotient equals (4.1), because the denom-
inator of a Rayleigh quotient is, by definition, > z2 regardless of the matrix.

One way to work around this problem would be to give a more general form of the variational

characterization of eigenvalues, in which we have an arbitrary inner product (-,-), and the
(x,Mx)
(xx)

Rayleigh quotient is defined as

Here we will proceed in a way that is essentially equivalent, but without introducing this
additional definitional framework.

The point is that, if we look at the Rayleigh quotient of the vector DY/2x, where D2 is
the diagonal matrix such that D}/E = \/d,, then the denominator will indeed be xT Dx =
Yo dyz?, and that we can find a matrix L such that the numerator of the Rayleigh quotient
of DV/2x is xT DY/2LD'/?x = 2 (uorer(Tu —x,)2, so that the Rayleigh quotient Ry, (D'/?x)
is indeed the expression in (4.1).

This matrix L is called the normalized Laplacian of G and, by the above observation, it has
to be L = D~Y2(D — A)D~'/2 = I — D=Y/2AD~1/2. Note that, in a d-regular graph, we
get L=1-— éA, consistent with our definition from the last lecture.

Now the point is that the mapping x — D'/2x is linear and bijective, so it maps the set of

all possible vectors to the set of all possible vectors, and it maps a k-dimensional space to
a (possibly different) k-dimensional space.

If we let Ay < --- < A\, be the eigenvalues of L = I — D*I/QAD*UQ, counting repetitions,
the variational characterization gives us

2
Ty — T
A1 = min Ry (x) = min Ry, (D'/?x) = min 2guper{Tu — o)
X#0 x#0 x#0 >, do?
and
A = min max  Rp(x)
X k—dimensional xe€X-—{0}

= min max  Rp(D'Y?x)
X k—dimensional xe€X—{0}

2
. Z{u,v}GE('xu - $v)
= min max 2
X k—dimensional x€X—{0} Zv dvxv

from which we have that A\; = 0 and that the multiplicity of zero is equal to the number of
connected components.

We also have
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x#0 x#0
. Z{u,v}eE(xU + .TU)
=2 —mi
x#0 Zv dvi'%

from which we see that A, < 2 and that )\, = 2 if and only if one of the connected
components of GG is bipartite.

4.2 FEdge Expansion, Fiedler’s Algorithm and Cheeger’s In-
equalities

We will now return, for simplicity, to the regular case.

If G = (V, FE) is an undirected d-regular graph, and S C V is a set of vertices, we call the

quantity
__E(S,V-29)

the edge expansion of S. The quantity ¢(S) is the average fraction of neighbors outside of
S for a random element of .S, and it compares the actual number of edges crossing the cut
(S,V —S) with the trivial upper bound d|S|.

We define the expansion of a cut (S,V — S) as

The edge expansion of the graph G is defined as

o(Q) = msin ¢S,V —-S)=  min o(9)

sag|si<i!
(Note: it is common in the literature to use the notation ¢(.S) to refer to the quantity that
we call ¢(S,V —5).)

Finding cuts of small expansion is a problem with several applications. It is an open question
if there is a polynomial-time approximation with a constant-factor approximation ratio; a
positive answer would refute the “small-set expansion conjecture” which is closely related
to the unique games conjecture.

The following algorithm was proposed by Fiedler, and it works well in practice when x is
the eigenvector of As.

e Input: graph G = (V, E), vector x € RV

— Sort the vertices according the values z,, and let vy,...,v, be the sorted order

— Find a k that minimizes ¢({v1,..., vk}, {vk+1,--.,vn}), and output such a cut
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Note that Fiedler’s algorithm can be implemented in time O(|E| + |V|log|V]), because
it takes time O(|V|log|V]) to sort the vertices, and the cut of minimal expansion that
respects the sorted order can be found in time O(FE). (To see that this is the case,
consider that, in order to find such a cut, we just need to compute the numbers ¢ :=
E({v1,...,v}, {vks1,...,vn}) for each k = 1,....,n — 1. We see that e; is equal to the
degree of v, and that, given e;_1, the value of e, can be computed by just adding to ex_1
the number of neighbors of vy in {vgy1,...,v,}, and subtracting the number of neighbors
of vg in {v1,..., vk}, on operation that can be done in time O(d,, ). Thus the total running
time is of the order of ) d,, that is, O(|E]).)

We will prove the following result

Theorem 4.1 (Cheeger’s Inequalities) Let G be an undirected regular graph and A\; <
Ao < -+ < Ay, be the eigenvalues of the normalized Laplacian, with repetitions, then

2 <6(6) < vV

Furthermore, if (S,V — S) is the cut found by Fiedler’s algorithm given the eigenvector of
A, then

d(S,V —85) <2\

Note that, from the furthermore part of the Theorem, it follows that, if (S,V — S) is the
cut found by Fiedler’s algorithm given an eigenvector of Ao, we have

#(S,V = 8) <2v/¢(G)

which is a worst-case guarantee of the quality of the solution found by the algorithm.

4.3 Proof that % < o(G)

Let S be a set of vertices such that ¢(S,V — S) = ¢(G). Recall that for every set S, we
have that expansion of S is the same as the Rayleigh quotient of the indicator vector 1g.
(The indicator vector of a set S is the 0/1 vector 1g whose v-th coordinate is 1 if and only
if ve S.) So we have

Rp(1s) < ¢(G)
Rr(1v_s) < ¢(G)

also recall that, from the variational characterization of eigenvalues, we have

Ay = min max  Rp(x)
X 2—dimensional xe€X—{0}

We will prove the inequality Ay < 2¢(G) by showing that all the vectors in the 2-dimensional
space X of linear combinations of the orthogonal vectors 1g, 1y _g have Rayleigh quotient
at most 2¢(G). This is a consequence of the following useful fact.
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Lemma 4.2 Let x and y be two orthogonal vectors, and let M be a positive semidefinite
matriz. Then

Ry(x +y) <2 -max{Rpy(x), Rp(y)}

PRrROOF: Let 0 < A\ < --- A, be the eigenvalues of M and vi,...,v, be a corresponding
basis of eigenvectors. Let us write x = >, a;v; and y = >, b;v;.

The Rayleigh quotient of x 4+ y is

> Ailai + bi)? < > Ni2(af +b7)
Ix+yll2 = I+ Ilyl?
_ 2Ru(x) - |Ix[* + 2Ru(y) - [ly]1?
|1x[I* + [[y?

< 2max{Ry(x), Ry(y)}

In the first inequality, we used orthogonality of x and y to derive ||x +y||? = ||x||> + ||y||?
and we used the Cauchy-Schwarz inequality (a + b)? < 2a? + 2b2. O

4.4 First Part of the Analysis of Fiedler’s Algorithm

The vector 1 = (1,...,1) is an eigenvector for 0, which is the smallest eigenvalue of the
normalized Laplacian of GG, and so, from the variational characterization of eigenvalues, we
have that

2
. E{u,v}eE(xu - 1:1))
Ao = min
x11 d ZU .’E%
and that any eigenvector x of Ay is a minimizer of the above expression. We will prove

that ¢(G) < v/2X9 and that the Furthermore part of Theorem 4.1 is true by showing the
following stronger result:

Lemma 4.3 Let x be a vector orthogonal to 1 and let (S,V — S) be the cut found by
Fiedler’s algorithm given x. Then

o(S,V —95) < /2R(x)

This stronger form is useful, because often one runs Fiedler’s algorithm on an approximate
eigenvector, and Lemma 4.3 shows that one gets a guarantee on the quality of the resulting
cut that does not require x to be an eigenvector, as long as its Rayleigh quotient is small.

We divide the proof of Lemma 4.3 into two parts: we analyze the performance of the
algorithm given a vector x that, instead of being orthogonal to 1, has the property of
having non-negative entries and at most |V'|/2 non-zero entries, and we show that analyzing
the performance of the algorithm on vectors of the former type reduces to analyzing the
performance on vectors of the latter type.
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Lemma 4.4 Lety € R‘Z/O be a vector with non-negative entries. Then there is a 0 < t <
max,{yy} such that

o({v 1 yo > 1}) < V2RL(y)

Lemma 4.5 Let x € RV be orthogonal to 1. Then there is a vector y € R‘Z/O with at most
[V'|/2 non-zero entries such that

RL(y) < Ri(x)

Furthermore, for every 0 < t < max,{y,}, the cut ({v:y, > t},{v :yy, < t}) is one of the
cuts considered by Fiedler’s algorithm on input x.

Let us quickly see how to prove Lemma 4.3 given Lemma 5.1 and Lemma 4.5. Let x be
a vector orthogonal to 1, and let (Sp,V — Sp) be the cut found by Fiedler’s algorithm
given x. Let y be the non-negative vector with at most |V'|/2 positive entries and such that
Ri(y) < Rp(x) as promised by Lemma 4.5. Let 0 < ¢ < max,{y,} be a threshold such that

o({v:yo > t}) < V2R.(y) < V2R (%)

as promised by Lemma 4.5. The set Sy := ¢({v : y, > t}) contains at most |V'|/2 vertices,
and the cut (S¢, V — ;) is one of the cuts considered by Fiedler’s algorithm on input x, and
SO

¢(SF, V - SF) S gb(St, V — St) = gb(St) § QRL(X)

We will prove Lemma 5.1 next time. We conclude this lecture with a proof of Lemma 4.5.

PrOOF: (Of Lemma 4.5) First we observe that, for every constant c,
Rr(x+c1) < Rp(x)

because the numerator of Ry (x 4 ¢1) and the numerator of Ry (x) are the same, and the
denominator of Ry (x + cl) is ||x + c1|2 = ||x||? + [|c1||> > ||x?|].

Let m be the median value of the entries of x, and call X’ := x — m1. Then we have
R (x') < Rp(x), and the median of the entries of x’ is zero, meaning that x’ has at most
|V'|/2 positive entries and at most |V'|/2 negative entries. We will refer to the vertices v
such that a7, > 0 as the positive vertices, and the vertices v such that z; < 0 as the negative
vertices.

We write

where z;7 = ) if v is positive and z;} = 0 otherwise; similarly, z;;, = —z/ if v is negative,
and z, = 0 otherwise. Note that x™ and x~ are orthogonal, non-negative, and each of
them has at most |V|/2 nonzero entries. Note also that, for every ¢, the cut defined by the
set {v:z >t} is one of the cuts considered by Fiedler’s algorithm on input x, because it
is the cut

vz, <t+m}p,{v:z, >t+m})

24



Similarly, for every t, the cut defined by the set {v : x; > t} is one of the cuts considered
by Fiedler’s algorithm on input x, because it is the cut

{v:zy <m—t},{v:z, >m—1t})

It remains to show that at least one of x* or x~ has Rayleigh quotient smaller than or
equal to the Rayleigh quotient of x’ (and, hence, of x). We claim that

B > {uw} (@u —'xv)2__ E:{u¢@(($$’—‘w3? —(zy —x,))°
x| (2 + []x |2

Z{u,v}(x;r - x;r)Q + (x; - x;)Q
B |2 4 [

_ R P+ R - =T
[t + [l

Rp(x)

> min{ Ry (x*), Ry (x ")}
The only step that we need to justify is that for every edge {u,v} we have

(o —af) = (2 —2))? = (2 —a3)” + (2 —23)?

If {u,v} is an edge between two non-positive vertices, or between two non-negative vertices,
then the left-hand side and the right-hand side are clearly equal. If it is an edge between
a positive vertex u and a negative vertex v, then the left-hand side is equal to (z)} + z; )2,
and the right-hand side is equal to (x;7)? + (z, )% O
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Chapter 5

Cheeger’s Inequalities cont'd

In which we finish the proof of Cheeger’s inequalities.

It remains to prove the following statement.

Lemma 5.1 Lety € R‘Z/O be a vector with non-negative entries. Then there is a 0 < t <
max,{y,} such that

o({v iy > 1}) < V2RL(y)

We will provide a probabilistic proof. Without loss of generality (multiplication by a scalar
does not affect the Rayleigh quotient of a vector) we may assume that max,y, = 1. We
consider the probabilistic process in which we pick ¢ > 0 in such a way that ¢? is uniformly
distributed in [0, 1] and then define the non-empty set S; := {v : y, > t}.

We claim that

EE(S,V — S)
s < VERL) (51)

Notice that Lemma 5.1 follows from such a claim, because of the following useful fact.

Fact 5.2 Let X and Y be random variables such that P[Y > 0] = 1. Then

P —< =

Proor: Call r := ]IEE%. Then, using linearity of expectation, we have EX —rY = 0, from
which it follows P[X — rY < 0] > 0, but, whenever Y > 0, which we assumed to happen
with probability 1, the conditions X —rY < 0 and % < r are equivalent. [J
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It remains to prove (5.1).

To bound the denominator, we see that

EdSi|=d-Y Plve 5] —dZyv

veV

because
Plv € Si] = Plyy > 1] = Ply2 > 2] = 32

To bound the numerator, we say that an edge is cut by S; if one endpoint is in S; and
another is not. We have

BE(S,V -S)= > P{u,v}is cut]

{uv}€eFE
= Z !yz—yﬁlz Z 1Yo — Yul * (Yu + o)
{uv}eE {u,v}eFE

Applying Cauchy-Schwarz, we have

E(St7V_St) < yu \/ Z yv"’yu
v}EE

{u v}GE
and applying Cauchy-Schwarz again (in the form (a + b)? < 2a? + 2b%) we get
Z (yv+yu Z 2yv+2yu_2dzyv
{u,v}eFE {u v}EE

Putting everything together gives

EE(S:, V — Sy) < 2Z{u,v}€E(yU — Yu)?

which is (5.1).
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Chapter 6
Cheeger-type Inequalities for A\,

In which we prove an analog of Cheeger’s inequalities for the largest Laplacian eigenvalue
and we show how to use it to develop a spectral approzimation algorithm for Max Cut.

6.1 Cheeger-type Inequalities for )\,

Let G = (V, E) be an undirected graph (not necessarily regular), D its diagonal matrix of
degrees, A its adjacency matrix, L = I — D~/2AD~Y/2 its normalized Laplacian matrix,
and 0 = A < -+ < A\, < 2 be the eigenvalues of L, counted with multiplicities and listed
in non-decreasing order.

In Handout 2, we proved that Ay = 0 if and only if G has at least k£ connected component
and A\, = 2 if and only if there is a connected component of G (possibly, all of G) that is
bipartite.

A special case of the former fact is that Ao = 0 if and only if the graph is disconnected,
and the Cheeger inequalities give a “robust” version of this fact, showing that Ao can be
small if and only if the expansion of the graph is small. In these notes we will see a robust
version of the latter fact; we will identify a combinatorial parameter that is zero if and only
if the graph has a bipartite connected component, and it is small if and only if the graph is
“close” (in an appropriate sense) to having a bipartite connected components, and we will
show that this parameter is small if and only if 2 — A, is small.

Recall that

— E{u,U}EE(xU + xU)Q
x€R"—{0} Y vey do?

We will study the following combinatorial problem, which formalizes the task of finding an
“almost bipartite connected component:” we are looking for a non-empty subset of vertices
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S CV (we allow S = V) and a bipartition (A, B) of S such that there is a small number
of “violating edges” compared to the number of edges incident on S, where an edge {u, v}
is wiolating if it is in the cut (S,V — 5), if it has both endpoints in A, or if it has both
endpoints in B. (Note that if there are no violating edges, then S is a bipartite connected
component of G.)

It will be convenient to package the information about A, B, S as a vector y € {—1,0,1}",
where the non-zero coordinates correspond to S, and the partition of S is given by the
positive versus negative coordinates. We define the “bipartiteness ratio” of y as

. Z{u,v}EE |yu + yv’
ZUEV dv’y@‘

Note that in the numerator we have the number of violating edges, with edges contained in
A or in B counted with a weight of 2, and edges from S to V — .S counted with a weight of
1. In the denominator we have the sum of the degrees of the vertices of S (also called the
volume of S, and written vol(S)) which is, up to a factor of 2, the number of edges incident
on S.

Bly) :

(Other definitions would have been reasonable, for example in the numerator we could
just count the number of violating edges without weights, or we could have the expression
> (e 5(Yu + yu)?. Those choices would give similar bounds to the ones we will prove,
with different multiplicative constants.)

We define the bipartiteness ratio of G as

B(G) =

T ye{-1o.1}m—{o} )

We will prove the following analog of Cheeger’s inequalities:

2—
2

§B(G)§ 2'(2_)\n)

The first inequality is the easy direction

Ty + 2 2
29\, = min 2 fupjer(Tu - )
x€R"—{0} Y vey Gu?
. Z{u,v}eE |Yu + Yo|?
< min 3
ye{-1,0,1}n—{0} ZUEV dv|yv|
< min Z{U,U}GE 2 [yu + ool
= ye{-1,0,1}7—{0} > vev dolyy|

The other direction follows by applying the following lemma to the case in which x is the
eigenvector of \,,.
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Lemma 6.1 (Main) For every x € R™ — {0} there is a threshold t, 0 < t < max, |z,
such that, if we define y®) € {—1,0,1}" as

-1 ifx, < —t
yD =30 if —t<m,<t
1 if xy >t

we have

9. Z{u,v}GE(xU + x’U)Q

Oy <
B(y )_ Zvevdvx%

Note that the Lemma is giving the analysis of an algorithm that is the “bipartite analog”
of Fiedler’s algorithm. We sort vertices according to |z,|, and then we consider all sets S
which are suffixes of the sorted order and cut S into (A, B) according to sign. We pick the
solution, among those, with smallest bipartiteness ratio. Given x, such a solution can be
found in time O(|E| + |V |log|V]) as in the case of Fiedler’s algorithm.

6.1.1 Proof of Main Lemma

We will assume without loss of generality that max, |z,| = 1. (Scaling x by a multiplicative
constant does not change the Rayleigh quotient and does not change the set of y that can
be obtained from x over the possible choices of thresholds.)

Consider the following probabilistic experiment: we pick ¢ at random in [0, 1] such that ¢
is uniformly distributed in [0,1], and we define the vector y*) as in the statement of the
lemma. We claim that

£ Z{U,U}EE |yi(it) + yi()t)‘ 9. Z{u,v}EE(‘Tu + ) (6.1)
EX ey dolst”] Lvev b

and we note that the Main Lemma follows from the above claim and from the fact, which
we have used before, that if X and Y are random variables such that P[Y" > 0] = 1, then
there is a positive probability that % < %—i/{.

We immediately see that

EY doly? =Y duP[ |z > t] =Y dya?

veV v

To analyze the numerator, we distinguish two cases

1. If 2, and z, have the same sign, and, let’s say, 2 < 2 then there is a probability =2
that both yq(f) and yz(,t) are non-zero (and have the same sign), meaning that |yq(f) +
yq(}t)\ = 2; and there is an additional probability 22 — 22 that yq(f) =0 and yq()t) = 41,
so that |y1(f) + yz(,t)| = 1. Overall we have

Ely) + )| = 205 + 2l — ol = i) + 2
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since the last expression is symmetric with respect to v and v, the equation
Ely) + )| = =, + 7}

holds also if 22 > z2;
2. If z, and z, have opposite signs, and, let’s say a: < x2 there is probability z2 — 2
that yz(L) = 0 and yf,) = +1, in which case |y + yv ] = 1, and otherwise we have

]y + y(t)\ 0. If 22 > 22, then ]y( + Yy )\ equals 1 with probability #2 — 22 and it
equals zero otherwise. In either case, we have

Ely +y{| = |22 — 22|

In both cases, the inequality

E Y +yP| < |20 + 20| - (2] + |20])
is satisfied.

Applying Cauchy-Schwarz as in the proof of Cheeger’s inequalities we have

E D W +u1< D lzutaol- (2] + lzl)

{u,v}eFE {uv}eFE
Z xu‘i'xv : Z |$U|+|$U|
{uv}elE {uv}elE
and
Z (|xu|+‘xv‘ Z 2$ —i—w —Qde
{uv}elE {u v}eE

and, combining all the bounds, we get (6.1).

6.2 Application to Max Cut

In the Max Cut problem, given an undirected graph G = (V, E) we want to find a cut
(C,V — C) maximizing the number of cut edges E(C,V — C). We call mazcut(G) the
fraction of edges of G cut by the optimal solution. We see that if mazcut(G) =1 — €, then
2 — A, < 2¢, as seen by taking the boolean vector x € {—1,1}" such that z, = 1 iff v € C.

This means that, in polynomial time, we can find a y € {—1,0,1} such that 8(y) < 2+/e.
Unfortunately, the number of non-zero vertices in y could be very small, and so y would
not help find a way to partition all vertices.

We can, however, apply the algorithm of the previous section recursively: after we find y,
we remove the non-zero vertices from G (because y gives us a way to partition them with
few violating edges) and then we can recurse on the residual graph. If the (volume of) the
residual graph is very small, then we already almost have a global cut, and if the volume
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of the residual graph is large, then the optimal cut of G is still a good cut in the residual
graph, and it implies that A, is close to 2 and that we can find a y of small bipartiteness
ratio, and so on.

The overall algorithm is as follows:

RecursiveSpectralCut (G = (V, E))

e Use algorithm of previous section to find disjoint sets of vertices A, B such that

2E(A) 4+ 2E(B) + E(AUB,V — AUB) < \/2 — 2\, - vol(AU B)

o If V=AU B, then return (A, B)

e Else

— Let V/:=V — (AU B), and let G’ = (V', E’) be the subgraph of G induced by
V/

(C,V' = C) := RecursiveSpectralCut (G' = (V', E’))

— Return best cut between (CU A, (V' —C)UB) and (CUB, (V' —C)U A)

We prove the following bound.

Lemma 6.2 If maxcut(G) = 1 — ¢, then RecursiveSpectralCut G finds a cut crossed
by at least (1 — 4+/€)|E| edges.

PRrOOF: We proceed by induction on the number of recursive steps.

If there is no recursive call, then AU B =V, and so (A, B) is already a cut. The number
of edges of G that do not cross the cut is
1
E(A)+ E(B) < 3 2:(2—=X\,) - vol(V) < 2\/e- |E| < 4V/€|E|

because 2 — A, < 2¢ and vol(V) = 2|E|. This settles the base case.

For the inductive step, the number of edges not cut by the algorithm is at most

E(A) + E(B) + %E(A UB V) + (|E'| - E(C,V - C))

because we should count all the edges with both endpoints in A and both endpoints in B,
all the edges of G’ not cut in the recursive step, and half of the edges from AU B to V/,
because the best way of combining the cuts loses at most half of those edges.

By using the fact that 2 — A\, < 2¢ and the inductive hypothesis we have
1
E(A)+ E(B) + §E(A UB, V') < /e vol(AU B)
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|E'| — E'(C,V' = C) < 4Ve - |E/|
where € is defined so that 1 — ¢’ = mazcut(G’).

Let us call p := |E|| ‘I 1 the fraction of edges of G that is not in G’. Then we have

vol(AU B) < 2|E — E'| = 2p|E|
and
B = |E]- (1 - p)
We also have
¢|E'| < ¢|E]

because the number of edges not cut by the optimal cut of G’ is at most the number of
edges not cut by the optimal cut of G, given that G’ is a subgraph of G. So we have

b B 1

1B 1—p

Putting everything together, the number of uncut edges is at most
Ve vol(AU B) 4+ 4Ve - |E/|
< Ve 20E| + 4/ (1= p)|E|
< 4V/e|E|
where the last line is equivalent to
2p + 4m <4

which follows from the fact that

irsy(-3)

For small €, the bound of the previous lemma is close to the bound achieved by the Goemans-
Williamson semidefinite programming-based algorithm, that, under the assumption that
mazcut(G) =1 —¢, finds a cut crossed by about a 1 — f\/ e fraction of edges, which is best
possible for polynomial time algorithms assuming the unique games conjecture.

(NS

O

The bound of the lemma is not very good for large €, however: if ¢ > 6%1, the lemma
guarantees a number of cut edges that is less than half the number of edges, which is worse
than the performance of a simple greedy algorithm, and if ¢ > 16 the lemma does not
guarantee than any edge at all is cut.

If one always chooses the best between the cut returned by the recursion and a greedy
cut, it is possible to derive an analysis that works well even in graphs in which the value
of mazcut(G) is small, and show that the algorithm finds a cut crossed by at least a
531 - mazxcut(G) fraction of edges.
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Chapter 7

Cheeger-type Inequalities for A;.

In which we state an analog of Cheeger’s inequalities for the k-th smallest Laplacian eigen-
value, and we discuss the connection between this result and the analysis of spectral parti-
tioning algorithms

7.1 Cheeger-type Inequalities for \;

Let G = (V, E) be an undirected d-regular graph, A its adjacency matrix, L = I — éA its
normalized Laplacian matrix, and 0 = A\; < --- < A\, < 2 be the eigenvalues of L, counted
with multiplicities and listed in non-decreasing order.

In Handout 2, we proved that Ay = 0 if and only if G has at least k connected components,
that is, if and only if there are k disjoint sets St, ..., Sk such that ¢(S;) =0fori=1,... k.
In this lecture and the next one we will prove a robust version of this fact.

First we introduce the notion of higher-order expansion. If Si,...,5Sy is a collection of
disjoint sets, then their order-k expansion is defined as

(51, -, Sk) = max $(S;)

and the order-k expansion of a graph G is

ox(G) = min &(S1,...,Sk)

S1,...,5k disjoint

If the edges of a graph represent a relation of similarity of affinity, a low-expansion collection
of sets Sy, ..., S represents an interesting notion of clustering, because the vertices in each
set S; are more related to each other than to the rest of the graph. (Additional properties
are desirable in a good clustering, and we will discuss this later.)

We will prove the following higher-order Cheeger inequalities:
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< an(G) £ 0P

Stronger upper bounds are known, but the bound above is easier to prove from scratch. It
is known that ¢ (G) < O(k*)v/Ax, and that ¢r(G) < Oc(VI0g k) - \/X(14e)k-

7.2 The Easy Direction

As usual, the direction )‘2—’“ < ¢k (G) is the easy one, and it comes from viewing A; as a sort
of continuous relaxation of the problem of minimizing order-k expansion.

Recall that, in order to prove the easy direction of Cheeger’s inequality for Ao, we proved
that if x and y are two orthogonal vectors, both of Rayleigh quotient at most ¢, then the
Rayleigh quotient of their sum is at most 2e. A similar argument could be made to show
that the Rayleigh quotient of the sum of k£ such vectors is at most ke. Such results hold for
every positive semidefinite matrix.

In the special case of the Laplacian of a graph, and of vectors that are not just orthogonal
but actually disjointly supported, then we can lose only a factor of 2 instead of a factor of
k. (The support of a vector is the set of its non-zero coordinates; two vectors are disjointly
supported if their supports are disjoint.)

Lemma 7.1 Let xU, ... x®) be disjointly supported vectors. Then

Ry, (Z X(l)) <2. 1311,&}%19 Ry (x™)

7

PROOF: We just have to prove that, for every edge {u, v},

2
<Z z) = w%“) <2) (x) - )’

The support disjointness implies that there is an index j such that xq(f ) =0 fori # j, and
an index k such that mq(f) =0 for i # k. If j =k, then

2
(3ot -0 = ot - = Sl o

i

and, if j # k, then



and now, using also the fact that disjoint support implies orthogonality, we have

Z{u,v} (Zz 1'7(;) B xT(JZ))Q
152 %

Ry, (Z x(i)> =
< 22@ Z{u,v}EE(mT(}) - 1.7(12))2
B > | x@f)2

< 2 max RL(X(i))

i=1,...k

O

To finish the proof of the easy direction, let Si,..., Sk be sets such that ¢(S;) < ¢(G)
for every i. Consider the k-dimensional space X of linear combinations of the indicator
vectors 1g, of such sets. The indicator vectors have Rayleigh quotient at most ¢(G) and
are disjointly supported, so all their linear combinations have Rayleigh quotient at most
2¢(G). We have found a k-dimensional space of vectors all of Rayleigh quotient < 2¢(G),
which proves \x < 2¢(G).

7.3 The Difficult Direction: Main Lemma
We will prove the following result

Lemma 7.2 (Main) Let xM . x®) be orthonormal vectors. Then we can find disjointly
supported non-negative vectors yV, ..., y®) such that for everyi=1,...,k

Rp(y") < O(k") 'jga;;kRL(X(j))

By applying the Main Lemma to the eigenvectors of Aq,..., Ag, we get disjointly supported
vectors y(I), ... y®) all of Rayleigh quotient at most O(k7) - Ag. In a past lecture, we
proved that for every non-negative vector y there is a subset S of its support such that
#(S) < v/2R.(y), and applying this fact to the vectors y("), ..., y*) we find k disjoint sets
all of expansion at most O(k3®) - /Ay, proving

ox(G) < O(K*®) - /Ap

It is possible, with a more involved proof, to improve the O(k”) factor in the conclusion
of the Main Lemma to O(k®), implying that ¢x(G) < O(k3) - V/A,. A different approach,
which we will not discuss, is used to show that, given k orthonormal vectors, one can find
k disjoint sets S1,..., Sk such that, for all ¢,

6(S:) < O(k?) \/ ‘max_ Ry (x()
j=1,...k

36



implying ¢5(G) < O(k?) - v/Ax, which is the best known bound.

Note that, in all the known arguments, the bounds still hold if one replaces Ax by the
(possibly smaller) quantity

inf max Rp(x®) (7.1)

1
x(M . x(%) orthonormal #=1,....,k

There are graphs, however, in which

o(G) > QWVE) - \/ inf max Ry (x(®)

x(*) .., x(*) orthonormal #=1,....k

so, if a bound of the form ¢ (G) < (log k)90 . /X, is true, then, in order to prove it, we
need to develop new techniques that distinguish between Ay and the quantity (7.1).

7.4 The Spectral Embedding

Given orthonormal vectors x(1), ... x(®) as in the premise of the Main Lemma, we define
the mapping F : V — RF

Fv) = (z{V, ... =P (7.2)

If xM, ..., x®) are the eigenvectors of the k smallest Laplacian eigenvalues of L, then F(-)
is called the spectral embedding of G into RF. Spectral clustering algorithms compute such
an embedding, and then find clusters of nodes by clustering the points {F'(v) : v € V'} using
geometric clustering algorithms, such as k-means, according either to Euclidian distance,
or to the normalized distance function

u

) _ F(v) H
u)ll - IF)

dist(u,v) = H HIZE (7.3)

Our construction of disjointly supported vectors with small Rayleigh quotient will proceed
similarly, by working only with the points {v : F(v)} and forgetting the edge structure of
the graph, and by making use of the above distance function.

To develop some intuition about the spectral mapping, we introduce a notion of Laplacian
Rayleigh quotient for a mapping f : V' — R¥, defined, by formally replacing absolute values

with norms, as )
Sy @) = )]
Bl = =0 e

For a mapping F : V — RF defined in terms of k orthonormal vectors x(¥) as in (8.1), we
have
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< max Ry (x)

In particular, if x® are the eigenvectors of the k smallest Laplacian eigenvalues, then
RL(F) < Ak

Let us use this setup to prove again that if Ay = 0 then G has at least k& connected
components. If Ay = 0, and we construct F(-) using the eigenvectors of the smallest
Laplacian eigenvalues, then Ry (F) = 0, which means that F(u) = F(v) for every edge
{u,v}, and so F(u) = F(v) for every u and v which are in the same connected component.
Equivalently, if F'(u) # F(v), then u and v are in different connected component. For every
point in the range {F(v) : v € V'} in the range of F(-), let us consider its pre-image, and
let S1,...,S; be the sets constructed in this way. Clearly, every set has expansion zero.

How many sets do we have? We claim that the range of F'(-) must contain at least k distinct
points, and so t > k and G has at least k connected component. To prove the claim, consider
the matrix X whose rows are the vectors x(¥; since the rows of X are linearly independent,
X has full rank k; but if the range of F'(-) contained < k — 1 distinct points, then X would
have < k — 1 distinct columns, and so its rank would be < k — 1.

Our proof of the higher-order Cheeger inequality will be somewhat analogous to the previous
argument: we will use the fact that, if the Rayleigh quotient of F'(-) is small, then the
endpoints of edges {u, v} are typically close, in the sense that the distance defined in (8.2)
between u and v will typically be small; we will also use the fact that, because the x(®) are
orthonormal, F(-) tends to “spread out” vertices across R, so that we can find k regions
of R¥ each containing a large (in a certain weighted sense) number of vertices, and such
that the regions are well-separated according to the distance (8.2), implying that there are
few edges crossing from one region to the other, so that the vertices in each region are a
non-expanding set. (This is an imprecise description of the argument, but it conveys the
basic intuition.)

7.5 Overview of the Proof of the Main Lemma

We will break up the proof of the Main Lemma into the following two Lemmas.

38



Lemma 7.3 (Well-Separated Sets) Given a function F : V — RF defined in terms of k
orthonormal vectors as in (8.1), we can find k disjoint subsets of vertices Ay, ..., Ay such
that

o Foreveryi=1,....k, > 4 [|F(v)|]? > i

e For every u and v belonging to different sets, dist(u,v) > Q(k=3)

Lemma 7.4 (Localization) Given a function F : V. — RF defined in terms of k or-
thonormal vectors as in (8.1), and t sets Ai,..., Ay such that, for every i = 1,...,t,
Yoven, IF)[? > 1 and.for every u,v in different sets dist(u,v) > &, we can construct
t disjointly supported vectors y(l), . ,y(t) such that for every i =1,...,t, we have

Rp(y") < O(k-67%) - RL(F)
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Chapter 8
Cheeger-type Inequalities for \;., cont'd

In which we state an analog of Cheeger’s inequalities for the k-th smallest Laplacian eigen-
value, and we discuss the connection between this result and the analysis of spectral parti-
tioning algorithms

8.1 Review

Let G = (V, E) be a d-regular undirected graph, L its normalized Laplacian, 0 = A\ < -+ <
An < 2 be the Laplacian eigenvalues, and ¢ (G) be the order-k expansion of G.

We want to prove

oe(G) < O(K*) -/ Ae
k)

We will prove the somewhat stronger result that, given k orthonormal vectors x(V), ... x*)
we can find k disjointly supported vectors yV, ..., y®*) such that, for every i = 1,...,k,

Ri(y") < OK")+ max Ry (x)

In order to do that, we define the mapping

of vertices to R¥ and the normalized distance

astt) = | gy = | .

v

between vertices, and we are going to prove the following two lemmas.
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Lemma 8.1 (Localization) Given t sets Ai,...,As such that, for every i = 1,...,t,
D veA, [|F(v)|]? > % and,for every u,v in different sets dist(u,v) > 9§, we can construct

t disjointly supported vectors yV, ... y® such that for everyi=1,...,t, we have

Ri(y") < O(k-57%) - R(F)

Lemma 8.2 (Well-Separated Sets) There are k disjoint subsets of vertices Ay, ..., Ay
such that

o Foreveryi=1,....k, > 4 [|F(v)|]? > %
e For every u and v belonging to different sets, dist(u,v) > Q(k=3)

Recall that, for a function f : V — R* the Rayleigh quotient of f is defined as

Sy ) — @)
Bl = =0 TP

and, by definition of F', we have

RL(F) = % Z Ry (x™)

8.2 Some Preliminaries

We will prove some simple properties of the embedding F'(-) and of the distance function
dist(-,-).
First, we observe that

DSME@IP=D"3 @) => IxV|? =k

veV vooq i

Next, we prove the sense in which F(-) “spreads out” vertices across R¥.

Lemma 8.3 For every unit vector w € R¥,

Y (Flo),w)?=1

veV

ProoF: Consider the k x n matrix X whose rows are the vectors x(¥ and whose columns
are the points F'(v). Then we have

Z(F(v),w>2 = || XTw|?=wlXXTw=wlw=1
veV
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where we used the fact that the rows of X are orthogonal and so X X7 is the identity. O
This means that, for every direction, the points F'(v) correlate with that direction in the
same way, regardless of the direction itself.

In the proof of the localization lemma, we will make use of the following inequality: for
every two vectors x,y,

1l =yl <l =yl

which is a consequence of Cauchy-Schwarz:

(Il = 1yl = el + [y [1* = 2[1]] - Iyl
< [lxlP* + [lyl1* = 2(x, )

=[Ix - yII”

8.3 Localization

In this section we prove Lemma 8.1.

8.3.1 Proof Ideas

The basic idea is that we would like to define the vectors y(®) as

y) = 1a,(v) - [|F ()]

The denominator of the Rayleigh quotient of such a vector is, by definition, at least 1/2,
and we might hope to upper bound the numerator of the Rayleigh quotient of y( in terms
of the numerator of the Rayleigh quotient of F', which is kR (F).

Indeed, every edge {u,v} with both endpoints outside of A; contributes zero to the nu-
merator of the Rayleigh quotient of y(®, and every edge {u,v} with both endpoints in A;
contributes

CNE@ = I @) )?* < [1F(u) = F(v)l]”

to the numerator of the Rayleigh quotient of y(*, and the right-hand-side above is the
contribution of the edge to the numerator of the Rayleigh quotient of F'.

So far, so good, but the problem comes from edges {u,v} with one endpoint v € A; and
one endpoint v ¢ A;. Such an edge contributes ||F(u)||? to the Rayleigh quotient of y(?)
and ||F(u) — F(v)||? to the Rayleigh quotient of F, and the former quantity could be much
larger than the latter. If dist(u,v) is large, however, ||F(u)||? cannot be much larger than
||[F'(u) — F(v)]|?, because of the following fact
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Lemma 8.4

F ()| - dist(u,v) < 21|F(a) — F(u)| (53)
e IF O - disttus) = 1F@- | g = e |
’ ROIEG]
Mgy JE@IU
= |- e )
<Pt et = £ + 17w - Fol
. (1E@I e
[0 (g 1) + e = P
— 1F ]| ot = 1] + 17 - Fo)
| IF@) =~ IF@I| |+ F(w) - F@)]
< 2F(w) - F(u)|
O

We can conclude that the only problem comes from edges {u, v} such that u € A;, v & A;,
and dist(u,v) is small. To deal with such edges, we will modify the definition of y(® and
use a “smoothed” version of the indicator function of A; instead of the actual indicator.

8.3.2 Proof
If v is a vertex and A is a set of vertices, we define

dist(v, A) = min dist(v, u)
ucA

For each i, we define the following smooth indicator function of A;:

1 ifve A;
mi(v) =4 0 if dist(v, A;) > $
1— 2. dist(v, A;) otherwise

Notice that the functions 7;(-) are disjointly supported: there cannot be a vertex v such

that 7;(v) > 0 and 7;(v) > 0 for ¢ # j, otherwise we would have dist(v, A;) < % and

dist(v, Aj) < g, contradicting the well-separated condition on the sets A;.

We define the vectors y(¥ as

) = 7i(v) - ||F ()]
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The vectors y@ are disjointly supported, and it remains to understand their Rayleigh
quotient.

The denominator of the Rayleigh quotient of y( is

N |

YR -NIF@IP= Y IIF@)P >

veV vEA;
The contribution of an edge {u, v} to the numerator is the square of
ly$ =y = | 7i(0) - [IF (0)l| = a(w) - [|F(w)] |
<[ 7i() - [[F ()] = 7i(0) - [[E @) [ + | 7i(0) - [[F ()] = 7i(w) - [[F()]] |
=7i(v) - [[F(v) = Fu)l| + ||[F()]] - [7i(v) = 7i(w)|

< IF(@) ~ F@)ll + 1F@)] -5 -dist(v,)

<t (1+)

where we used the inequality

|7i(v) — 7i(u)| < % |dist(v, A;) — dist(u, A;)| < %dist(v, w)

The numerator of the Rayleigh quotient of y(® is thus

Yo Wl =y <06 > (IF@) = F)|[P = 0(67?) - kRy(F)
{u,v}eE {uv}eE

and this proves Lemma, 8.1.
8.4 Well-Separated Sets
In this section we prove Lemma 8.2, which follows easily from the following result.

Lemma 8.5 We can find disjoint sets of vertices 11, ..., Ty, such that

o Y e IF@)IP >k — 3
o For every u, v in different sets, dist(u,v) > Q(k™3)

o For every set T, » e, [F()|[* <1+ 4
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We can derive Lemma 8.2 from Lemma 8.5 as follows. Let us call the quantity Y, 4 || F(v)]]?
the mass of a set A. Starting from the sets T1, ..., T, promised by Lemma 8.5 we run the
following process: as long as there are two sets both of mass < % we merge them. Call
Aq, ..., A; the sets of mass > % obtained at the end of this process; in addition, there may
be one more set of mass < % Every set has mass < 1+ ﬁ. This means that the total mass
of the sets is at most % +t- (1 + ﬁ) > k- %, which implies t > k. Thus we have found
k sets of vertices, each of mass at least 1/2, and such that any two sets have separation
Qk3).

Now we turn to the proof of Lemma 8.5. We are going to use the fact that, for every
small cone in R¥, the mass of vertices v such that F(v) is in the cone is also small and, in
particular, it can made at most 1 + ﬁ. We will prove the Lemma by covering almost all
the points F'(v) using a collection of well-separated small cones.

We first formalize the above intuition about cones. If R (for region) is a subset of the unit
sphere in R", then the diameter of R is

diam(R) := sup ||lw — z||
w,zER

and the cone generated by R is the set {aw : @ € R>g,w € R} of non-negative scalar
multiples of elements of R. The set of vertices covered by R, denoted V(R) is the set of
vertices v such that F'(v) is in the cone generated by R or, equivalently,

V(R):Z{UEV:F(U)ER}

)|

If R has small diameter, then V(R) has small mass.

Lemma 8.6 For every subset R of the unit sphere,

1, -2
> 1P < (1~ jldian(r)?)

veV(R)
PRroOOF: For every two unit vectors w and z, we have
1
(5,w) = 1 S lw — |

For every vertex v, call

Let w be a vector in R. Then we have

1> Y (F@).w)?

veEV(R)
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= 2 IF@)IP- (Fw).w)?

veEV(R)
2
-y ||F(v)||2~<1—;||F(U)—W||2)
veEV(R)
2
> Y IR (1= Jaan(r)?)
veV(R)

O

In particular, if diam(R) < then the mass of V(R) is at most

f
_1—1+ L 1+i
10k N 5k—1_ 4k

Another observation is that, for every two subsets Ri, Rs of the unit sphere,

min dist(u,v) > min ||w — z||
u€eV (R1),veV(R2) weR1,zER2
Our approach will be to find disjoint subsets Ry, ..., R,, of the unit sphere, each of diameter

at most 1/2v/k, such that the total mass of the sets V(R1),...,V(Ry) is at least k — 1 and
such that the separation between any two R;, R; is at least Q(k™3).

To do this we tile RF with axis-parallel cubes of side L = i, which clearly have diameter at
\/>7
C and of 81de L- ( 4]1{2) Note two points in the core of two different cubes have distance
at least grz. Let now Ry, Ry, ... be the intersections of the cube cores with the unit sphere.
Since each R; is a subset of a core of a cube, it has dlameter at most f’ and the distance
between any two points in different regions is at least Sk . We claim that there is a Way to
choose the location of the centers of the cubes so that Zl > veviry) |[F (v W2 >k —

most and, for every cube C, we define its core C' to be a cube with the same center as

Let us start by a fixed configuration of the cubes and then apply an axis-parallel random
shift (by adding to each coordinate, a random real in the range [0, L]. Then, for each fixed
point in R™ and, in particular, for each point F(v), the probability that it falls in the core
of a cube after the shift 1s at least 1 — 4k, so the average mass of the vertices covered by
the regions is at least k — 3, and there must exist a shift that is at least as good.
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Chapter 9

Spectral Algorithms Wrap-up

In which we talk about even more generalizations of Cheeger’s inequalities, and we analyze
the power method to find approximate eigenvectors, thus having a complete description of a
polynomial-time approzimation algorithm for sparsest cut

9.1 Irregular Graphs

For simplicity, we proved our results on Ay and A for regular graphs. Those results extend,
essentially with the same proofs, to the case of irregular undirected graphs. In an irregular
graph G = (V, E), the notion that generalizes edge expansion is called conductance. If d,
is the degree of vertex v, then the conductance of set S of vertices is

E(S,V —25)
¢(S) = <=——7—
ZUES dy
We will call the sum of the degrees of a set of vertices the volume of the set, and denote it
vol(S) := >, cg dv. The conductance of the graph G is

HG) =  mim  (S)
Swol(S)<5vol(V)

Higher-order conductance is defined as higher-order expansion, but with conductance re-
placing expansion in the definition.

The Cheeger inequalities

2 <4(6) < V2%

still hold, with the same proof. With some abuse of notation, we will call the following
quantity the Rayleigh quotient of x

_ Z{U,U}EE(':E“ - x”)z
a Z’UEV dU‘/E'tZ)
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even if, technically, it is the Rayleigh quotient of D/2x, where D is the diagonal matrix of
degrees.

We can also adapt the proof of the higher-order Cheeger inequality to show

9.2 More Cheeger-type Bounds

We proved that if (Sg, V —SF) is the cut found by Fiedler’s algorithm using the eigenvector
of Ay, then

d(Sp,V — Sp) <2v/6(G)

which is a good bound, although it usually underestimates the quality of the solutions found
in practice. (There are graphs, however, for which the above inequality is tight within a
constant factor.)

One case in which we can improve the analysis is when there are not too many eigenvalues
close to A

Theorem 9.1 There is a constant ¢ such that, if (Sp,V — Sp) is the cut obtained by
Fiedler’s algorithm using an eigenvector for Ao, then, for every k > 2,

A2

¢<SF7V_SF)SC]€\/)\—I€

So we have

k
¢(Sp,V = Sp) < 2¢- ¢(G) - %121121 ven

which is a better bound for families of graphs in which, for some k, A\ >> k2\s.

We will not have time to prove Theorem 9.1, but we will state the two main pieces of its
proof.

Lemma 9.2 Let x € R‘Z/D be a non-negative vector. Then, for every k, there is a non-
negative vector'y € Rgo whose entries take at most 2k distinct values and such that

Ry (x)

2
L x|

Ix - yII* <

That is, if Rp(x) >> Ak, then there are 2k values such that most entries of x are close to
one of those 2k values.
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Lemma 9.3 There is a constant ¢’ such that, for every non-negative vectors x € R‘Z/O and

y € R‘z/(): if y is such that its entris contain only k distinct values, then there is a threshold
t > 0 such that

¢>({v:xu2t})§c’-k-(RL(X)+\/m.”X—Y”>

1|

The above lemma should be compared to the fact, which was a major piece in the proof
of Cheeger’s inequality, that if x € R‘Z/D is an arbitrary non-negative vector, then there is a
threshold ¢ > 0 such that

o({v: 2y 2 1)) < V2RL(x)

One obtains Theorem 9.1 in the following. Start from an eigenvector x of A2 and, using the
first step in the proof of Cheeger’s inequality, obtain a vector x’' € RZO with non-negative
entries such that Ry (x’) < Rp(x) = A2 and such that the support of x contains at most
|V'|/2 vertices.

Use Lemma 9.2 to find a vector y with non-negative entries and with at most 2k distinct
values among its entries such that ||x’ —y||? < i—in’Hz. Then use Lemma 9.3 and the fact
that A\ < 2 to conclude that there exists at ¢ > 0 such that

A2
VAR

The set {v : z], > t} contains at most |V|/2 vertices, it is one of the cuts considered by
Fiedler’s algorithm on input x.

¢({v:, = t}) < O(k)

Another property of graphs in which A\; is large for small k is that they contain large
expanders as induced subgraphs.

Theorem 9.4 There is a constant ¢ such that, for every graph G and every k, there exists
a partition of the vertices into ¢ < k sets (S1...,S¢) such that, if we call G; the subgraph
induced by the vertex set S;, we have

N
Theorem 9.5 If ¢p11 > (1 + €)¢r, then there is a partition of the vertices into k subsets
(S1,...,Sk such that

€

Vi e {11 SRR k} : d)Gi > Q (E) : d)k-i-la ¢(S’L) < k¢k

9.3 The Power Method

Earlier in this class, we showed that, if G = (V, E) is a d-regular graph, and L is its
normalized Laplacian matrix with eigenvalues 0 = A1 < Ag... < Ay, given an eigenvector
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of Ao, Fiedler’s algorithm finds, in nearly-linear time O(|E| + |V|log|V|), a cut (S,V — S)
such that ¢(S5) < 2/¢(G).

More generally, if, instead of being given an eigenvector x such that Lx = Xox, we are
given a vector x L 1 such that x”Lx < (M2 + ¢)x'x, then the algorithm finds a cut
such that ¢(S) < 1/4¢(G) +2e. We will now see how to compute such a vector using

O((|VI+|E|) - L log @) arithmetic operations.
A symmetric matrix is positive semi-definite (abbreviated PSD) if all its eigenvalues are
nonnegative. We begin by describing an algorithm that approximates the largest eigenvalue
of a given symmetric PSD matrix. This might not seem to help very much because because
we want to compute the second smallest, not the largest, eigenvalue. We will see, however,

that the algorithm is easily modified to accomplish what we want.

9.3.1 The Power Method to Approximate the Largest Eigenvalue

The algorithm works as follows

Algorithm Power
Input: PSD matrix M, parameter k

e Pick uniformly at random x¢ ~ {—1,1}"

o fori:=1tok
X ::M‘Xi_l

e return Xg

That is, the algorithm simply picks uniformly at random a vector x with £1 coordinates,
and outputs M*x.

Note that the algorithm performs O(k - (n + m)) arithmetic operations, where m is the
number of non-zero entries of the matrix M.

Theorem 9.6 For every PSD matriz M, positive integer k and parameter € > 0, with
probability > 3/16 over the choice of xg, the algorithm Power outputs a vector Xy, such that

T
x5 Mxy, - 1
(1 =€) -
xIxp 1(1=e 1+4n(1 —€)?k

where \1 s the largest eigenvalue of M.

T
Note that, in particular, we can have k = O(logn/e) and x’“ﬁ/b:’“ > (1—=0(e)) - 1.
Xk XL
Let A1 > --- )\, be the eigenvalues of M, with multiplicities, and vi,..., v, be a system of

orthonormal eigenvectors such that Mv; = \;v;. Theorem 9.6 is implied by the following
two lemmas
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Lemma 9.7 Let v € R" be a vector such that ||v|| = 1. Sample uniformly x ~ {—1,1}".
Then

P [I<x,v>| > ﬂ >3

Lemma 9.8 For every x € R", for every positive integer k and positive € > 0, if we define
y := M*x, we have

y! My
yTly

-1
>a -0 (10 B )

X7V1>

It remains to prove the two lemmas.

Proor: (Of Lemma 9.7) Let v = (vi,...,v,). The inner product (x,v) is the random
variable

S = Z T;0;
i
Let us compute the first, second, and fourth moment of S.

ES=0
ES2:ZU§:1

ES*=3 <Zv§> ~2) vl <3

Recall that the Paley-Zygmund inequality states that if Z is a non-negative random variable
with finite variance, then, for every 0 < ¢ < 1, we have

P[ZNEZ}EO—&)Q-(EQQ

(9.1)

which follows by noting that

EZ = E[Z . 1Z<6EZ] +E[Z 1225152] y

that

ElZ-1z<pz) <0EZ,

o1



and that

ElZ - 1zss52) < VEZ? - \/Elz>spz
=VEZ?\/P[Z > 0E Z]

We apply the Paley-Zygmund inequality to the case Z = S? and 6§ = 1/4, and we derive

1 3\2 1 3
2> I>(Z2) =2
Pl>4]=(3) 55

O

Remark 9.9 The proof of Lemma 9.7 works even if x ~ {—1,1}" is selected according to
a 4-wise independent distribution. This means that the algorithm can be derandomized in
polynomial time.

PrOOF: (Of Lemma 9.8) Let us write x as a linear combination of the eigenvectors

X=a1Vy1+ -+ apvp
where the coefficients can be computed as a; = (x,v;). We have
— k k
Y = aA{VL+ -+ an Ay vy

and so

y My = 3" a2a2++1
i

and
y'y =) aix*
;

We need to prove a lower bound to the ratio of the above two quantities. We will compute
a lower bound to the numerator and an upper bound to the denominator in terms of the
same parameter.

Let ¢ be the number of eigenvalues larger than A;-(1—e¢). Then, recalling that the eigenvalues
are sorted in non-increasing order, we have

V4 V4
Yy My > @i > M1 - )Y afird
=1 i=1

We also see that
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n

242k
2 aiX

i=0+1
n
L (1-g* Y a
i=0+1
<A (1= x|
k [Ix][?
< a%)@ (1- e)2t . 2
HXH2 2k ‘ 242k
< o2 (1—¢€) Zai)‘i
1 i=1
So we have
r =2 o) =
Yy < (1+55-1-e%*) ) a
ar =1
giving
y' My > M- (1—e)- <1+ ] (1 e)%)_1
yTy a?
O

Remark 9.10 Where did we use the assumption that M is positive semidefinite? What
happens if we apply this algorithm to the adjacency matriz of a bipartite graph?

9.3.2 Approximating the Second Largest Eigenvalue

Suppose now that we are interested in finding the second largest eigenvalue of a given PSD
matrix M. If M has eigenvalues A\ > Ao > --- )\, and we know the eigenvector vi of Ag,
then M is a PSD linear map from the orthogonal space to vi to itself, and Ao is the largest
eigenvalue of this linear map. We can then run the previous algorithm on this linear map.

Algorithm Power2

Input: PSD matrix M, vector vy parameter k
e Pick uniformly at random x ~ {—1,1}"
e Xp:=X—V]-(X,Vq])

e fori:=1tok
X; Z:M-Xi,1

e return xi
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If vq,...,v, is an orthonormal basis of eigenvectors for the eigenvalues A\y > --- > A, of
M, then, at the beginning, we pick a random vector

X =a1vy+azvz +---apvp
that, with probability at least 3/16, satisfies |ag| > 1/2. (Cf. Lemma 9.7.) Then we
compute xg, which is the projection of x on the subspace orthogonal to vy, that is
Xp = agva + - apVp

Note that ||x||? = n and that ||xo||*> < n.

The output is the vector xy

Xp = ag)\l§V2 + - -an)\flvn

If we apply Lemma 9.8 to subspace orthogonal to vi, we see that when |as| > 1/2 we have
that, for every 0 < e < 1,

T

xj, Mxy, -\ 1

Tk TR (1€ ——
xIxp 2-(1-¢) An(1 — €)%k

We have thus established the following analysis.

Theorem 9.11 For every PSD matriz M, positive integer k and parameter € > 0, if vi is
a length-1 eigenvector of the largest eigenvalue of M, then with probability > 3/16 over the
choice of xq, the algorithm Power2 outputs a vector x; 1 vi such that

T

x5 Mxy, 1
TETTR S N (1 — ) -

zhe (l=o) T am

x;‘gxk

where Ao is the second largest eigenvalue of M, counting multiplicities.

9.3.3 The Second Smallest Eigenvalue of the Laplacian

Finally, we come to the case in which we want to compute the second smallest eigenvalue
of the normalized Laplacian matrix L = I — éA of a d-regular graph G = (V, '), where A
is the adjacency matrix of G.

Consider the matrix M =2 — L = I + éA. Then if 0 = A\ < ... < A\, < 2 are the
eigenvalues of L, we have that

2=2—-X2>22—-X>---22-)X,2>0
are the eigenvalues of M, and that M is PSD. M and L have the same eigenvectors, and

so V] = ﬁ(l, ..., 1) is a length-1 eigenvector of the largest eigenvalue of M.
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By running algorithm Power2, we can find a vector x such that

xIMxT > (1—¢€)-(2- ) -xTx

and
xIMxT = 2xTx — xTILx

so, rearranging, we have

xT Lx
7 < A2+ 2€
xI'x
If we want to compute a vector whose Rayleigh quotient is, say, at most 2, then the
running time will be O((|V| + |E|)/Az2), because we need to set € = A\y/2, which is not
nearly linear in the size of the graph if \g is, say O(1/|V]).

For a running time that is nearly linear in n for all values of A2, one can, instead, apply
the power method to the pseudoinverse L™ of L. (Assuming that the graph is connected,
L*x is the unique vector y such that Ly = x, if x L (1,...,1), and LTx = 0 if x is parallel
to (1,...,1).) This is because L™ has eigenvalues 0,1/Xo,...,1/),, and so L™ is PSD and
1/Ag is its largest eigenvalue.

Although computing L™ is not known to be doable in nearly linear time, there are nearly
linear time algorithms that, given x, solve in y the linear system Ly = x, and this is
the same as computing the product L*x, which is enough to implement algorithm Power
applied to L.

(Such algorithms will be discussed in the third part of the course. The algorithms will find

an approximate solution y to the linear system Ly = x, but this will be sufficient. In the
following, we proceed as if the solution was exact.)

In time O((V + |E|) - (log [V']/€)°M), we can find a vector y such that y = (L*
is a random vector in {—1, 1}", shifted to be orthogonal to (1,...,1) and k =
What is the Rayleigh quotient of such a vector with respect to L?

x, where x

)k
O(log [V|/€).

Let v1,...,Vv, be a basis of orthonormal eigenvectors for L and L™. If 0 = A\ < Ay < --- <
An are the eigenvalues of L, then we have

LV1 = L+V1 =0
and, for : =1,...,n, we have

1
LVl' = )‘z L+VZ' = )\7

%

Write x = agva + - - - ap vy, where ) a? < n, and ssume that, as happens with probability
at least 3/16, we have a3 > 1. Then

"1
y = Zaiﬁ
i=2 (

and the Rayleigh quotient of y with respect to L is
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2_1
)

za 2k—

y'Ly _
yly ;0

Aj
21
7 )\2k

and the analysis proceeds similarly to the analysis of the previous section. If we let ¢ be
the index such that Ay < (1 +¢€) - A2 < Apq1 then we can upper bound the numerator as

Za 2k1—z2)\2k1 1+62k1>\2k12a

1<l (4

1
<§ 2 ‘n
1 T k—1\2k—1
i<t Y (1+¢e)2k=1A5

1
2 2
= Z )\Zk 1 (1 +€)2k,1)\§k71 -4naj

1<l
4n 1
<1+(1+6)2k 1) >_af AZET

i<l

and we can lower bound the denominator as

ji:(l AQk —'EE:(I AQk

i<l

1 +'6 jz: 2A2k 1

i<l

and the Rayleigh quotient is

TLy 4n
<Ag- (1 Nl +—m— ) < (14+2¢)-A
yTy =72 (I+e) ( +(1+6)2k1>—( +2€) - Az
when k = O (log%)
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Chapter 10
The Sparsest Cut Problem

In which we introduce the sparsest cut problem and the Leighton-Rao relazation.

10.1 The Uniform Sparsest Cut problem, Edge Expansion
and Ao

Let G = (V, E) be an undirected graph with n := |V| vertices.
We define the uniform sparsity of a cut (S,V — S) as

E(S,V — S
’LLSCG(S) = M

(we will omit the subscript when clear from the context) and the uniform sparsest cut of a
graph is

usc(G) == msin uscg(S)

In d-regular graphs, approximating the uniform sparsest cut is equivalent (up to a factor
of 2 in the approximation) to approximating the edge expansion, because, for every cut
(S,V = S), we have

E(S,V—-295)
S,V —-9)=
A5V =5) = TS,V = ST}
and, noting that, for every, S,

LiS1 v - 5| < min{|S], |V~ 5]} < 215 [V - 5]
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we have, for every S,

g ~use(S) < 26(S,V — 8)

and so
n

8(G) < 5 - use(G) < 20(G)

It will be instructive to see that, in d-regular graphs, A is a relaxation of Zusc(G), a fact
that gives an alternative proof of the easy direction Ay < 2¢(G) of Cheeger’s inequalities.

If G is d-regular, then Ao satisfies
. Z{u,v}eE(xu - xv)2
Ao = min 5
x€R"—{0},x11 Zv dl‘v
n ) Z{u,v}GE(xu - xU)Q

XER"I_H{l(I)l},xLl d Z:{W]}(:Eu—:L‘v)2

o Cqumyen(@u— 10)°
min -
x€R"—{0} d Z{u,v} (I’u - wv)2

where the first identity above comes from the fact that

Z(:Bu—xv)gzé Z (xu—xv)anng—quajv
v u,v

{u} (u,0)EV?
CaY e (Z%)Q
— nvzxg — (:c, 1)?
—nY a2

and the second identity follows by noticing that the cost function is invariant by addition
of a multiple of 1, and so optimizing over all non-zero vectors gives the same result as
optimizing over all vectors orthogonal to 1.

On the other hand, the uniform sparsest cut problem can be formulated as

. Z{u,v}eE(l'u — )
min 5
x€{0,1}"—{0,1} Z{u,v}(“’u — Zy)

(because the square of a number in {—1,0,1} is the same as its absolute value) and we see
that A2 can be considered a continuous relaxation of Jusc(G).

usc(G) =
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10.2 The Non-Uniform Sparsest Cut Problem

In the non-uniform sparsest cut problem, we are given two graphs G = (V, Eg) and H =
(V, E), over the same set of vertices; the non-uniform sparsity of a cut (S, V —.5) is defined
as

Eq(S,V - S
nsca,m(S) = EHES v S;

and the non-uniform sparsest cut problem is the optimization problem

nsc(G,H) := msin nscg,m(S)

Note that the non-uniform sparsest cut problem generalizes the sparsest cut problem (con-
sider the case in which H is a clique).

If H is the graph that contains the single edge {s,t}, then nsc(G, H) is the undirected
min-st-cut problem, in which we want to find the cut that separates two vertices s and t
and that minimizes the number of crossing edges.

10.3 The Leighton-Rao Relaxation
We can write the non-uniform sparsity of a set as

. E{u,v}EEG lls(u) - 15(’0)‘
 Dfusjen,, I1s(w) — 1s(v)]

nscg,m(S)

The observation that led us to see A9 as the optimum of a continuous relaxation of %nsca K,
was to observe that |1g(u)—15(v)| = [15(u)—15(v)|?, and then relax the problem by allowing
arbitrary functions z : V' — R instead of indicator functions 1g: V' — {0, 1}.

The Leighton-Rao relaxation of sparsest cut is obtained using, instead, the following obser-
vation: if, for a set S, we define dg(u,v) :=|1g(i) —1g(j)|, then dg(-,-) defines a semi-metric
over the set V', because dg is symmetric, dg(v,v) = 0, and the triangle inequality holds. So
we could think about allowing arbitrary semi-metrics in the expression for nsc, and define

d(u,v
LR(G,H) := min Z{U’U}EEG (w,v)
d:VxV—=R Z{u,v}EEH d(u’ U)

d semi-metric

(10.1)

This might seem like such a broad relaxation that there could be graphs on which LR(G, H)

bears no connection to nsc(G, H). Instead, we will prove the fairly good estimate
LR(G,H) <nsc(G,H) <O(log|V|)- LR(G,H) (10.2)
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The value LR(G, H) and an optimal d(-,-) can be computed in polynomial time by solving
the following linear program

minimize Z{H’U}GEG duw

subject to
D fupyery Guw =1 (10.3)
dyp < dy-+d., Yu,v,z €V
dyp >0 Yu,v €V

that has a variable d,, for every unordered pair of distinct vertices {u,v}. Clearly, every
solution to the linear program (10.3) is also a solution to the right-hand side of the definition
(10.1) of the Leighton-Rao parameter, with the same cost. Also every semi-metric can be
normalized so that ) (uvyes, d(u,v) = 1 by multiplying every distance by a fixed constant,
and the normalization does not change the value of the right-hand side of (10.1); after the
normalization, the semimetric is a feasible solution to the linear program (10.3), with the
same cost.

10.4 An L1 Relaxation of Sparsest Cut

In the Leighton-Rao relaxation, we relax distance functions of the form d(i,j) = |15(i) —
1s(j)| to completely arbitrary distance functions. Let us consider an intermediate relax-
ation, in which we allow distance functions that can be realized by an embedding of the
vertices in an £1 space.

Recall that, for a vector x € R", its ¢; norm is defined as ||x||; := ), |=;|, and that this
norm makes R into a metric space with the ¢; distance function

Ix =yl = |z — il
7

The distance function d(u,v) = |1g(u) — 1g(v)| is an example of a distance function that
can be realized by mapping each vertex to a real vector, and then defining the distance
between two vertices as the ¢1 norm of the respective vectors. Of course it is an extremely
restrictive special case, in which the dimension of the vectors is one, and in which every
vertex is actually mapping to either zero or one. Let us consider the relaxation of sparsest
cut to arbitrary £1 mappings, and define

o > tuwyer, 1 (w) = f(0)lh
sl G ) = e S mres, 1@ = FOI

This may seem like another very broad relaxation of sparsest cut, whose optimum might
be much smaller than the sparsest cut optimum. The following theorem shows that this is
not the case.
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Theorem 10.1 For every graphs G, H, nsc(G, H) = {insc(G, H).

Furthermore, there is a polynomial time algorithm that, given a mapping f : V — R™, finds
a cut S such that

2pupyerg 1500 —1sO)l _ Lpuuyeng [1£(w) = F@)II

D quwer,, Ls) =1s()l = X vyer,, 1 (@) = fv)[l1 (10.4)

PROOF: We use ideas that have already come up in the proof the difficult direction of
Cheeger’s inequality. First, recall that for every nonnegative reals ay, ..., ay, and positive
reals by, ..., b, we have

ar + -y .G
_ > — 10.
b1—|—~--bm_mimbi (10.5)

as can be seen by noting that

Su=u o> <mm> 30

Let fi(v) be the i-th coordinate of the vector f(v), thus f(v) = (fi(v),..., fm(v)). Then
we can decompose the right-hand side of (10.4) by coordinates, and write

Z{u,v}eEG ||f(u) (U)Hl
2 qupen, |1 (w) = f0)lh
Z Z{u v}EE 4 ‘fl(u)

Zz Z{U,U}GEH |fl(u) fl(v

This already shows that, in the definition of ¢, we can map, with no loss of generality, to
1-dimensional ¢; spaces.

Let ¢* be the coordinate that achieves the minimum above. Because the cost function is
invariant under the shifts and scalings (that is, the cost of a function z — f(x) is the same
as the cost of z — af(x) + b for every two constants a # 0 and b) there is a function
g : V. — R such that g has the same cost function as f;x and it has a unit-length range

max, g(v) — min, g(v) = 1.
Let us now pick a threshold ¢ uniformly at random from the interval [min, g(v), max, g(v)],
and define the random variables

Sy :=A{v:gv) <t}

We observe that for every pairs of vertices u, v we have
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E|Ls,(u) = 1s,(v)| = [g(u) = g(v)]

and so we get

Z{u,v}GEG Hf(u> - f(v)Hl
Stooren, 1700 = F@)lh
_ Sumerg o) —g(0)
2 S rwares, 190 — 9(0)
B (e, s (0) — 15,0
- EZ{u,v}GEH |]'St (u) - 15t (U)|

Finally, by an application of (10.5), we see that there must be a set S among the possible
values of S; such that (10.4) holds.

Notice that the proof was completely constructive: we simply took the coordinate f;= of f
with the lowest cost function, and then the “threshold cut” given by f;+ with the smallest
sparsity. [

10.5 A Theorem of Bourgain

We will derive our main result (10.2) from the L1 “rounding” process of the previous section,
and from the following theorem of Bourgain (the efficiency considerations are due to Linial,
London and Rabinovich).

Theorem 10.2 (Bourgain) Letd: V x V — R be a semimetric defined over a finite set
V. Then there exists a mapping f : V. — R™ such that, for every two elements u,v € V,

1 (u) = F(0)[lr < d(u,v) <[[f(w) = f()l]L-c-log|V]

where ¢ is an absolute constant. Given d, the mapping f can be found with high probability
in randomized polynomial time in |V|.

To see that the above theorem of Bourgain implies (10.2), consider a graph G, and let d be
the optimal solution of the Leighton-Rao relaxation of the sparsest cut problem on G, and
let f:V — R be a mapping as in Bourgain’s theorem applied to d. Then

Z{u v}EE d(uvv)
LR(G,H) = : &
( , ) Z{u,v}eEH d(“?”)
- 2 tunyerg 1 (W) = F(0)lh
— e log VI Xueny, 1 () = f0)lh
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Chapter 11

Proof of Bourgain's Theorem

In which we prove Bourgain’s theorem.
Today we prove the following theorem.

Theorem 11.1 (Bourgain) Let d: V x V — R be a semimetric defined over a finite set
V. Then there exists a mapping F : V — R™ such that, for every two elements u,v € R,

1 (w) = F(o)[l < d(u,v) <[|F(u) = F(v)l|y - ¢-log|V]

where ¢ is an absolute constant. Given d, the mapping ' can be found with high probability
in randomized polynomial time in |V|.

Together with the results that we proved in the last lecture, this implies that an optimal
solution to the Leighton-Rao relaxation can be rounded to an O(log n)-approximate solution
to the sparsest cut problem. This was the best known approximation algorithm for sparsest
cut for 15 years, until the Arora-Rao-Vazirani algorithm, which will be our next topic.

The theorem has a rather short proof, but there is an element of “magic” to it. We will
discuss several examples and we will see what approaches are suggested by the examples.
At the end of the discussion, we will see the final proof as, hopefully, the “natural” outcome
of the study of such examples and failed attempts.

11.1 Preliminary and Motivating Examples

A first observation is that embeddings of finite sets of points into L1 can be equivalently
characterized as probabilistic embeddings into the real line.
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Fact 11.2 For every finite set V, dimension m, and mapping F : V. — R™, there is a
finitely-supported probability distribution D over functions f : V — R such that for every
two points u,v € V:

E |f(u) — f(o)] = |[F(u) — F(v)[lx
f~D
Conversely, for every finite set V' and finitely supported distribution D over functions f :
V — R, there is a dimension m and a mapping F : V — R™ such that

E [f(uw) = f()] = [[F(u) = F(v)[lx

f~D

PROOF: For the first claim, we write F;(v) for the i-th coordinate of F'(v), that is F(v) =
(F1(v),...,Fyn(v)), and we define D to be the uniform distribution over the m functions of
the form x — m - Fj(z).

For the second claim, if the support of D is the set of functions {f1,..., fm}, where function
fi has probability p;, then we define F(v) := (p1f1(v),...,pmfm(v)). O

It will be easier to reason about probabilistic mappings into the line, so we will switch to
the latter setting from now on.

Our task is to associate a number to every point v, and the information that we have about
v is the list of distances {d(u,v)}. Probably the first idea that comes to mind is to pick
a random reference vertex r € V, and work with the mapping v — d(r,v), possibly scaled
by a multiplicative constant. (Equivalently, we can think about the deterministic mapping
V — RVl in which the vertex v is mapped to the sequence (d(uy,v), ..., d(uy,, v), for some
enumeration uq, ..., u, of the elements of V.)

This works in certain simple cases.

Example 11.3 (Cycle) Suppose that d(-,-) is the shortest-path metric on a cycle, we can
see that, for every two points on the cycle, Eycy |d(r,u) —d(r,v)| is within a constant factor
of their distance d(u,v). (Try proving it rigorously!)

Example 11.4 (Simplex) Suppose that d(u,v) = 1 for every u # v, and d(u,u) = 0.
Then, for every u # v, we have Eycy |d(r,u) — d(r,v)| = P[r = uV r =v] =2/n, so, up to
scaling, the mapping incurs no error at all.

But there are also simple examples in which this works very badly.

Example 11.5 (1-2 Metric) Suppose that for every uw # v we have d(u,v) € {1,2} (any
distance function satisfying this property is always a metric) and that, in particular, there
is a special vertex z at distance 2 from all other vertices, while all other vertices are at
distance 1 from each other. Then, for vertices u,v both different from z we have, as before
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Elld(r,u) — d(r, )] = >

but for every v different from z we have

Elld(r, 2) - d(r,v)]) = =2

1 1 2
2=1+—=-12=-0[+—-0-2] =14 —

n n n
and so our error is going to be Q(n) instead of the O(logn) that we are trying to establish.

Maybe the next simplest idea is that we should pick at random several reference points
r1,...,7t. But how do we combine the information d(rq,u), ..., d(ry, u) into a single number
to associate to u? If we just take the sum of the distances, we are back to the case of sampling
a single reference point. (We are just scaling up the expectation by a factor of k.)

The next simplest way to combine the information is to take either the maximum or the
minimum. If we take the minimum, we see that we have the very nice property that
we immediately guarantee that our distances in the L1 embedding are no bigger than the
original distances, so that it “only” remains to prove that the distances don’t get compressed
too much.

Fact 11.6 Letd:V xV — R be a semimetric and A C'V be a non-empty subset of points.
Define fo:V — R as
fa(v) := mind(r, v)

reA

Then, for every two points u,v we have

[fa(u) = fa(v)] < d(u,v)

PROOF: Let a be the point such that d(a,u) = fa(u) and b be the point such that d(b,v) =
fa(v). (It’s possible that a = b.) Then
fa(u) =d(a,u) > d(v,a) — d(u,v) > d(v,b) — d(u,v) = fa(v) — d(u,v)
and, similarly,
fa(v) =d(b,v) > d(u,b) — d(u,v) > d(u,a) — d(u,v) = fa(u) — d(u,v)
U

Is there a way to sample a set A = {ry,...,rt} such that, for every two points u,v, the
expectation E |f4(u) — fa(v)] is not too much smaller than d(u,v)? How large should the
set A be?

Example 11.7 (1-2 Metric Again) Suppose that for every u # v we have d(u,v) €

{1,2}, and that we pick a subset A C 'V uniformly at random, that is, each event r € A has
probability 1/2 and the events are mutually independent.
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Then for every u # v:

1 d0nv) < |E|fa(u) — fa(v)] < du,v)

because with probability 1/2 the set A contains exactly one of the elements u,v, and condi-
tioned on that event we have |fa(u) — fa(v)| > 1 (because one of fa(u), fa(v) is zero and
the other is at least one), which is at least d(u,v)/2.

If we pick A uniformly at random, however, we incur an §2(n) distortion in the case of the
shortest path metric on the cycle. In all the examples seen so far, we can achieve constant
distortion if we “mix” the distribution in which A is a random set of size 1 and the one in
which A is a chosen uniformly at random among all sets, say by sampling from the former
probability with probability 1/2 and from the latter with probability 1/2.

Example 11.8 (Far-Away Clusters) Suppose now that d(-,-) has the following struc-
ture: V' is partitioned into clusters By, ..., By, where |B;| =1 (so k ~ v/2n), and we have
d(u,v) = 1 for vertices in the same cluster, and d(u,v) = n for vertices in different clusters.

If u,v are in the same cluster, then d(u,v) =1 and

E|fa(u) — fa(v)] = P[A contains exactly one of u,v]

If u,v are in different clusters B;, Bj, then d(u,v) =n and

E|fa(u) — fa(v)| = nP[A intersects exactly one of By, B

If we want to stick to this approach of picking a set A of reference elements according to
a certain distribution, and then defining the map fa(v) := min,c d(r,v), then the set A
must have the property that for every two sets S, T, there is at least a probability p that
A intersects exactly one of S,T, and we would like p to be as large as possible, because the
distortion caused by the mapping will be at least 1/p.

This suggest the following distribution D:

1. Sample ¢ uniformly at random in {0,...,logyn}

2. Sample A C V by selecting each v € V, independently, to be in A with probability
27t and to be in V — A with probability 1 — 27,

This distribution guarantees the above property with p = 1/O(logn).

Indeed, the above distribution guarantees a distortion at most O(logn) in all the examples
encountered so far, including the tricky example of the clusters of different size. In each
example, in fact, we can prove the following claim: for every two vertices u, v, there is a
scale t, such that conditioned on that scale being chosen, the expectation of |fa(u), fa(v)|
is at least a constant times d(u,v). We could try to prove Bourgain’s theorem by showing
that this is true in every semimetric.
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Let us call D; the conditional distribution of D conditioned on the choice of a scale t. We
would like to prove that for every semimetric d(-, -) and every two points u, v there is a scale
t such that

E |fa(u) = fa(v)] = Q(d(u, v))

A~Dy

which, recalling that |fa(u) — fa(v)| < d(u,v) for every set A, is equivalent to arguing that

JB Falw) = fa(v)] 2 Q(d(u, v))] = Q1)

For this to be true, there must be distances dy, dy such that di — do > Q(d(u,v)) and such
that, with constant probability according to Dy, we have fa(u) > dy and fa(v) < dg (or
vice-versa). For this to happen, there must be a constant probability that A avoids the set
{r : d(u,r) < di} and intersects the set {r : d(v,r) < da}. For this to happen, both sets
must have size ~ 2¢.

This means that if we want to make this “at least one good scale for every pair of points”
argument work, we need to show that for every two vertices u, v there is a “large” distance
dy and a “small” distance dy (whose difference is a constant times d(u,v)) such that a
large-radius ball around one of the vertices and a small-radius ball around the other vertex
contain roughly the same number of elements of V.

Consider, however, the following example.

Example 11.9 (Tree) Consider a complete binary tree, and the shortest-path metric d(-,-)
in the tree. Take any two vertices u and v at distance %log n. If we look at the ball of radius
di around u and the ball of radius do = di + €logn around v, we see that the former has
241 points in it, and the latter has 24 - n® points: it is clearly hopeless to have constant
probability of hitting the former and of missing the latter.

For every t < %log n, however, we have

E [Ifa(u) = fa()]] = Q(1)

A~Dy

because there is a constant probability of hitting one of the 2171 points at distance < t from
u, so that fa(u) <t and also a constant probability of missing the 212 points at distance
>t+1 fromwv, in which case fa(v) > t+ 1. This is still good, because averaging over all
scales we still get

1

[Fa(u) = fa(v)[] = Q1) = Ologn) d(u,v)

E
A~D

but this example shows that the analysis cannot be restricted to one good scale but, in some
cases, we have to take into account the contribution to the expectation coming from all the
scales.

In the above example, the only way to get a ball around u and a ball around v with
approximately the same number of points is to get balls of roughly the same radius. No
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scale could then give a large contribution to the expectation Ea~p||fa(u) — fa(v)|]; every
scale, however, gave a noticeable contribution, and adding them up we had a bounded
distortion. The above example will be the template for the full proof, which will do an
“amortized analysis” of the contribution to the expectation coming from each scale ¢, by
looking at the radii that define a ball around u and a ball around v with approximately 2
elements.

11.2 The Proof of Bourgain’s Theorem

Given Fact 11.2 and Fact 11.6, proving Bourgain’s theorem reduces to proving the following
theorem.

Theorem 11.10 For a finite set of points V, consider the distribution D over subsets of
V' sampled by uniformly picking a scale t € {0, ..., logy |V|} and then picking independently
each v € V to be in A with probability 27t. Letd:V xV — R be a semimetric. Then for
every u,v € V,

E [|falw) — fa()] > —

-
A~D clog, |V (t2)

where ¢ 1s an absolute constant.

PROOF: For each ¢, let ru; be the distance from u to the 2!-th closest point to u (counting
u). That is,

Hw @ d(u,w) < rug}| < 2°

and
Hw : d(u,w) < rug}| > 2°

and define rv; similarly. Let t* be the scale such that both ru;+ and rvgs are smaller than
d(u,v)/3, but at least one of rupy1 or rug4q are > d(u,v)/3.

Define

ruy = min{rug, d(u,v)/3}

and similarly
rv, := min{rv, d(u,v)/3}

We claim that there is an absolute constant ¢ such that for every scale t € {0,...,t*}, we
have
B () = La0)] 2 e (i + ey =g = o) (11.1)
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We prove the claim by showing that there are two disjoint events, each happening with
probability > ¢, such that in one event |f4(u) — fa(v)| > ruj,; —rv}, and in the other event

[fa(w) = fa(v)] = ropyy —rug.

1. The first event is that A avoids the set {z : d(u,z) < ruj,,} and intersects the set
{2 1 d(v,2) < rvj}. The former set has size < 2/, and the latter set has size < 2%;
the sets are disjoint because we are looking at balls or radius < d(u,v)/3 around u
and v; so the event happens with a probability that is at least an absolute constant.
When the event happens,

|fa(u) = fa(v)] = falu) — fa(v) > rupy —rv)

2. The second event is that A avoids the set {z : d(v,z) < rv;,,} and intersects the set
{z 1 d(u,2) < ru}}. The former set has size < 211, and the latter set has size < 2t;
the sets are disjoint because we are looking at balls or radius < d(u,v)/3 around u
and v; so the event happens with a probability that is at least an absolute constant.
When the event happens,

[fa(u) = fa()] = fa(v) = fa(u) = rvjy —ru;

So we have established (11.1). Averaging over all scales, we have

E [fa(u) — fa(v)]

A~D

>__ ¢ . (Fupe g + 10 — TUG — TV)
~ 1+4+logyn
c d(u,v)

> .
~ 1+4+logyn 3

O

There is one remaining point to address. In Fact 11.2, we proved that a distribution over
embeddings on the line can be turned into an L1 embeddings, in which the number of
dimensions is equal to the size of the support of the distribution. In our proof, we have
used a distribution that ranges over 2/V! possible functions, so this would give rise to an
embedding that uses a superpolynomial number of dimensions.

To fix this remaining problem, we sample m = O(log3 |[V|) sets Aq,..., Ay, and we define
the embedding f(u) := (m™' - fa,(u),...,m™ - fa,(u)). It remains to prove that this
randomized mapping has low distortion with high probability, which is an immediate con-
sequence of the Chernoff bounds. Specifically, we use the following form of the Chernoff
bound:

Lemma 11.11 Let Zi,...,Z, be independent nonnegative random wvariables such that,
with probability 1, 0 < Z; < M. Let Z := %(Zl + -+ Zy). Then
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Let us look at any two vertices u,v. Clearly, for every choice of Ay,...,A,,, we have
[|f(u) — f(v)]|1 < d(u,v) so it remains to prove a lower bound to their L1 distance. Let us
call Z the random variable denoting their L1 distance, that is

m

2= 10 = )l = 3 1 ()~ fa,(0)

i=1

We can write Z = L - (Zy + -+ + Zp,) where Z; := |fa,(u) — fa,(v)], so that Z is the sum
of identically distributed nonnegative random variables, such that

Zi < d(ua U)

C
7> —C _d(u,
E2i 2300V (u,v)

Applying the Chernoff bound with M = d(u,v) and t = d(u,v), we have

__c
2log |V]

C
7 < ———d
P[ = 2og|V] (“’”)}

C
<P|Z<EZ--—"—1d
_P[ =B Slog V] (u’v)}

< 272m02/(2 log |V])?

which is, say, < 1/|V|? if we choose m = ¢ log® |V'| for an absolute constant ¢’

By taking a union bound over all pairs of vertices,

1

P |Vu,v. [|f(u) = f(v) ]

¢
> .d >1-—
[h = 2log |V| (wv)| 2

71



Chapter 12
ARV

In which we introduce semi-definite programming and a semi-definite programming relax-
ation of sparsest cut, and we reduce its analysis to a key lemma that we will prove in the
next lecture(s)

12.1 The Goemans-Linial Relaxation

Recall that, for two undirected graphs G, H, the sparsest cut problem is to optimize

lo(u) — 1g(v
nse(GLH) = min 2= terterg 11500 = Ls(0)
SCV ) funter,, I1s(w) = 1s(v)]

and the Leighton-Rao relaxation is obtained by noting that if we define d(u,v) :=|1g(u) —
1s(v)| then d(-,-) is a semimetric over V', meaning that the following quantity is a relaxation
of (G, H):

d(u,v
LR(G, H) = min Zfunjeng U v)
d:VxV—>R Z{u,v}EEH d(u,v)

d semimetric

If G is r-regular, H is a clique, and 0 = A\; < A9 < --- > )\, are the eigenvalues of the
normalized Laplacian of G, then

T Dueng £ — S0P
n"2 " FVSR Z{u,v}eEKn () — F(v)2

(12.1)
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which is a relaxation of nsc(G, K,,), because, for every S, every u and every v, |1g(u) —
Ls(v) = [1s(u) — 1s(v)[*.

We note that if we further relax (12.1) by allowing V' to be mapped into a higher dimension
space R™ instead of R, and we replace |- — - | by || - — - [|?, the optimum remains the same.

Fact 12.1 ,
Z{u,v}EE‘G HF(U) - F(U) ’

|
Ay = in
2T VR Y fuwyes,, 1F () = F(o)]P?

PRrROOF: For every F : V — R™, if we write F'(v) = (fi1(v),..., fn(v)), we have
Y tunyen, [F(u) = F(v)||?
2uwyen,, [IF(w) = F()|[?
i 2quwyen, (filw) = fi(v))?
- Zz Z{u,v}EEKn (fl(u) - fl(v))Q
o in D quwyer, (filu) = fi(v))?
2 S ey, ) = F(0)7

> Ao

O

The above observations give the following comparison between the Leighton-Rao relaxation
and the spectral relaxation: both are obtained by replacing |1g(u) — 1g(v)| with a “distance
function” d(u, v); in the Leighton-Rao relaxation, d(u, v) is constrained to satisfy the triangle
inequality; in the spectral relaxation, d(u, v) is constrained to be the square of the Euclidean
distance between F'(u) and F(v) for some mapping F': V — R™.

The Arora-Rao-Vazirani relaxation is obtained by enforcing both conditions, that is, by
considering distance functions d(u, v) that satisfy the triangle inequality and can be realized
of ||F(u) — F(v)||? for some mapping F : V — R™.

Definition 12.2 A semimetric d : V. — V — R is called of negative type if there is a
dimension m and a mapping F : V. — R™ such that d(u,v) = ||F(u) — F(v)||? for every
u,v V.

With the above definition, we can formulate the Goemans-Linial relaxation as

d(u,v
ARV (G, H) = min 2 upjerg )
d:VxV —=R Z{u,v}GEH d(u’v)

d semimetric of negative type

(12.2)
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Remark 12.3 The relazation (12.2) was first proposed by Goemans and Linial. Arora,
Rao and Vazirani were the first to prove that it achieves an approximation guarantee which
is better than the approximation guarantee of the Leighton-Rao relaxation.

We have, by definition,

nsc(G,H) < ARV(G,H) < LR(G,H)

and, when H is a clique and G is r-regular,

nse(G, Kp) < ARV (G, Ky) < %)\Q(G)

and so the approximation results that we have proved for Ay and LR apply to ARV. For
every graphs G and H:

ARV (G,H) < O(log |V]) - nsc(G, H)

and for every r-regular graph G

—ARV(G K,) < \/8 -nsc(G, Ky)

Interestingly, known examples of graphs for which LR and Ay give poor approximation are
complementary. When H is a clique, if G is a cycle, then =Xy is a poor approximation
of nsc(G, K,), but LR(G, K,) is a good approximation of nsc(G, K,); if G is a constant-
degree expander then LR(G, K,,) is a poor approximation of nsc(G, K,,), but =z is a good
approximation.

When Goemans and Linial (separately) proposed to study the relaxation (12.2), they con-
jectured that it would always provide a constant-factor approximation of nsc(G, H). Un-
fortunately, the conjecture turned out to be false, but Arora, Rao and Vazirani were able
to prove that (12.2) does provide a strictly better approximation than the Leighton-Rao
relaxation. In the next lectures, we will present parts of the proof of the following results.

Theorem 12.4 There is a constant ¢ such that, for every graph G = (V, E),

nsc(G, Ky) < c-+/log|V|- ARV (G, K,)

Theorem 12.5 There is a constant ¢ such that, for every graphs G = (V,Eqg), H =
(V. En),
nsc(G,H) < c-+/log|V|-loglog|V|- ARV (G, H)

Theorem 12.6 There is a constant ¢ and an infinite family of graphs G, = (Vy, Ey) such
that
nsc(Gn, Kp) > c¢-loglog |V,,| - ARV (G, Ky,)
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Theorem 12.7 There are families of graphs G,, = (V,,, EG,,) and Hy,(V,, EH,,) such that,
for every € > 0 and every sufficiently larger n,

ARV (G, K,) > (log |V])2 ™ - nse(Gn, Ky)

12.2 Polynomial Time Solvability

In this section we show that the Ellipsoid algorithm can compute ARV (G, H) in polynomial
time.

Definition 12.8 If C' C R™ is a set, then a separation oracle for C is a procedure that, on
mput x € R™,

o [fx e C, outputs “yes”

o [fx & C, outputs coefficients a1, ..., am,b such that
Z ria; < b
%

but, for every z € C,

Zziai 2 b
%

Note that a set can have a separation oracle only if it is convex. Under certain addi-
tional mild conditions, if C' has a polynomial time computable separation oracle, then the
optimization problem

minimize Y, c’x
subject to
Ax > b
xe(C

is solvable in polynomial time using the Ellipsoid Algorithm.

It remains to see how to put the Arora-Rao-Vazirani relaxation into the above form.

Recall that a matrix X € R™*"™ is positive semidefinite if all its eigenvalues are nonnegative.
We will use the set of all n x n positive semidefinite matrices as our set C' (thinking of them
as n?-dimensional vectors). If we think of two matrices M, M’ € R"*" as n2-dimensional
vectors, then their “inner product” is

MeM :=> M- M,
2%

Lemma 12.9 The set of n X n positive semidefinite matrices has a separation oracle com-
putable in time polynomial in n.
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PrROOF: Given a symmetric matrix X, its smallest eigenvalue is

min z' Xz
zeR™, ||z|[=1

the vector achieving the minimum is a corresponding eigenvector, and both the smallest
eigenvalue and the corresponding eigenvector can be computed in polynomial time.

If we find that the smallest eigenvalue of X is non-negative, then we answer “yes.” Other-
wise, if z is an eigenvector of the smallest eigenvalue we output the matrix A = z’z. We
see that we have

AeX =2"Xz<0

but that, for every positive semidefinite matrix M, we have

AOM:ZTMZZO
U

This implies that any optimization problem of the following form can be solved in polynomial
time

minimize Ceo X

subject to
1 >
f *Xzh (12.3)
A" e X > by
X =0
where C, A', ..., A™ are square matrices of coefficients, b1,...,b,, are scalars, and X is a

square matrix of variables. An optimization problem like the one above is called a semidef-
inite program.

It remains to see how to cast the Arora-Rao-Vazirani relaxation as a semidefinite program.

Lemma 12.10 For a symmetric matric M € R™* "™ the following properties are equivalent:

1. M is positive semidefinite;
2. there are vectors Xi,...,%, € R? such that, for alli,j, M;; = (Xi,X;);

3. for every vector z € R™, 2" Mz >0

PrOOF: That (1) and (3) are equivalent follows from the characterization of the smallest
eigenvalue of M as the minimum of z” Mz over all unit vectors z.
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To see that (2) = (3), suppose that vectors xy, ..., X, exist as asserted in (2), and let X
be the matrix whose columns are the vectors xi,...,X,, so that X7 . X = M. Take any
vector z, and see that

2" Mz =2"X"Xz=||Xz|> >0

Finally, to see that (1) = (2), let A1,..., A, be the eigenvalues of M with multiplicities,
and let vi,...,v, be a corresponding orthonormal set of eigenvectors. Then

M = Z )\kvkvg

)

that is,
Mij = Mow(i)or(5) = (xi, ;)
k

if we define x1,...,x, as the vectors such that x;(k) := v/ Apvr(i). O

This means that the generic semidefinite program (12.4) can be rewritten as an optimization
problem in which the variables are the vectors x1,...,X, as in part (2) of the above lemma.

minimize 3, ; Cj;(x;,%;)
subject to

A xoxs) >
Zz,] Az,]<X17XJ> > b (12'4)

Ei,j ATJ'(X%XJ') > bm
x; € R™ Vie{l,...,n}

where the dimension m is itself a variable (although one could fix it, without loss of gen-
erality, to be equal to n). In this view, a semidefinite program is an optimization problem
in which we wish to select n vectors such that their pairwise inner products satisfy certain
linear inequalities, while optimizing a cost function that is linear in their pairwise inner
product.

The square of the Euclidean distance between two vectors is a linear function of inner
products
Ix =yl = (x—y,x—y) = (x,x) = 2(x,y) + (y,¥)

and so, in a semidefinite program, we can include expressions that are linear in the pairwise
squared distances (or squared norms) of the vectors. The ARV relaxation can be written
as follows
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minimize Z{%U}GEG ||y — %o||?

subject to
Z{u,v}eEH [I% — x> =1
%y — %% < %0 — X2 + ||X0w — %[> Yu,v,w €V
X, € R™ YueV

and so it is a semidefinite program, and it can be solved in polynomial time.

Remark 12.11 OQur discussion of polynomial time solvability glossed over important issues
about numerical precision. To run the Ellipsoid Algorithm one needs, besides the separation
oracle, to be given a ball that is entirely contained in the set of feasible solutions and a ball
that entirely contains the set of feasible solutions, and the running time of the algorithm
1s polynomial in the size of the input, polylogarithmic in the ratio of the volumes of the
two balls, and polylogarithmic in the desired amount of precision. At the end, one doesn’t
get an optimal solution, which might not have a finite-precision exact representation, but
an approrimation within the desired precision. The algorithm is able to tolerate a bounded
amount of imprecision in the separation oracle, which is an important feature because we
do not have exact algorithms to compute eigenvalues and eigenvectors (the entries in the
eigenvector might not have a finite-precision representation).

The Ellipsoid algorithm is typically not a practical algorithm. Algorithms based on the
interior point method have been adapted to semidefinite programming, and run both in
worst-case polynomial time and in reasonable time in practice.

Arora and Kale have developed an O((|V| + |E|)?/e°M) time algorithm to solve the ARV
relaxation within a multiplicative error (1 + €). The dependence on the error is worse
than that of generic algorithms, which achieve polylogarithmic dependency, but this is not
a problem in this application, because we are going to lose an O(y/log|V]) factor in the
rounding, so an extra constant factor coming from an approximate solution of the relaxation
is a low-order consideration.

12.3 Rounding when H is a clique

Given the equivalence between the sparsest cut problem and the “L1 relaxation” of sparsest
cut, it will be enough to prove the following result.

Theorem 12.12 (Rounding of ARV) Let G = (V,E) be a graph, and {x,}ycv be a
feasible solution of the relaxation ARV (G, Ky,).

Then there is a mapping f : V — R such that

S ruwyen () = 1) 5 tuwyen e — %02
: O(+/lo . ’
P TIC E0 IR A LU P | Py
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As in the rounding of the Leighton-Rao relaxation via Bourgain’s theorem, we will identify
a set S C V, and define

fs(v) := min ||xs — XvHQ (12.5)
sesS

Recall that, as we saw in the proof of Bourgain’s embedding theorem, no matter how we
choose the set S we have

2
[fs(u) = fs(0)] < [[xu — %] (12.6)
where we are not using any facts about || - — - ||? other than the fact that, for solutions of
the ARV relaxation, it is a distance function that obeys the triangle inequality.

This means that, in order to prove the theorem, we just have to find a set S C V such that

u) — v 71 : Xu — Xy 2 7
;:Ifsﬁ fs( )|20(\/W) ;:II | (12.7)

and this is a considerable simplification because the above expression is completely inde-
pendent of the graph! The remaining problem is purely one about geometry.

Recall that if we have a set of vectors {x,}yey such that the distance function d(u,v) :=
||, — xu||? satisfies the triangle inequality, then we say that d(-,-) is a (semi-)metric of
negative type.

After these preliminaries observations, our goal is to prove the following theorem.

Theorem 12.13 (Rounding of ARV — Revisited) Ifd(-,-) is a semimetric of negative
type over a set V', then there is a set S such that if we define

fs(v) := min{d(s,v)}

seS

S 1fsw) = fs(0)] = s———r 10g|v - d(u,v)

U, U,

we have

Furthermore, the set S can be found in randomized polynomial time with high probability
given a set of vector {Xy}vey such that d(u,v) = ||x, — %, ||%.

Since the statement is scale-invariant, we can restrict ourselves, with no loss of generality,

to the case ), d(u,v) = V2.

Remark 12.14 Let us discuss some intuition before continuing with the proof.

As our experience proving Bourgain's embedding theorem shows us, it is rather difficult to pick
sets such that |fs(u) — fs(v)| is not much smaller than d(u,v). Here we have a somewhat
simpler case to solve because we are not trying to preserve all distances, but only the average
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pairwise distance. A simple observation is that if we find a set S which contains Q(|V]) elements
and such that Q(|V|) elements of V' are at distance 2(§) from S, then we immediately get
> uw [ fs(w) = fs(v)] > Q(6]V]?), because there will be Q([V[?) pairs u, v such that fs(u) =0
and fs(v) > 6. In particular, if we could find such a set with § = 1/0(y/log|V]|) then we
would be done. Unfortunately this is too much to ask for in general, because we always have
|fs(u) — fs(v)| < d(u,v), which means that if we want >_,  [fs(u) — fs(v)| to have Q(V?)
noticeably large terms we must also have that d(u,v) is noticeably large for Q(|V'|?) pairs of
points, which is not always true.

There is, however, the following argument, which goes back to Leighton and Rao: either there
are Q(|V]) points concentrated in a ball whose radius is a quarter (say) of the average pairwise
distance, and then we can use that ball to get an #; mapping with only constant error; or there
are Q(|V]) points in a ball of radius twice the average pairwise distance, such that the pairwise
distances of the points in the ball account for a constant fraction of all pairwise distances. In
particular, the sum of pairwise distances includes Q(|V|?) terms which are Q(1).

After we do this reduction and some scaling, we are left with the task of proving the following
theorem: suppose we are given an n-point negative type metric in which the points are contained
in a ball of radius 1 and are such that the sum of pairwise distances is 2(n?); then there is a subset
S of size Q2(n) such that there are Q(n) points whose distance from the set is 1/O(y/logn). This
theorem is the main result of the Arora-Rao-Vazirani paper. (Strictly speaking, this form of the
theorem was proved later by Lee — Arora, Rao and Vazirani had a slightly weaker formulation.)

We begin by considering the case in which a constant fraction of the points are concentrated
in a small ball.

Definition 12.15 (Ball) For a point z € V and a radius v > 0, the ball of radius r and
center z is the set

B(z,r) :={v:d(z,v) <r}

Lemma 12.16 For every vertez z, if we define S := B(z,1/4), then
S IS0
Z | fs(u 2|V| Zd u,v)

PROOF: Our first calculation is to show that the typical value of fg(u) is rather large. We
note that for every two vertices u and v, if we call a a closest vertex in S to u, and b a
closest vertex to v in S, we have

d(u,v) < d(u,a)+d(a,z) + d(z,b) + d(b,v)

< f(u) + fs(v) + 5

and so
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2

V|2 = ;d(u, v) <2|V]- ;fs(v) + W;

that is,

ECESS

Now we can get a lower bound to the sum of ¢; distances given by the embedding fgs(-).
D Ifs(w) = fs(v)]
> Y [fs()]

ueS,weVv

=[S fs(v)

1
> 2|9 -
2 5511V
O

This means that if there is a vertex z such that |B(z,1/4)| = Q(|V]), or even |B(z,1/4)| =
Q(|V|/+/log|V]), then we are done.

Otherwise, we will find a set of Q(|V]) vertices such that their average pairwise distances
are within a constant factor of their maximum pairwise distances, and then we will work on
finding an embedding for such a set of points. (The condition that the average distance is a
constant fraction of the maximal distance will be very helpful in subsequent calculations.)

Lemma 12.17 Suppose that for every vertex z we have |B(z,1/4)| <|V|/4. Then there is
a vertex w such that, if we set S = B(w,2), we have

PROOF: Let w be a vertex that maximizes |B(w, 2)|; then |B(w,2)| > |V|/2, because if we
had |B(u,2)| < |V|/2 for every vertex u, then we would have

> d(u,v) > "2 (V= B(u,2)]) > [V]?

Regarding the sum of pairwise distances of elements of S, we have

S d(ww) > Y LS - By 2 s L2

u,VES u€esS
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The proof of the main theorem now reduces to proving the following geometric fact.

Lemma 12.18 (ARV Main Lemma) Let d be a negative-type metric over a set V' such
that the points are contained in a unit ball and have constant average distance, that is,

e there is a vertex z such that d(v,z) <1 for everyv € V
* EU,UGV d(u? U) >c |V‘2

Then there are sets S, T CV such that
o [SLITI = (V)

o for everyuw € S and every v € S, d(u,v) > 1/0(y/log|V|)

where the multiplicative factors hidden in the O(-) and (-) notations depend only on c.

Indeed, applying the ARV Main Lemma to %d(u,v) tells us that there are subsets S, T of
B(z,2), both of size Q(|B(z,2)|) = Q(n) such that d(u,v) > 1/0(y/logn) for every u € S
and v € T. If we consider the Frechet embedding fg, we have

S fs(u) = fs) = >0 Ifs(w) = fs(v)]

{u,v} ueS,weT
ARy p———
- O(yv/logn)
> n2 . !

~ O(Vlogn)

1
otigm 2 1Y

It remains the prove the ARV Main Lemma.
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Chapter 13
ARV Analysis

In which we begin the analysis of the ARV rounding algorithm
We want to prove

Lemma 13.1 (ARV Main Lemma) Let d be a negative-type metric over a set V such
that the points are contained in a unit ball and have constant average distance, that is,

e there is a vertex z such that d(v,z) <1 for everyv € V
® EU,UGV d(u? U) >c |V‘2
Then there are sets S, T CV such that
o [S,IT| = Q(V]);
o for everyu € S and everyv € T, d(u,v) > 1/O(y/log |V )

where the multiplicative factors hidden in the O(-) and (-) notations depend only on c.

In this lecture, we will show how to reduce the ARV Main Lemma to a statement of the
following form: if {x,},ev is a set of vectors such that the metric d(-,-) in the ARV Main
Lemma can be written as d(u,v) = ||x, — %,||?, and g is a random Gaussian vectors, and if
¢ is such that with Q(1) probability, there are Q(n) disjoint pairs u, v such that d(u,v) < £
and |(g,x,) — (g,%,)| > Q(1), then £ > Q(1//logn). We will then prove such a statement
in the next lecture.
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13.1 Bottlenecks

Before beginning with the proof, it will be useful to see that certain variations of the ARV
Main Lemma are false, and that we must use the assumptions of the lemma in a certain
way in order to be able to prove it.

For example, consider the variation of the lemma in which d(-, ) is an arbitrary semi-metric,
rather than being of negative type. We have the following counterexample.

Fact 13.2 For every n, there is a metric d(-,-) over V.= {1,...,n} such that
e d(i,j) <1 foralli,j

i Ei,j d(i, j) > Q(n?)

o For every subsets S, T of size Q(n) we have

min d(z’,j)§0< ! )

i€S,jeT logn
We will not provide a full proof but here is a sketch: consider a family G,, = ([n], E;,) of

constant-degree graphs of constant edge expansion. (We will see later in the course that
such a family exists.) Consider the shortest-path distance dgp(-,-) on [n]. We have:

e For every pair 4,5, dsp(i,j) < O(logn), because graphs of constant expansion have
logarithmic diameter (another fact that we will prove later in the course)

° Z” dsp(i,j) > Q(n?logn), because, if r is the degree of the graph, then every vertex
has at most 7'T! other vertices at distance at most ¢ from it, and so every vertex has
at least n/2 other vertices at distance 2(logn) from itself.

e For every subsets S, T of size {2(n) we have

2oin dsp(i,j) < O(1)
Because, if the edge expansion is (1) and the degree is O(1), then for every set A of
< n/2, there are (| A|) vertices outside A with neighbors in A, and so the number of
vertices at distance at most ¢ from S is at least min{n/2, |S| - 221}, If |S| > Q(n),
then there is a ¢ = O(1) such that more than n/2 vertices are at distance < ¢ from S,
and the same is true for 7', meaning that S and T are at distance at most 2t = O(1)
from each other.

If divide dgp(-,-) by the diameter of GG, which is O(logn), we obtain a metric that satisfies
the conditions of the Fact above.

This means that we cannot only use the property of d(-,-) being a semi-metric, but we have
to use the fact that it is of negative type, and we need to use in the proof the vectors x,
such that d(u,v) = ||x, — x||%.

84



Fact 13.2 is tight: using Bourgain’s theorem, or an earlier technique of Leighton and Rao,
if d(-,-) is a semi-metric over [n] such that max; jd(i,j) < 1 and }_, ;d(i,j) > Q(1), then
we can find sets S, T of size {2(n) such that min;eg jer d(i, j) > Q(1/logn).

Fact 13.3 For every n, there are vectors x1,...,X, such that

o |[xi—xjl|[> <1 for alli,j
° Zz] [Ix; — x;1[* > Q(n?)

e For every subsets S, T of size Q(n) we have

log lo
i ;=P < 0 (PR )
ieS,jeT logn

Here we will not even provide a sketch, but the idea is to use an e-net of the sphere of
radius 1/2 in dimension O(logn/loglogn), with € = o(1), and the isoperimeteric inequality
for the sphere.

This means that we need to use the fact that our vectors satisfy the triangle inequalities
l|xi — x| < ||xi —xx||* + ||xx — x;||?. It is also worth noting that for all vectors, including
those of Fact 13.3, we have

s — %1% < 2/[x; — x| |* + 2] |x — x5

so any argument that proves the ARV Main Lemma will need to use the triangle inequalities
in a way that breaks down if we substitute them with the above “factor-of-2-triangle-
inequalities”.

Fact 13.3 is also tight, up to the factor of loglogn, as we will see later in this lecture.

Finally, we note that the ARV Main Lemma is tight, which means that every step of its
proof will have to involve statements that are tight up to constant factors.

Fact 13.4 For every n that is a power of two, there is a negative-type metric d(-,-) over a
set V' of size n such that

e d(i,j) <1 foralli,j

i Zz] d(i,j) > Qn?)

o For every subsets S, T of size Q(n) we have

1
in d(z,7) <O
ieSjer (,5) = <\/10gn>

Let n = 2" and V = {0,1}!. The Hamming distance dg(-,-) is a negative-type metric over
{0,1}* (let x, be v itself, and notice that dg(u,v) = ||u —v||?) , and it satisfies
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e d(i,j) <t foralli,j

® Z” d(i,j) > Qt - n?)

e For every subsets S, T of size {2(n) we have

min_d(i,j) < O(V1)

1€S,5€T

which follows from isoperimetric results on the hypercube that we will not prove

Fact 13.4 follows by dividing the above metric by t.

13.2 Gaussian Projections

The tool of Gaussian projections is widely used to analyze semidefinite programs. Given
vectors X1, . .., X, € R” which are solutions to a semidefinite program of interest, we pick a
random Gaussian vector g ~ R and we consider the projections Y7i,...,Y,,, where Y; :=
(x;,8). The vector g = (g1,...,9m) is sampled so that the coordinates g; are independent
standard normal distributions.

We see that each Y; has a Gaussian distribution with expectation 0 and variance ||x;||?,
and each difference Y; — Y} has a gaussian distribution with expectation 0 and variance
[Ixi — x| = d(3, 7).

From standard bounds on Gaussian random variables,

PlIY; — Y| < 6+/d(i, )] < \/2275 <5 (13.1)

BllY; — ;| > t1/d(0, 7)) < jf/ <t (13.2)
T

And, setting t = /5logn in (13.2), we get

P[ Vi, j. |Y; = Y;|*> < 5logn-d(i,§)] > 1—o(1) (13.3)

Our first result is that, with (1) probability, there are (n?) pairs i, j such that |Y; —Y;| >
Q(1).

Lemma 13.5 There are constants c1,0 that depend only on c such that with probability at
least 90%, if we let L be the cin indices i with smallest Y;, and R be the cin indices i with
largest Y;, we have

Vie LVjeER |Y;-Yj| >0
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PrROOF: A standard Markov argument shows that if d(i,j) < 1 for all pairs 7,j, and
> d(,5) = cn?, then there are at least cn?/2 pairs at distance at least c¢/2. We argue
that, with probability at least 90%, Q(n?) of those pairs are such that |Y; — Y;| > Q(1),
which implies the conclusion.

Let F be the set of “far” pairs ¢, j such that d(i,7) > ¢/2.

By setting § = o5 in (13.1), we have for each (i,j) € F

BlIYi — 3| < Ve/20v7) <

so, by linearity of expectation,

17|

E[ [{(i,5) € F. |Y; = Yj| < Ve/20v2] < o5

and by Markov inequality

]PH{(i,j)eF. ]Y;-—Yj\gm\)(jﬁ}‘>|];q <.1

so, with probability > 90%, there are at least |F|/2 > cn?/4 pairs (4, j) such that |Y; —Y;| >
NG
20v2°

If L and R are defined as above, and ¢ = min;er, jer Y; — Y;, then the number of pairs i, j
at distance > o is at most

(1—(1=2¢1)%) -n? < 4eyn?

and the lemma follows if we set ¢; = ¢/16 and o = 1/c/20v/2. O
Note that, with 90% — o(1) probability, we have sets L, R, both of size > ¢1n, such that
Vi,j € V. |Yi = Yj|* < 5logn - d(i, )

VieL jeR Y;-Y, >0
so that

o2 1
VieL, jeR, d(i,j7)> >
tel, jeR dij) = 5logn — O(logn)

Since we have not used the triangle inequality, the above bound is almost best possible,
given Fact 13.3 .

13.3 The Algorithm to Refine L and R

Consider the following algorithm, given x1,...,x, € R satisfying the assumptions of the
Main Lemma, and a parameter /,

e Pick a random gaussian vector g ~ R
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Define Y; := (x;,g) fori=1,...,n

Let L be the c¢in indices ¢ for which Y; is smallest

Let R be the c¢in indices i for which Y; is largest

while there is an ¢ € L and j € L such that d(i,j) < ¢

— remove ¢ from L and j from R

return L, R

Where c;, 0 are the constants (that depend only on ¢) of Lemma 13.5. We will prove

C2
Vlogn’

there is at least a 80% probability that the algorithm removes at most <5* pairs (i, j) in the
‘while’ loop.

Lemma 13.6 There is a constant ca (dependent only on c) such that, if we set £ <

Once we establish the above lemma, we have completed our proof of the ARV Main Lemma,
because, with 70% — o(1) probability, the output of the algorithm is a pair of sets L, R of

size > “5* such that for each i € L and j € R we have d(i, j) > \/1602@‘

We will prove the contrapositive, that is, if the algorithm has probability at least 20% of
removing at least <5* pairs (7,7) in the ‘while’ loop, then £ > c3/+/logn.

Call M the set of pairs (7,j) removed by the algorithm (like Y3,...,Y,, L and R, M is a
random variable determined by g). If the algorithm has probability at least 20% of removing
at least “5* pairs (7,7) in the ‘while’ loop, then there is a probability at least 10% that the
above happens, and that min;cy jer |Y; — Yj| > 0. This means that with probability at

least 10% there are “5* disjoint pairs (4, j) such that |Y; — Y;| > o and d(i, j) < /.

By the above observation, the following lemma implies Lemma 13.6 and hence the ARV
Main Lemma.

Lemma 13.7 Letd(-,-) be a negative-type metric over a set V.= {1,...,n}, letxy,...,x, €
R™ be vectors such that d(i, j) = ||x; —x;||?, let g ~ R™ be a random vector with a Gaussian
distribution, and let Y; := (g, X;).

Suppose that, for constants ¢, o and a parameter £, we have that there is a > 10% probability
that there are at least ¢'n pairs (i,7) such that d(i,5) < ¢ and |Y; = Y;| > 0.

Then there is a constant ca, that depends only on ¢’ and o, such that

C
(> 2

:

logn

We will prove Lemma 14.1 in the next lecture.



Chapter 14

ARV Analysis cont'd

In which we continue the analysis of the ARV rounding algorithm

We are continuing the analysis of the Arora-Rao-Vazirani rounding algorithm, which rounds
a Semidefinite Programming solution of a relaxation of sparsest cut into an actual cut, with

an approximation ratio O(y/log [V]).

In previous lectures, we reduced the analysis of the algorithm to the following claim.

Lemma 14.1 Let d(-,-) be a negative-type semimetric over a set V.= {1,...,n}, let
X1,..., X, € R™ be vectors such that d(i,j) = ||x; — x;||?, let g ~ R™ be a random vector
with a Gaussian distribution, and let Y; := (g, X;).

Suppose that, for constants ', o and a parameter £, we have that there is a > 10% probability
that there are at least ¢'n pairs (i, j) such that d(i,7) < ¢ and |Y; = Y;| > 0.

Then there is a constant ¢z, that depends only on ¢’ and o, such that

C
0> 22

= Jogn

14.1 Concentration of Measure

In the last lecture, we are have already introduced two useful properties of Gaussian distri-
butions: that there is a small probability of being much smaller than the standard deviation
in absolute value, and a very small probability of being much larger than the standard devi-
ation in absolute value. Here we introduce a third property of a somewhat different flavor.

For a set A C R™ and a distance parameter D, define
Ap:={xeR":3Jac A. ||x—a|| <D}

the set of points at distance at most D from A. Then we have:
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Theorem 14.2 (Gaussian concentration of measure) There is a constant cs such that,
for every €,6 > 0 and for every set A C R", if
P[A] > €

then
P[Ap]>1-4§

for every D > c3 - 4/log %, where the probabilities are taken according to the Gaussian

measure in R™, that is P[A] = Plg € A], where g = (g1,...,9m) and the g; are independent
Gaussians of mean 0 and variance 1.

The above theorem says that if we have some property that is true with > 1% probability
for a random Gaussian vector g, then there is a > 99% probability that g is within distance
O(1) of a vector g’ that satisfies the required property. In high dimension m, this is a non-
trivial statement because, with very high probability ||g|| is about \/m, and so the distance
between g and g’ is small relative to the length of the vector.

We will use the following corollary.

Corollary 14.3 Let x1,...,X, be vectors in R™ and let dmax = maxj—a _n|[x; — x1||%
Let g be a random Gaussian vector in R™, and let Y; = (x;,8). If, for some k and €, we
have

PEj. Y, - Y1 > k] > e

then

P3j. Y, - Y1 > k—c;),\/logl/(e*y) . \/dmax] >1—7

PROOF: Let
A={g:3.Y;-Y1 > k] >¢

By assumption, we have P[A] > ¢, and so, by concentration of measure:

Pg llg— &'l < esVlog1/(ey) A g'eA]>1—79
The even in the above probability can be rewritten as
T R 3 € {2 ) g gl < enyflog = A lx; —x1.8) 2k
and the above condition gives us
k< (xj—x1,8)

= <xj —Xl,g> + <Xj _Xlag/_g>
< (xj —x1,8) +||x; — x| - |lg’ — gl|

1
S}/}_Y1+\/dmax'c3 loga
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The (use of the) above statement is by far the most innovative part of the analysis of Arora,
Rao and Vazirani, so it is worth developing an intuitive feeling for its meaning.

Let’s say that we are interested in the distribution of pyax 1= maxj—2 ., Y; —Y7. We know
that the random variables Y; — Y7 are Gaussians of mean 0 and standard deviation at most
Vdmax, but it is impossible to say anything about, say, the average value or the median
value of pmax without knowing something about the correlation of the random variables
Y~ Yi.

Interestingly, the above Corollary says something about the concentration of pmax without
any additional information. The corollary says that, for example, the first percentile of
Pmax and the 99-th percentile of ppax differ by at most O(v/dmax), and that we have a
concentration result of the form

P[|Pmax — median(pmax)| >t - \/@] < e U)

which is a highly non-trivial statement for any configuration of x; for which pmax >> v/dmax-

14.2 Reworking the Assumption

Lemma 14.4 Under the assumptions of Lemma 14.1, there is a fized set C' C [n], |C] >
%n, and a set Mg of disjoint pairs {i,j}, dependent on g, such that, for every g and for
every pair {i,j} € Mg we have

di,j) <t

and
Yi-Yj[ >0

and for all i € C'" we have
/

P[3j € C. {i,j} € Mg] > 26—0

PROOF: Let Mg be the set of disjoint pairs promised by the assumptions of Lemma 14.1.
Construct a weighted graph G = ([n], W), where the weight of the edge {i,j} is P[{i,j} €
Mg]. The degree of every vertex is at most 1, and the sum of the degrees is twice the
expectation of |M|, and so, by the assumptions of Lemma 14.1, it is at least ¢'n/5.

Now, repeatedly delete from G all vertices of degree at most ¢'n/20, and all the edges
incident on them, until no such vertex remains. At the end we are left with a (possibly
empty!) graph in which all remaining vertices have degree at most ¢'n/20; each deletion
reduces the sum of the degree by at most ¢/ /10, and so the residual graph has total degree
at least ¢'n/10, and hence at least ¢'n/10 vertices [J

By the above Lemma, the following result implies Lemma 14.1 and hence the ARV Main
Lemma.
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Lemma 14.5 Let d(-,-) be a semi-metric over a set C' such that d(u,v) < 1 for allu,v € C,
let {x, }vec be a collection of vectors in R™, such that d(i, j) := ||xu —X,||? is a semimetric,
let g be a random Gaussian vector in R™, define Y, := (g,x,), and suppose that, for every
g, we can define a set of disjoint pairs Mg such that, with probability 1 over g,

V{u,v} € Mg. |V, = Yy| >0 A d(u,v) </
and

Vu € C. P[Fv{u,v} € Mg] > €

Then

KZQEU #
~ \Wlog[C|
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Chapter 15
ARV Analysis, part 3

In which we complete the analysis of the ARV rounding algorithm

We are finally going to complete the analysis of the Arora-Rao-Vazirani rounding algorithm,
which rounds a Semidefinite Programming solution of a relaxation of sparsest cut into an
actual cut, with an approximation ratio O(y/log|V]).

In previous lectures, we reduced the analysis of the algorithm to the following claim.

Lemma 15.1 Let d(-,-) be a semi-metric over a set C' such that d(u,v) < 1 for allu,v € C,
let {x, }oec be a collection of vectors in R™, such that d(i, j) := ||xu, —X,||? is a semimetric,
let g be a random Gaussian vector in R™, define Y, := (g, X,), and suppose that, for every
g, we can define a set of disjoint pairs Mg such that, with probability 1 over g,

V{u,v} € Mg. |Yy, —Yy| >0 A d(u,v) <¢

and
Vu € C. P[Fv{u,v} € Mg] > €

Then

000, (———
= Ste,o log\C!

15.1 An Inductive Proof that Gives a Weaker Result

In this section we will prove a weaker lower bound on ¢, of the order of 0 llc‘)Q . We will
og 3
then show how to modify the proof to obtain the tight result.

We begin will the following definitions. We define the ball or radius r centered at u as

B(u,r) :={v e C. d(u,v) <r}
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We say that a point u € C has the (p, 7, §)-Large-Projection-Property, or that it is (p,r,d)-
LPP if

P| max Y, Y, >p| >4
vEB(u,r)

Lemma 15.2 Under the assumptions of Lemma 15.1, there is a constant ¢4 > 0 (that
depends only on € and o) such that for all t < ¢y - %, at least (g)t -|C| elements of C' have

the (t%, tl,1 — i) Large Projection Property.

PrOOF: We will prove the Lemma by induction on t. We call C; the set of elements of C'
that are (t%,tf, 1-— i)—LPP

Let Mg be the set of ordered pairs (u,v) such that {u,v} € Mg and Y, > Y, and hence
Y, — Y, > 0. Because g and —g have the same distribution, we have that, for every u € C,
there is probability > €/2 that there is a v € C' such that (v,u) € M (a fact that we will
use in the inductive step).

For the base case t = 0 there is nothing to prove.

For the inductive case, define the function F' : Cy — C (which will be a random variable
dependent on g) such that F(v) is the lexicographically smallest w € B(v,tf) such that
Y, — Y, > o if such a w exists, and F(v) = L otherwise. The definition of C; is that
P[F(v) # L] > 1 —¢/4 for every v € C}, and the inductive assumption is that |Cy| >
Cl- (e/8)" .

By a union bound, for every v € Cy, there is probability at least €/4 that there is an u € C
such that (u,v) € Mg and F(v) = w # L. In this case, we will define F'(u) = w, otherwise
F'(u) = L.

Note that the above definition is consistent, because Mé is a set of disjoint pairs, so for
every u there is at most one v that could be used to define F'(u). We also note that, if
F'(u) =w # L, then

Yw—YuZt-%—i—a,

d(u,w) < (t+1) -4

and

S OPIF(w) # L = Y [F(v) # L A3u.(u,v) € My > |- i

ueC veCy

Now we can use another averaging argument to say that there have to be at least |Cy| - §
elements u of C' such that

PlF() £ 1] > < LGS (g)tﬂ

€
8 |C] —\8
Let us call Cy41 the set of such element. As required, |Cyi1| > |C| - (¢/8)+1.

By applying concentration of measure, the fact that, for every u € C;11 we have

vo—v.>@+enZ+ 2> ()
Pl cpmax Yo—Yuz(+)g+3 > (5)
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implies that, for every u € Cy4q

. 8t+1

o 0o 4
Yo—-Y, > t+1)=— 4+ = — log ———+/(t+1)-¢
weBgl%ﬁl)‘z) w— Y, > (t+ )2—1— 5 3\ 108~ V(E+1)

>1- S
=17

and the inductive step is proved, provided
o 8
3 >3/ (t+2)-log=+/(t+1)-¢
€
which is true when
t+

o 1
9< 7 .
"~ 2c34/log8/¢ Vi

which proves the lemma if we choose ¢4 appropriately. [J

Applying the previous lemma with ¢ = ¢4/+v/¢, we have that, with probability (1), there is
a pair u, v in C such that
Y, — Y, > Q(1/VY)

and

d(u,v) < O(V)

but we also know that, with 1 — o(1) probability, for all pairs u,v in C,
Yy = Yul? < O(log |C) - d(i, )

and so

< O(log|C|)V?

(terreres)

|

implying

~
v
o)

15.2 The Tight Bound

In the result proved in the previous section, we need g, which is a constant, to be bigger

than the loss incurred in the application of concentration of measure, which is of the order
of tv/0. A factor of v/t¢ simply comes from the distances between the points that we are
considering; an additional factor of v/t comes from the fact that we need to push up the
probability from a bound that is exponentially small in ¢.

The reason for such a poor probability bound is the averaging argument: each element of Cy
has probability (1) of being the “middle point” of the construction, so that the sum over
the elements u of C' of the probability that w has F’(u) # L adds up to Q(|C¢|); such overall
probability, however, could be spread out over all of C, with each element of C' getting a
very low probability of the order of |Cy|/|C|, which is exponentially small in ¢.

Not all elements of C, however, can be a u for which F’(u) # L; this is only possible for
elements u that are within distance ¢ from Cy. If the set I'y(Ct) := {u : Jv € C : d(u,v) < £}
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has cardinality of the same order of CY, then we only lose a constant factor in the probability,
and we do not pay the extra v/t term in the application of concentration of measure. But
what do we do if T'y(C}) is much bigger than C;? In that case we may replace Cy and T'y(Cy)
and have similar properties.

Lemma 15.3 Under the assumptions of Lemma 15.1, if S C C is a set of points such that
for everyv € S

[P{ max Yw—YUZP] > €
weB(v,d)

then, for every distance D, every k > 0, and every u € T'p(S)

[P’{ max Yw—YUZp—@-k]ze—ekQ/Q
w€ B(u,d+D)

That is, if all the elements of S are (p,d,€)-LPP, then all the elements of T'p(S) are (p —
kvD,d+ D,e — e ¥*/2)-LPP.

ProOF: If u € T'p(S), then there is v € S such that d(u,v) < D, and, with probability
1 — e **/2 we have Y, — Y, < /D - k. The claim follows from a union bound. [J

Lemma 15.4 Under the assumptions of Lemma 15.1, there is a constant cs > 0 (that
depends only on € and o) such that for all t < cs5 - %, there is a set Cy C C such that

|Cy| > |C| - (¢/8)F, every element of Cy is (t- T <2t + logs %) 4,1 — i) -LPP, and
8
rol < S

PROOF: The base case t = 0 is proved by setting Cy = C.
For the inductive step, we define F'(-) and F’(-) as in the proof of Lemma 15.2. We have
that if F'(u) = w # L, then
Yw—Yu2t~%—|—a,
C
d(u,w) < <2t+logs ||Cf||> A+ 1
and

S UPF(u) £ L= > [F(v) # LAJu(u,v) € M| > [Cy - i

ueC veCly

Now we can use another averaging argument to say that there have to be at least |Cy| - g
elements u of C' such that

2
P () £ 412 5 it > ()
Let us call C’t(f)r)l the set of such elements.
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Define Ct( +)1 =T (C’t(?r)l) Ct(i)l = Fg(Ct( +)1) and so on, and let k be the first time such that

|Cti—f1 | < §|Ct+1|. We will define Cy11 := Ct(i)l Note that

] ] k-1 ] k—1—t
calz () ez () ez () e

which implies that k£ <t + 1.

We have |Cpi1| > ]Ct(f)r)l] > §|Cy| so we satisfy the inductive claim about the size of Cj.
Regarding the other properties, we note that Cyyq C Fkg(C’t(E)r)l), and that every element of

C(E)r)l is
(t4 <2t—|—1+log ||C’||> E)—LPP

so we also have that every element of Cy,1 is

740 % (2114 k1 logs 190 5—2 _ LPP
1 820 128

provided

12
g > 2log—28 74
€

which we can satisfy with an appropriate choice of ¢4, recalling that £ <t + 1.

Then we apply concentration of measure to deduce that every element of Cyyq is

el ‘
t— + 2t+1+k+1 4,1 ——- ) —LPP
< R < +1+k+ Ogs C] , 1
provided that
o 512 |Cy]
— 1 2t +1 1 :
4 0g —— <t+ +k+ ogs ]C|> ¢

which we can again satisfy with an appropriate choice of ¢4, because k < ¢+ 1 and logs %

is smaller than or equal to zero.

Finally,

|C| |Ct41]
2t + 1+ k + logs <2t + 2+ logs
« |C] < |C]

because, as we established above,

] k—1
cnl= (2) lad
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By applying Lemma 15.4 with ¢t = Q(1/¢), we find that there is £2(1) probability that there
are u,v in C such that
Y, - Yi = 0(1/0)

d(i,j) < 1
|V — Y;|* < O(logn) - d(i, §)
which, together, imply

Sl
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Chapter 16
Cayley Graphs of Abelian Groups

In which we show how to find the eigenvalues and eigenvectors of Cayley graphs of Abelian
groups, we find tight examples for various results that we proved in earlier lectures, and,
along the way, we develop the general theory of harmonic analysis which includes the Fourier
transform of periodic functions of a real variable, the discrete Fourier transform of periodic
functions of an integer variable, and the Walsh transform of Boolean functions.

Earlier, we prove the Cheeger inequalities

A

5 <(@) < V2

and the fact that Fiedler’s algorithm, when given an eigenvector of Ay, finds a cut (S, V —.5)
such that ¢(S,V — 5) < 24/¢(G). We will show that all such results are tight, up to
constants, by proving that

e The dimension-d hypercube Hy has Ao = 1 — % and h(Hy) = é, giving an infinite
family of graphs for which % = ¢(G), showing that the first Cheeger inequality is
exactly tight.

e The n-cycle C,, has Ay = O(n™2), and ¢(C,,) = %, giving an infinite family of graphs

for which ¢(G) = Q(v/A2), showing that the second Cheeger inequality is tight up to
a constant.

e There is an eigenvector of the 2nd eigenvalue of the hypercube Hg, such that Fiedler’s
algorithm, given such a vector, outputs a cut (S, V — S) of expansion ¢(S,V — S) =
Q(1/+/d), showing that the analysis of the Fiedler’s algorithm is tight up to a constant.

In this lecture we will develop some theoretical machinery to find the eigenvalues and
eigenvectors of Cayley graphs of finite Abelian groups, a class of graphs that includes the

99



cycle and the hypercube, among several other interesting examples. This theory will also
be useful later, as a starting point to talk about constructions of expanders.

For readers familiar with the Fourier analysis of Boolean functions, or the discrete Fourier
analysis of functions f : Z/NZ — C, or the standard Fourier analysis of periodic real
functions, this theory will give a more general, and hopefully interesting, way to look at
what they already know.

16.1 Characters

We will use additive notation for groups, so, if I' is a group, its unit will be denoted by
0, its group operation by +, and the inverse of element a by —a. Unless, noted otherwise,
however, the definitions and results apply to non-abelian groups as well.

Definition 16.1 (Character) Let I' be a group (we will also use I' to refer to the set of
group elements). A function f: T — C is a character of T if

e f is a group homomorphism of T' into the multiplicative group C — {0}.

o foreveryz el |f(z) =1

Though this definition might seem to not bear the slightest connection to our goals, the
reader should hang on because we will see next time that finding the eigenvectors and
eigenvalues of the cycle C), is immediate once we know the characters of the group Z/nZ,
and finding the eigenvectors and eigenvalues of the hypercube Hy is immediate once we
know the characters of the group (Z/27Z)<.

Remark 16.2 (About the Boundedness Condition) If I is a finite group, and a is
any element, then
at--+a=0
—_——
IT'| times

and so if f:T'— C is a group homomorphism then

1=f(0)=fla+-+a)= f(a)

IT'| times

and so f(a) is a root of unity and, in particular, |f(a)] = 1. This means that, for finite
groups, the second condition in the definition of character is redundant.

In certain infinite groups, however, the second condition does not follow from the first, for
example f : Z — C defined as f(n) = €" is a group homomorphism of (Z,+) into (C—{0},-)
but it is not a character.

Just by looking at the definition, it might look like a finite group might have an infinite
number of characters; the above remark, however, shows that a character of a finite group
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I’ must map into |T'|-th roots of unity, of which there are only |T'|, showing a finite |T'|!"!

upper bound to the number of characters. Indeed, a much stronger upper bound holds, as
we will prove next, after some preliminaries.

Lemma 16.3 If ' is finite and x is a character that is not identically equal to 1, then
> aer X(a@) =0

PROOF: Let b be such that x(b) # 1. Note that

X(0) - x(a) =) x(b+a)=) x(a)

ael a€el’ a€el

where we used the fact that the mapping a — b+ a is a permutation. (We emphasize that
even though we are using additive notation, the argument applies to non-abelian groups.)
So we have

(x(b) =1)- > x(a) =0
and since we assumed x(b) # 1, it must be > . x(a) = 0. O

If I is finite, given two functions f,g : ' — C, define the inner product

(f.9) =3 fla)g" (a)

acl’
Lemma 16.4 If x1,x2 : I' = C are two different characters of a finite group ', then
(x1,x2) =0
We will prove Lemma 16.4 shortly, but before doing so we note that, for a finite group T,
the set of functions f : I' — C is a |I'|-dimensional vector space, and that Lemma 16.4

implies that characters are orthogonal with respect to an inner product, and so they are
linearly independent. In particular, we have established the following fact:

Corollary 16.5 If T is a finite group, then it has at most |I'| characters.

It remains to prove Lemma 16.4, which follows from the next two statements, whose proof
is immediate from the definitions.

Fact 16.6 If x1, x2 are characters of a group I, then the mapping x — x1(x) - x2(x) is also
a character.

Fact 16.7 If x is a character of a group T', then the mapping x — x*(x) is also a character,
and, for every x, we have x(x) - x*(z) = 1.
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To complete the proof of Lemma 16.4, observe that:

e the function x(z) := x1(z) - x3(x) is a character;

e the assumption of the lemma is that there is an a such that xi(a) # x2(a), and so,
for the same element a, x(a) = x1(a) - x5(a) # x2(a) - x5(a) =1

e thus x is a character that is not identically equal to 1, and so

0= ZX(G) = (X1, X2)

Notice that, along the way, we have also proved the following fact:

Fact 16.8 If I' is a group, then the set of characters of I' is also a group, with respect
to the group operation of pointwise multiplication. The unit of the group is the character
mapping every element to 1, and the inverse of a character is the pointwise conjugate of the
character.

The group of characters is called the Pontryagin dual of I, and it is denoted by I.
We now come to the punchline of this discussion.
Theorem 16.9 If T is a finite abelian group, then it has exactly |T'| characters.

PRrROOF: We give a constructive proof. We know that every finite abelian group is isomorphic
to a product of cyclic groups
(Z)rZ) x (Z/noZ) X -+ x (Z/nyZ)

so it will be enough to prove that

1. the cyclic group Z/nZ has n characters;

2. if I'; and I'y are finite abelian groups with |I';| and |T'2| characters, respectively, then
their product has |I';| - [T'2| characters.

For the first claim, consider, for every r € {0,...,n — 1}, the function

Xr(l') — e27rim:/n

Each such function is clearly a character (0 maps to 1, x,(—x) is the multiplicative inverse
of x,(), and, recalling that ¢*™* = 1 for every integer k, we also have x,(a + b mod n) =
e2mira/n . g2mirb/ny and the values of y,.(1) are different for different values of 7, so we get
n distinct characters. This shows that Z/nZ has at least n characters, and we already
established that it can have at most n characters.

102



For the second claim, note that if x; is a character of I'y and yo is a character of I's,
then it is easy to verify that the mapping (z,y) — x1(x) - x2(y) is a character of I'; x I's.
Furthermore, if (x1, x2) and (X}, x5) are two distinct pairs of characters, then the mappings
x(z,y) = x1(x) - x2(y) and X'(z,y) := x)(x) - x4(y) are two distinct characters of I'; x 'y,
because we either have an a such that yi(a) # x(a), in which case x(a,0) # x'(a,0), or we
have a b such that x2(b) # x4(b), in which case x(0,b) # x’(0,b). This shows that 'y x 'y
has at least |I'q| - |T'2| characters, and we have already established that it can have at most
that many OJ

This means that the characters of a finite abelian group I' form an orthogonal basis for
the set of all functions f : I' — C, so that any such function can be written as a linear
combination

Fl@) =Y () x(x)

For every character x, (x, x) = |I'|, and so the characters are actually a scaled-up orthonor-
mal basis, and the coefficients can be computed as

00 = ,Iﬁ, S @ (@)

Example 16.10 (The Boolean Cube) Consider the case I' = (Z/2Z)", that is the group
elements are {0,1}", and the operation is bitwise xor. Then there is a character for every
bit-vector (r1,...,ry), which is the function

(_1)r1x1+---rnxn

>
3
4
3
2
5
=
\z_/
|

Every boolean function f : {0,1}" — C can thus be written as
W)= X Jr) (S
re{0,1}m

where

) =5 X f@)- ()T

ze{0,1}m

which is the boolean Fourier transform.

Example 16.11 (The Cyclic Group) To work out another example, consider the case
I' =Z/NZ. Then every function f:{0,...,N —1} — C can be written as

fay= 3 fr)ein

re{0,...,N—1}

103



where

fla) = 3 flaye e

which is the discrete Fourier transform.

16.2 A Look Beyond

Why is the term ”Fourier transform” used in this context? We will sketch an answer to this
question, although what we say from this point on is not needed for our goal of finding the
eigenvalues and eigenvectors of the cycle and the hypercube.

The point is that it is possible to set up a definitional framework that unifies both what we
did in the previous section with finite Abelian groups, and the Fourier series and Fourier
transforms of real and complex functions.

In the discussion of the previous section, we started to restrict ourselves to finite groups I'
when we defined an inner product among functions f : I' — C.

If ' is an infinite abelian group, we can still define an inner product among functions
f:T'— C, but we will need to define a measure over I' and restrict ourselves in the choice of
functions. A measure u over (a sigma-algebra of subsets of ) I" is a Haar measure if, for every
measurable subset A and element a we have p(a+A) = p(A), where a+A = {a+b: b e A}.
For example, if T" is finite, u(A) = |A| is a Haar measure. If I' = (Z, +), then pu(A) = |A4| is
also a Haar measure (it is ok for a measure to be infinite for some sets), and if I' = (R, +)
then the Lebesgue measure is a Haar measure. When a Haar measure exists, it is more or
less unique up to multiplicative scaling. All locally compact topological abelian groups have
a Haar measure, a very large class of abelian groups, that include all finite ones, (Z,+),
(R,+), and so on.

Once we have a Haar measure p over I', and we have defined an integral for functions
f:T — C, we say that a function is an element of L?(T) if

/ (@) Pdu(z) < oo
T

For example, if T' is finite, then all functions f : ' — C are in L?(T), and a function
f:Z— Cisin L*(Z) if the series Y., |f(n)[* converges.

If f,g € L?(T"), we can define their inner product
()= [ F@)g" @du(o)

and use Cauchy-Schwarz to see that |(f, g)| < occ.

Now we can repeat the proof of Lemma 16.4 that (x1, x2) = 0 for two different characters,
and the only step of the proof that we need to verify for infinite groups is an analog of
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Lemma 16.3, that is we need to prove that if y is a character that is not always equal to 1,
then

/ x(@)dp(x) = 0
N

and the same proof as in Lemma 16.3 works, with the key step being that, for every group
element a,

/F X+ a)du(e) = [ x(@)dntz)

r
because of the property of u being a Haar measure.

We don’t have an analogous result to Theorem 16.9 showing that I' and I are isomorphic,
however it is possible to show that I itself has a Haar measure i1, that the dual of I is
isomorphic to I'; and that if f : ' — C is continuous, then it can be written as the “linear
combination”

f(x) = /F Fo0x(@)dp(z)

where

o0 = /F F @)y (@) du(z)

In the finite case, the examples that we developed before correspond to setting p(A) :=
|A[/|T[ and A(A) = |A].

Example 16.12 (Fourier Series) The set of characters of the group [0,1) with the oper-
ation of addition modulo 1 is isomorphic to Z, because for every integer n we can define the
function xp : [0,1) — C

2mixn

Xn(x) :=¢

and it can be shown that there are no other characters. We thus have the Fourier series for
continuous functions f :[0,1) — C,

f(z) = 3 fmpezrion

nez

where

1
fo = [ e
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16.3 Cayley Graphs and Their Spectrum

Let I" be a finite group. We will use additive notation, although the following definition
applies to non-commutative groups as well. A subset .S C I'is symmetricifa € S < —a € S.

Definition 16.13 For a group I and a symmetric subset S C T', the Cayley graph Cay(T', S)
is the graph whose vertex set is I', and such that (a,b) is an edge if and only if b —a € S.
Note that the graph is undirected and |S|-regular.

We can also define Cayley weighted graphs: if w : I' — R is a function such that w(a) =
w(—a) for every a € T', then we can define the weighted graph Cay(G,w) in which the edge
(a,b) has weight w(b — a). We will usually work with unweighted graphs, although we will
sometimes allow parallel edges (corresponding to positive integer weights).

Example 16.14 (Cycle) The n-vertex cycle can be constructed as the Cayley graph Cay(Z/nZ,{—1,1}).

Example 16.15 (Hypercube) The d-dimensional hypercube can be constructed as the
Cayley graph

C’ay((Z/2Z)d, {(1,0,...,0),(0,1,...,0),...,(0,0,...,1)})
where the group is the set {0, 1}d with the operation of bit-wise xor, and the set S is the set

of bit-vectors with exactly one 1.

If we construct a Cayley graph from a finite abelian group, then the eigenvectors are the
characters of the groups, and the eigenvalues have a very simple description.

Lemma 16.16 Let I' be a finite abelian group, x : I' = C be a character of ', S C T be a
symmetric set. Let A be the adjacency matriz of the Cayley graph G = Cay(I',S). Consider
the vector x € CY' such that z, = x(a).

Then x is an eigenvector of G, with eigenvalue

> x(s)

seS

PrOOF: Consider the a-th entry of Mx:
(AX)a = Z Aa’bxb
b
= Y x(b

b:b—a€eS

:ZX(a—i-s)

sSES
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=0+ YO X(5)

seS
And so
Ax = (Z X(s)) X
SES
O

The eigenvalues of the form ) __¢ x(s), where x is a character, enumerate all the eigenvalues
of the graph, as can be deduced from the following observations:

1. Every character is an eigenvector;

2. The characters are linearly independent (as functions y : I' — C and, equivalently, as
vectors in CI);

3. There are as many characters as group elements, and so as many characters as nodes
in the corresponding Cayley graphs.

It is remarkable that, for a Cayley graph, a system of eigenvectors can be determined based
solely on the underlying group, independently of the set S.

16.4 The Cycle

The n-cycle is the Cayley graph Cay(Z/nZ,{—1,+1}). Recall that, for every n € {0,...,n—
1}, the group Z/nZ has a character x,(x) = e2™"%/™,

This means that for every r € {0,...,n — 1} we have the eigenvalue

Ay = e2T/n 4 e=2mir/n — o cos(27r /n)

where we used the facts that e® = cos(z) + isin(x), that cos(x) = cos(—x), and sin(z) =
—sin(—x).

For » = 0 we have the eigenvalue 2. For r = 1 we have the second largest eigenvalue
2cos(27/n) = 2 — O(1/n?). If X is an eigenvalue of the adjacency matrix, then 1 — \/2 is
an eigenvalue of the normalized Laplacian. From the above calculations, we have that the
second smallest Laplacian eigenvalue is ©(n~2).

The expansion of the cycle is ¢(C)) > 2/n, and so the cycle is an example in which the
second Cheeger inequality is tight.
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16.5 The Hypercube

The group {0, 1}¢ with bitwise xor has 2¢ characters; for every r € {0, 1}¢ there is a character
xr: {0,134 — {—1,1} defined as

(@) = (~)Z

Let us denote the set S by {e!,... e}, where we let ¢/ € {0,1}¢ denote the bit-vector
that has a 1 in the j-th position, and zeroes everywhere else. This means that, for every
bit-vector r € {0,1}¢, the hypercube has the eigenvalue

S xelel) = 31 = —lrl +d = Ir| = d = 21|

J

where we denote by |r| the weight of r, that is, the number of ones in 7.
Corresponding to r = (0,...,0), we have the eigenvalue d.

For each of the d vectors r with exactly one 1, we have the second largest eigenvalued — 2.
The second smallest Laplacian eigenvalue is 1 — (d — 2)/d = 2/d.

Let us compute the expansion of the hypercube. Consider “dimension cuts” of the form
Si == {x € {0,1}" : &; = 0}. The set S; contains half of the vertices, and the number of
edges that cross the cut (S;,V — ;) is also equal to half the number of vertices (because
the edges form a perfect matching), so we have ¢(S;,V — S;) = 1 and so ¢(G) < 1.

These calculations show that the first Cheeger inequality A\2/2 < ¢(G) is tight for the
hypercube.

Finally, we consider the tightness of the approximation analysis of Fiedler’s algorithm.

We have seen that, in the d-dimensional hypercube, the second eigenvalue has multiplicity
d, and that its eigenvectors are vectors x/ € R2" such that 7 = (—1)%. Consider now the
vector X 1= Y ) x7; this is still clearly an eigenvector of the second eigenvalue. The entries
of the vector x are

To =Y (-1)% =d - 2|al

J

Suppose now that we apply Fiedler’s algorithm using x as our vector. This is equivalent to
considering all the cuts (S;, V — S;) in the hypercube in which we pick a threshold ¢ and
define S; := {a € {0,1}" : |a| > t}.

Some calculations with binomial coefficients show that the best such “threshold cut” is the
“majority cut” in which we pick ¢ = n/2, and that the expansion of S,, 5 is

G(Spj2, V = Spja) = Q (;&)
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This gives an example of a graph and of a choice of eigenvector for the second eigenvalue
that, given as input toFiedler’s algorithm, result in the output of a cut (S, V —.5) such that
oS,V —85) > Q(y/é(G)). Recall that we proved ¢(S,V — S) < 2,/¢(G), which is thus
tight, up to constants.
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Chapter 17

Constructions of Expanders via the Zig-Zag
Graph Product

In which we give an explicit construction of expander graphs of polylogarithmic degree, state
the properties of the zig-zag product of graphs, and provide an explicit construction of a
family of constant-degree expanders using the zig-zag product and the polylogarithmic-degree
construction.

A family of expanders is a family of graphs Gy, = (V,,, Ey), |V,| = n, such that each graph
is dy-regular, and the edge-expansion of each graph is at least h, for an absolute constant
h independent of n. Ideally, we would like to have such a construction for each n, although
it is usually enough for most applications that, for some constant ¢ and every k, there is an
n for which the construction applies in the interval {k,k + 1,...,ck}, or even the interval
{k,...,ck’}. We would also like the degree d,, to be slowly growing in n and, ideally, to be
bounded above by an explicit constant. Today we will see a simple construction in which
dn = O(log?n) and a more complicated one in which d,, = O(1).

An explicit construction of a family of expanders is a construction in which G, is “efficiently
computable” given n. The weakest sense in which a construction is said to be explicit
is when, given n, the (adjacency matrix of the) graph G, can be constructed in time
polynomial in n. A stronger requirement, which is necessary for several applications, is
that given n and ¢ € {1,...,n}, the list of neighbors of the i-th vertex of G, can be
computed in time polynomial in log n.

In many explicit constructions of constant-degree expanders, the construction is extremely
simple, and besides satisfying the stricter definition of “explicit” above, it is also such that
the adjacency list of a vertex is given by a “closed-form formula.” The analysis of such
constructions, however, usually requires very sophisticated mathematical tools.

Example 17.1 Let p be a prime, and define the graph G, = (V,, E,) in which V, =
{0,...,p—1}, and, for a € V,,—{0}, the vertex a is connected to a+1 mod p, to a—1 mod p
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and to its multiplicative inverse a~' mod p. The vertez 0 is connected to 1, to p — 1, and
has a self-loop. Counting self-loops, the graph is 3-reqular: it is the union of a cycle over
Vp and of a matching over the p — 3 vertices V,, — {0,1,p — 1}; the vertices 0, 1, p — 1 have
a self-loop each. There is a constant h > 0 such that, for each p, the graph G, has edge
expansion at least h. Unfortunately, no elementary proof of this fact is known. The graph
Gs9 is shown in the picture below.

Constructions based on the zig-zag graph product, which we shall see next, are more com-
plicated to describe, but much simpler to analyze.

We begin by describing a building block in the construction, which is also an independently
interesting construction: a family of expanders with polylogarithmic degree, which have
both a very simple description and a very simple analysis.
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17.1 Expanders of Logarithmic Degree

Let p be a prime and ¢ < p. We'll construct a p?>-regular multigraph LD, ; with ptt1 vertices.
The vertex set of the graph will be the (¢ + 1)-dimensional vector space IE“thJrl over [F),.

For each vertex x € IF;H, and every two scalars a,b € F, we have the edges (x,z +
(b, ab, a?b,. .., a'b).

In other words, the graph LD, ; is a Cayley graph of the additive group of IFZH, constructed
using the generating multiset

S = {(b,ab,...,a'b) : a,b € F,}
Note that the generating set is symmetric, that is, if s € S then —s € S (with the same
multiplicity), and so the resulting multigraph is undirected.

Let A,; be the adjacency matrix of LD,; and L,; = I — p*ZAp,t be the normalized
Laplacian matrix. We will prove the following bound on the eigenvalues of L, ;.

Theorem 17.2 For every prime p and every t < p, if we let 0 = Ay < Ay < -+ A, be the
eigenvalues of M with multiplicities, then, for every i € {2,...,n}

1——<)n<1

|+

For example, setting t = |p/2] gives us a family of graphs such that Ay > 1/2 for each
graph in the family, and hence ¢(G) > 1/4, and the number of vertices is p?/?, while the
degree is p?, meaning the degree is O((logn/loglogn)?).

Proor: We will compute the eigenvalues of the adjacency matrix of A, ;, and prove that,
except the largest one which is p?, all the others are non-negative and at most pt.

Recall our characterization of the eigenvalues of the adjacency matrix of a Cayley multigraph
Cay(T, S) of an abelian group I" with generating multiset S: we have one eigenvector for
each character x of the group, and the corresponding eigenvalue is > ¢ x(5).

What are the characters of the additive group of IFZH? It is the product of t+1 copies of the
additive group of IF,,, or, equivalently, the product of ¢t + 1 copies of the cyclic group Z/pZ.
Following our rules for constructing the character of the cyclic group and of products of
groups, we see that the additive group of IFZH has one character for each (cg,...,¢) € IFZH,
and the corresponding character is

t
e 0 CiTy
Xco,...,ct (JU(), .. ,xt) = wzl_o i L
where |
2mi
w:=er
Thus, for each (cg,...,c;) € FY, we have an eigenvalue
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a,belFy,

When (cg,...,¢:) = (0,...,0) then the corresponding character is always equal to one, and
the corresponding eigenvalue is p?.

Now consider any (co,...,c;) # (0,...,0), and define the polynomial g(z) = >¢_, iz’ €
F,[z]. Note that it is a non-zero polynomial of degree at most ¢, and so it has at most ¢

roots. The eigenvalue corresponding to (co,...,c;) is
b-
Aco e § , wizo ba(@
a,belf,
yDRRED D I
a:q(a)=0 b a:q(a)#0 b

=p-|{a €Fp:q(a) =0}

where we use the fact that, for every ¢ # 0, the sum ), wb 9 equals zero, since it is the sum
of the values of the non-trivial character z — w®9, and we proved that, for every non-trivial
character, the sum is zero.

In conclusion, we have

17.2 The Zig-Zag Graph Product

Given a d-regular graph G with adjacency matrix A, if Ay > Ao > ... > A, are the
eigenvalues of A with multiplicities we define

AG) = max {]\i}

In particular, A(G) > A2, and if we are able to construct a family of graphs such that
A(G) is at most a fixed constant bounded away from one times d, then we have a family of
expanders. (Our construction will be inductive and, as often happens with inductive proofs,
it will be easier to maintain this stronger property than the property that Ao is bounded
away from one.)

Given graphs GG and H of compatible sizes, with small degree and large edge expansion, the
zig zag product G@H is a method of constructing a larger graph also with small degree
and large edge expansion.

If:
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e (G a D-regular graph on n vertices, with A\(G) < aD

e H a d-regular graph on D vertices, with A\(H) < f3d
Then:
e G@H a d*-regular graph on nD vertices, with A\(G@H) < (o + 8 + #%)d?.

We will see the construction and analysis of the zig zag product in the next lecture.

For the remainder of today, we’ll see how to use the zig zag product to construct arbitrarily
large graphs of fixed degree with large edge expansion.

Fix a large enough constant d. (1369 = 372 will do.) Construct a d-regular graph H on d*
vertices with \o(H) < d/5. (For example LDs7 7 is a degree 372 graph on 37(7+1) = (372)4
vertices with Ay < 37 x 7 < 37%/5.)

For any graph G, let G? represent the graph on the same vertex set whose edges are the
paths of length two in G. Thus G2 is the graph whose adjacency matrix is the square of
the adjacency matrix of G. Note that if G is r-regular then G2 is r2-regular

Using the H from above we’ll construct inductively, a family of progressively larger graphs,
all of which are d*-regular and have A < d?/2.

Let G1 = H% For k > 1let G411 = (G3)@H.
Theorem 17.3 For each k > 1, Gy has degree d* and A\(Gy) < d*/2.

Proor: We'll prove this by induction.
Base case: G = H? is d?-regular. Also, A\(H?) = (\(H))? < d?/25.

Inductive step: Assume the statement for k, that is, G has degree d? and \(Gy) < d?/2.
Then G has degree d! = |V(H)|, so that the product (G3)@H is defined. Moreover,
AMG2) < d*/4. Applying the construction, we get that Gy has degree d? and A(Gj41) <
(3 + 1+ 5)d? = #8d* This completes the proof. O

Finally note that G, has d** vertices.
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Chapter 18
Analysis of the zig-zag graph product

In which we analyze the zig-zag graph product.

In the previous lecture, we claimed it is possible to “combine” a d-regular graph on D
vertices and a D-regular graph on N vertices to obtain a d?-regular graph on N D vertices
which is a good expander if the two starting graphs are. Let the two starting graphs be
denoted by H and G respectively. Then, the resulting graph, called the zig-zag product of
the two graphs is denoted by G@H.

We will use A(G) to denote the eigenvalue with the second-largest absolute value of the
normalized adjacency matrix éAG of a d-regular graph G. If 0 = A1 < A <o < A, <2
are the eigenvalues of the normalized Laplacian of G, then A\(G) = max{1 — A2, A, — 1}.

We claimed that if \(H) < b and A(G) < a, then A(G@H) < a + 2b+ b2, In this lecture
we shall recall the construction for the zig-zag product and prove this claim.

18.1 Replacement Product and Zig-Zag Product

We first describe a simpler product for a “small” d-regular graph on D vertices (denoted
by H) and a “large” D-regular graph on N vertices (denoted by G). Assume that for each
vertex of G, there is some ordering on its D neighbors. Then we construct the replacement
product (see figure) GOH as follows:

e Replace each vertex of G with a copy of H (henceforth called a cloud). For v €
V(G),i € V(H), let (v,i) denote the it vertex in the v** cloud.

e Let (u,v) € E(G) be such that v is the i-th neighbor of u and w is the j-th neigh-
bor of v. Then ((u,i),(v,j)) € E(GO®OH). Also, if (i,j) € E(H), then Yu €
V(G) ((u,i), (u, 7)) € E(GDH).

Note that the replacement product constructed as above has N D vertices and is (d + 1)-
regular.
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GTH

18.2 Zig-zag product of two graphs

Given two graphs G and H as above, the zig-zag product G@H is constructed as follows
(see figure):

e The vertex set V(G@H) is the same as in the case of the replacement product.

o ((u,i),(v,j)) € E(G@H) if there exist ¢ and k such that ((u,)(u,?), ((u,?), (v, k))
and ((v,k), (v,7)) are in E(G@®H) i.e. (v,j) can be reached from (u,i) by taking a
step in the first cloud, then a step between the clouds and then a step in the second
cloud (hence the name!).
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It is easy to see that the zig-zag product is a d?-regular graph on N D vertices.

Let M e RUINIXIPD*(INIXIP]) he the normalized adjacency matrix of G@H. Using the fact
that each edge in G@)H is made up of three steps in G@)H, we can write M as BAB, where

. v J 0 ifu#fwe
Bl(w,4), (v, )] = { I ifu=vand {i,j} € H
And A[(u,1),(v,7)] = 1 if u is the j-th neighbor of v and v is the i-th neighbor of u, and
Al(u, 1), (v,7)] = 0 otherwise.

Note that A is the adjacency matrix for a matching and is hence a permutation matrix.

18.3 A Technical Preliminary

We will use the following fact. Suppose that M = % Ag is the normalized adjacency matrix
of a graph G. Thus the largest eigenvalue of M is 1, with eigenvector 1; we have

Tpr M
AG) = max L x| = max [1M]]
xL1||x][[? xL1 ||x]|

(18.1)

which is a corollary of the following more general result. Recall that a vector space S C R"
is an invariant subspace for a matrix M € R™*"™ if Mx € S for every x € S.

Lemma 18.1 Let M be a symmetric matriz, and S be a k-dimensional invariant subspace
for M. Thus, (from the proof of the spectral theorem) we have that S has an orthonormal
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basis of eigenvectors; let Ay < -+ < A\ be the corresponding eigenvalues with multiplicities;
we have

Ix? Mx| || Mx||
max |\;| = max ———— = max
i=1,...k xes ||x][[? xes  ||x]|

PRrOOF: If the largest eigenvalue in absolute value is A\, then

Tm
max |[\;| = A\, = max ~——>
i=1,..k xesS ||x||?

and if it is —A; (because A is negative, and —A; > \,)

xT Mx x Mx
max || =—A] = —min ——— = max —————
i=1,...k xes ||x][[? xeS  |]x]|?
so we have .
M
max, |)\ | < maxM (18.2)
i=1,. xeS  ||x]|[?
From Cauchy-Schwarz, we have
[x" Mx| < [[x|| - | Mx]]
and so
|x" Mx| || Mx]|
max ———— < max (18.3)
xeS ||x[|? xes  ||x||
Finally, if x1, ..., X} is the basis of orthonormal eigenvectors in .S such that Mx; = A;, then,
for every x € S, we can write x = ), a;x; and
|| Mx|| = ||Z)\ aixi|| = /ZA? 7< _max_ |/\ |- /Z 2 — _max \)\ |||
SO o
max 1M < max |\ (18.4)
xes ||x]] i=1,....k

and the Lemma follows by combining (18.2), (18.3) and (18.4). O

18.4 Analysis of the zig-zag Product

Theorem 18.2 Let G be a D-regular graph with n nodes, H be a d-regular graph with D
nodes, and let a :== X\(G), b := A\(H), and let the normalized adjacency matriz of G@H be
M = BAB where A and B are as defined in Section 18.1.

Then M(G@H) < a+ b+ b?
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PROOF: Let xR™P be such that x L 1. We refer to a set of coordinates of x corresponding
to a copy of H as a “block” of coordinate.

We write x = x| +x, where X|| is constant within each block, and x| sums to zero within
each block. Note both x| and x| are orthogonal to 1, and that they are orthogonal to each
other.

We want to prove
Ix” Mx|

T <a+4b+ b (18.5)
[Ix|[?

We have (using the fact that M is symmetric)

IxT Mx| =< |xﬁMx||| + 2|XﬁMXJ_| + xTMx |
And it remains to bound the three terms.

1. ’Xﬁ—‘MX||| S aHXHH2

Because, after writing M = BAB, we see that Bx|| = x|, because B is the same
as I, ® (%iAH), the tensor product of the identity and of the normalized adjacency
matrix of H. The normalized adjacency matrix of H leaves a vector parallel to all-ones
unchanged, and so B leaves every vector that is constant in each block unchanged.

Thus

X X = |IX X
[ Mx) | = |x Ax

Let y be the vector such that y, is equal to the value that x| has in the block of v.
Then

siax =2 Y pwe =y Aay = aDllyl* < allx
{(vvi)r(wvj)}eEG@H

because y L 1 and ||y||? = %HXHW

2. |xTMx,| < b?||x_||* Because, from Cauchy-Schwarz and the fact that permutation
matrices preserve length, we have

x[BABx.| < ||Bx_||-||ABx.|| = ||Bx_]|”

Now let us call x' the restriction of x| to coordinates of the form (v,i) for i =
1,...,D. Then each x| is orthogonal to the all-one vector and Ayx"' < db||x" ||, so

1BxL|l? =) lld~  Apxy[? < Y 0%(xL I = 0?|lx.]?
v v
3. 2|XﬁMXL’ < bl|x|?
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Because, from Cauchy-Schwarz, the fact that Bx|| = x| and the fact that permutation
matrices preserve length, we have

s BABx.| < [|Bxy|| - [|ABx.|| = x|l - 1 Bx.|

and we proved above that
[1Bx L[| < bl[xL]

SO
b b
i BABx| < b Pyl Il | < 5 (b 12+ ) = 2 1]
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Chapter 19

Algebraic construction of expanders

In which we present an algebraic construction of expanders.

19.1 The Marguli-Gabber-Galil Expanders

We present a construction of expander graphs due to Margulis, which was the first explicit
construction of expanders, and its analysis due to Gabber and Galil. The analysis presented
here includes later simplifications, and it follows an exposition of James Lee.

For every n, we construct graphs with n? vertices, and we think of the vertex set as Z, x Zy,
the group of pairs from {0, ...,n—1}x{0,...,n—1} where the group operation is coordinate-
wise addition modulo n.

Define the functions S(a,b) := (a,a + b) and T'(a,b) := (a + b,b), where all operations are
modulo n. Then the graph G,,(V,,, E;,) has vertex set V,, := (Z/nZ x Z/nZ) and the vertex
(a,b) is connected to the vertices

(a+1,b),(a—1,b),(a,b+1),(a,b—1),5(a,b), S (a,b),T(a,b), T (a,b)
so that G, is an 8-regular graph. (The graph has parallel edges and self-loops.)
We will prove that there is a constant ¢ > 0 such that \o(G,,) > ¢ for every n.
The analysis will be in four steps, and it will refer to certain infinite “graphs.”

We define an infinite family of graphs R,,, such that the vertex set of R, is (R/nZ x R/nZ),
that is, every vertex of R, is a pair (z,y), where 0 < x < n and 0 < y < n, and we think
of x and y as elements of the group R/nZ in which we do addition modulo n. Every vertex
of R, is connected to the vertices

S(,y), Sz, y), T(x,y), T~ (x,y)
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and is 4-regular. For each of these graphs, we will define a “spectral gap” Ao(R,); we put
“spectral gap” in quotes because, although it is actually the second smallest eigenvalue
of a Laplacian operator, we will define it purely formally as the minimum of a certain
optimization problem.

We will also define the graph Z, whose vertex set is Z x Z — {(0,0}, and such that each
vertex (a,b) is connected to

S(a,b), S (a,b),T(a,b), T (a,b)

so that Z is also 4-regular. We will define a “spectral gap” A\;(Z), again purely formally as
the infimum of a certain expression, although it is the infimum of the spectrum of a certain
Laplacian operator. We will also define an “edge expansion” ¢(Z) of Z.

The proof of the expansion of G, will proceed by establishing the following four facts:

The first step will be a discretization argument, showing that a test vector of small Rayleigh
quotient for GG, can be turned into a test function of small Rayleigh quotient for R,. The
second step is the most interesting and unexpected part of the proof; we will not spoil the
surprise of how it works. The third step is proved the same way as Cheeger’s inequality.
The fourth step is just a careful case analysis.

19.2 First Step: The Continuous Graph R,

Let £5([0,n)?) be set of functions f : [0,n)?> — R such that f[o n)g(f(x,y))dedy is well
defined and finite. Then we define the following quantity, that we think of as the spectral
gap of Ry:

o) . Jowyz 1@, y) = F(S@, )P + |f(z,y) = F(T(z,y))|*dady
n) = n
’ FeL([0)?) ¢ flg 2 f=0 4 [io.n2(f (@,1))?dady

We could define a Laplacian operator and show that the above quantity is indeed the second
smallest eigenvalue, but it will not be necessary for our proof.

We have the following bound.

Theorem 19.1 A\3(Gy) > § - A2(Ry).
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PrOOF: Let f be the function such that

Yeezz [£(e) = F(S()P +1f(e) = f(T ()P +f(c) = fle+ (0,1))] + |f(c) — f(c

+(1,0))”

A(G) = 85 120

For a point (z,y) € [0,n)?, define |x,y| := (|z],|y]). We extend f to a function f :
[0,n)? — R by defining

f(z) = f(lz])
This means that we tile the square [0,n)? into unit squares whose corners are integer-

coordinate, and that f is constant on each unit square, and it equals the value of f at the
left-bottom corner of the square.

It is immediate to see that

f2(2)dz = 2(c
JAECIEED DERC

ceZ2

and so, up to a factor of 2, the denominator of the Rayleigh quotient of f is the same as
the denominator of the Rayleigh quotient of f.

It remains to bound the numerators.

Observe that for every z € [0,1)2, we have that | S(2) | equals either S(|z]) or S(|z])+(0,1),
and that floor(T'(z)) equals either T'(|z]) or T'(|2]) +(1,0). The numerator of the Rayleigh
quotient of f is

/ 1F(2) = F(SG)P + 1F(2) = F(T(2))Pdz
la,a+1)x[b,b+1)

c=(a,b)€Z2

=5 > 1F(O=F(SE@)PHf()=F(S(e) (0, 1) PH f ()= F(T() P+ ()= F(T(e)+(1,0))

because for a (z,y) randomly chosen in the square [a,a+ 1) X [b,b+ 1), there is probability
1/2 that |z +y| = |z] + |y| and probability 1/2 that |z +y]| = |z] + |y] + 1.

Now we can use the “triangle inequality”
o = B® < 2]a — > + 2|y - B
to bound the above quantity

<3 1) — SR+
c€Z?
21(0) = £+ (0. D)+ 21fe-+ (0,1)) = F(S(c) + (0, )+
£(0) — TP+
21(0) = f(e+ (L) +2|f(e+ (1,0)) = F(T(e) + (1,0))*
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which simplifies to

5 Z 31(c) = F(S())P+31f ()= F(T(e) P +21 f(e) = fe+(0, 1)) P +2|f () — f(e+(L, 0))

c€Z2

which is at most 3/2 times the numerator of the Rayleigh quotient of f. [J

19.3 Second Step: The Countable Graph

We now define the graph Z of vertex set ZxZ—{(0,0)}, where each vertex (a, b) is connected
to

(a,a+0b),(a,a—b),(a+b,a),(a—0b,a)

Note

For a d-regular graph G = (V, E') with an countably infinite set of vectors, define ¢5(V') to
be the set of functions f : V — R such that Y, ., f(v) is finite, and define the smallest
eigenvalue of G as

. S uwyev [f(w) = f(0)?
fela(V) dy>, f3(v)

A(G) =

So that

>ap | f(a,0) = fa,a+ )] +|f(a,b) — fla+b,a)?

M(Z) = inf
1(2) feta(ExT—{(0.0))) 43 . [*(a,b)

We want to show the following result.
Theorem 19.2 For every n, A\a(Ry) > M (Z).

PROOF: This will be the most interesting part of the argument. Let f € £5([0,n)?) be any
function such that [ f = 0, we will show that the Fourier transform f of f has a Rayleigh
quotient for Z that is at most the Rayleigh quotient of f for R,.

First, we briefly recall the definitions of Fourier transforms. If f : [0,7)? — R is such that

/ fA(2)dz < oo
2€[0,n)?

then we can write the linear combination

= > f(©) xel2)

CELXZ
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where the basis functions are

1 .
Xa,b(m7 y) _ EeQTrr(ax-i-by)

and the coeflicients are

F(0) = (s xan) = / F(2)xe(2)dz

[0,m)?

The condition [ f =0 gives

f(0,0)=0

and the Parseval identity gives

S P0=Y ) = / F2(2)dz

c#(0,0)

and so we have that the denominator of the Rayleigh quotient of f for R, and of f for Z
As usual, the numerator is more complicated.

We can break up the numerator of the Rayleigh quotient of f as

/ 2(2)ds + / £2(2)d>

where s(z) := f(2) — f(S(z)) and t(2) := f(z) — f(T(z)), and we can use Parseval’s identity

to rewrite it as
> 8 (e)+ ()

=3 1f©) = (FoS)()? +f(c) — (FoT)(c)?

The Fourier coefficients of the function (f o S)(z) = f(S(z)) can be computed as

—

Fodab) =1 / F(S(w,y))e2mitom i

== [ a4 gt
n

_ 1 N 2mi(ax+by’ —bx)
= / fla,y)e

= f(a—b,b)

where we used the change of variable y « x + y.

A~

Similarly, (f/o\T) (a,b) = f(a,b—a). This means that the numerator of the Rayleigh quotient
of f for R, is equal to the numerator of the Rayleigh quotient of f for Z. [J
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19.4 Third Step: A Cheeger Inequality for countable graphs

Define the edge expansion of a d-regular graph G = (V, E) with a countably infinite set of
vertices as

E(A, A)
G) = _—
¢( ) AQVTQ finite d‘A‘
Note that the edge expansion can be zero even if the graph is connected.

Theorem 19.3 (Cheeger inequality for countable graphs) For every graph G = (V, E)
with a countably infinite set of vertices we have

$(G) < V2-M(G)

PRrROOF: This is similar to the proof for finite graphs, with the simplification that we do not
need to worry about constructing a set containing at most half of the vertices.

Let f € £5(Z?) be any function. We will show that ¢ is at most v/2r where

 Yuer W) — F0)
a d> ey f2(v)
is the Rayleigh quotient of f.
For every threshold ¢ > tyy, := inf,er f2(v), define the set S; C V as

Sy = {v: f2(v) >t}
and note that each set is finite because ) f?(v) is finite. We have, for ¢ > tyin,

E(S;, 5t)
A= s

and, for all ¢ > 0 B
|St] - 9(G) < dE(Sy, St)

Now we compute the integral of the numerator and denominator of the above expression,
and we will find the numerator and denominator of the Rayleigh quotient 7.

/0 St =Y /0 Tpagyedt = 3 £2(0)

veV veV

and

Z /0 Ii vetween f2(u),f2(v)dt = Z |f2(u) - fz(v)|

u,v)EE (u,)

/ B(Sy, Sy)dt =
0 (

Which means
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P lf () = £ ()7
a3, f*(v)

¢ <

Now we proceed with Cauchy Schwarz:

Y 1w = )

(u,v)EE
= 3 Ifw) - F@)] - 1f ) + F(0)]
(u,v)eEE
< \/ S = f@E- [ S 1)+ f@)P
(u,w)EE (u,v)EE
< \/ S @ f@R | Y 202 () + 2f2()
(u,v)EE (u,v)€EE

= | >0 1fw) = @) [> 2df(0)?
(u,v)EE veV

\/Z(U,U)GE |f(u) — f(v)|2-V2d
¢ <
. d ZUGV f(v)?

And we have

- Vo

19.5 Expansion of Z

After all these reductions, we finally come to the point where we need to prove that some-
thing is an expander.

Theorem 19.4 ¢(Z) > 1

PROOF: Let A be a finite subset of Z x Z — {(0,0}.

Let Ag be the set of elements of A that have one 0 coordinate. Let Aq, As, A3, A4 be the set
of elements of A with nonzero coordinate that belong to the 1st, 2nd, 3rd and 4th quadrant.
(Starting from the quadrant of points having both coordinates positive, and numbering the
remaining ones clockwise.)

Claim 19.5 E(A — Ay, A) > |[A— Ag| = |A| — |Ao|.
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PRrOOF: Consider the sets S(A;) and T'(A;); both S() and T'() are permutations, and
so |S(A1)] = |T(A1)] = |Ai|l. Also, S(A;) and T'(A;) are disjoint, because if we had
(a,a +b) = (a' +V',b") then we would have b = —a’ while all the coordinates are strictly
positive. Finally, S(A;) and T(A;) are also contained in the first quadrant, and so at
least |Aj| of the edges leaving A; lands outside A. We can make a similar argument in
each quadrant, considering the sets S™!(Ag) and T!(Ay) in the second quadrant, the sets
S(As3) and T(As) in the third, and S~1(44) and T~!(A4) in the fourth. O

Claim 19.6 E(Ap, A) > 4]|Ag| — 3|4 — Ap| = 7| Ag| — 3| 4]

PrOOF: All the edges that have one endpoint in Ay have the other endpoint outside of Ay.
Some of those edges, however, may land in A — Ay. Overall, A — Ay can account for at most
4|A — Ag| edges, and we have already computed that at least |A — Ag| of them land into A,
so A — Ay can absorb at most 3|A — Agp| of the outgoing edges of Ay. O

Balancing the two equalities (adding the first plus 1/7 times the second) gives us the theo-
rem. U
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Chapter 20

Probabilistic construction of expanders

In which we present a probabilistic construction of expanders.

We have seen a combinatorial construction of expanders, based on the zig-zag graph product,
and an algebraic one. Today we see how to use the probabilistic method to show that
random graphs, selected from an appropriate probability distribution, are expanders with
high probability.

A non-trivial part of today’s lecture is the choice of distribution. For us, a family of ex-
panders is a family of regular graphs of fixed degree, but if we pick a graph at random
according to the Erddés-Renyi distribution, selecting each pair {u,v} to be an edge inde-
pendently with probability p, then we do not get a regular graph and, indeed, not even
a bounded-degree graph. (Even when p = O(1/n), ensuring constant average degree, the
maximum degree is of the order of logn/loglogn.)

This means that we have to study distributions of graphs in which there are correlations
between edges, which are often difficult to reason about.

We could study the expansion of random d-regular graphs, but that is a particularly chal-
lenging distribution of graphs to analyze. Instead, the following distributions over d-regular
graphs are usually considered over a vertex set V:

e Pick at random d perfect matching over V', and let E be their union

e Pick at random d/2 permutations fi,..., fa : V — V, and have an edge for each pair
2
{v, f(v)}, fori=1,...,d/2.

The first method is applicable when n is even, and the second method is applicable when
d is even. (When n and d are both odd, it is not possible to have an n-vertex d-regular
graph, because the number of edges in such a graph is dn/2.)

We will study the expansion of graphs generated according to the first distribution, and
show that there exists an integer d and a ¢ > 0, such that a random d regular graph on n
vertices has probability at least 1 — 1/ nfM) of having edge expansion at least c.
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In particular, we will show that for d = 18, the probability that a random 18-regular graph
has expansion > f= is at least 1 — O(1/n?). Our bounds will be very loose, and much

tighter analyses are possible.

We have to show that, with high probability over the choice of the graph, every set of
vertices S C V with |S| < |V|/2 has at least ¢ - d - |S| edges leaving it.

The common approach to prove that a random object satisfies a certain collection of prop-
erties is to prove that each property holds with high probability, and then to use a union
bound to show that all properties are simultaneously true with high probability. For a
d-regular graph to have expansion ¢, we want every set S of size < n/2 to have at least
cd|S| outgoing edges; a naive approach would be to show that such a property holds for
every fixed set except with probability at most << %, and then take a union bound over
all 2"~ ! sets of size < n/2.

Unfortunately the naive approach does not work, because the probability that small sets
fail to expand is much higher than 2"~!. For example, the probability that a fixed set of
d+ 1 nodes form a clique is at least of the order of 1/ n. Fortunately, the number of small
sets is small, and if the probability of a fixed set of size k being non-expanding is, say, at
most 1/ (2)2, then, by taking a union bound over all sets of size k, the probability that there
is a non-expanding set of size k is at most 1/ (Z), and then by taking a union bound over
all sizes k we get that the probability that there is a non-expanding set is at most inverse
polynomial in n.

Let T'(S) denote the set of nodes that have at least a neighbor in S. If [T'(S) — S| < ¢, then
there are most ¢t edges leaving from S. In order to upper bound the probability that there
are < 1|5| edges leaving S, we will upper bound the probability that |T'(S) — S| < 3|9|.

It will be convenient to have the following model in mind for how a random perfect matchings
is chosen. Let vy, ..., v, be an arbirtary ordering of the vertices such that S = {vy,..., v},
then the following algorithm samples a random perfect matching over V:

e M :=0,C:=10
o while C £V

— let v be the smallest-index unmatched vertex in V — C
— let w be a randomly selected unmatched vertex in V' — (C' U {v})
— M :=MU{{v,w}}; C:=CU{v,w}

e return M

It is easy to see that the above algorithm has (n — 1) - (n — 3)---3 - 1 possible outputs,
each equally likely, each distinct, and that (n — 1) - (n — 3)---3 is also the number of
perfect matchings over a set of n vertices, so that the algorithm indeed samples a uniformly
distributed perfect matching.

Now, fix a set S of size k < n/2 and a set T C V — S of size k/6. The probability that, in
a random matching, the vertices of S are all matched to vertices in S U T is at most the
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probability that, during the first k/2 executions of the “while” loop, the randomly selected
vertex v; is in SUT.

Fori=1,...,k/2, conditioned on the first ¢ — 1 iterations picking a vertex w € SUT, the
probability that this happens on the i-th iteration is the number of unmatched vertices in
(SUT)— (CU{v}) which is £k —2i+1, divided by the total number of unmatched vertices
in V. —(CU{v}), which is n — 2i + 1.

Thus, the probability that, in a random matching, all vertices of S are matched to vertices
in SUT is at most

Ty ak -2l ﬁ Sk (k)k/ﬁ
paiey n—2+1 =k /311 .on n

when we pick G as the union of d random matchings, the probability that all the neighbors
of S are in SUT is at most the above bound raised to the power of d:

Pr[[(S) C SUT] < <n>dk/6

and taking a union bound over all choices of S of size k and all choices of T of size k/6, we
have

Pr[3S such that |S| =k and ¢(S) < 1/6d] <
Pr[3S such that |S| = k and |T'(S) — S| < k/6]

(5" () ()
(570
<))

Now, for d = 18, taking a union bound over all k¥ > 2 (in a graph without self-loops, every
singleton set is expanding), we have

2

7<0 ()
2 k) n

n

~

Pr [cb(G) < 1816} <

>
Il
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Chapter 21

Properties of Expanders

In which we prove properties of expander graphs.

21.1 Quasirandomness of Expander Graphs

Recall that if G is a d-regular graph, and A is its adjacency matrix, then, if we call A; >
Ao > ... > )\, the eigenvalues of A with repetitions, we are interested in the parameter
09(G) := max;—2__n{|A\i|}, and we have

where J is the matrix with a one in each entry, and || - || is the matrix norm ||M|| :=

77777

d
79(G) = HA— ~J

maXy ||z=1 ||Mz||.

Our fist result today is to show that, when o2(G) is small, the graph G has the following
quasirandomness property: for every two disjoint sets .S, T, the number of edges between
S and T is close to what we would expect in a random graph of average degree d, that is,
approximately %|S [|T|.

For two (possibly overlapping) sets of vertices S, T, we define edges (S, T) to be the number
of edges with one endpoint in S and one endpoint in 7', with edges having both endpoints
in SNT, if any, counted twice.

Lemma 21.1 (Expander Mixing Lemma) Let G = (V, E) be a d-regular graph, and let
S and T be two disjoint subsets of vertices. Then

d
edgesg(S,T) — W'ISI T < 02(G) - VIS| - [T
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ProoOF: We have

edgesq(S,T) = 11 Al

and
|S||IT| = 1§17
0
d
edgesg(S,T) — — - |S| - |T|
V]
= |1gary - Lags,
V]
d
= lg <A—J> 17
V]
< sl |4 i Iz
< sl ||A = 77/ - 1T
V]
= VIS]-02(G) - VIT]
(]
Note that, for every disjoint S, 7', we have \/|S|-|T| < |V]/2, and so the right-hand side
in the expander mixing lemma is at most # - |E'|, which is a small fraction of the total

number of edges if o9 is small compared to d.

21.2 Random Walks in Expanders

A t-step random walk is the probabilistic process in which we start at a vertex, then we pick
uniformly at random one of the edges incident on the vertices and we move to the other
endpoint of the edge, and then repeat this process ¢ times.

If P:= éA is the normalized adjacency matrix of an undirected regular graph G, then
P(u,v) is the probability that, in one step, a random walk started at u reaches v. This is
why the normalized adjacency matrix of a regular graph is also called its transition matriz.

Suppose that we start a random walk at a vertex chosen according to a probability dis-
tribution p, which we think of as a vector p € R such that p(u) > 0 for every u and
> . P(u) = 1. After taking one step, the probability of being at vertex v is ), p(u)P(u,v),
which means that the probability distribution after one step is described by the vector
p' - P, and because of the symmetric of P, this is the same as Pp.

Iterating the above reasoning, we see that, after a ¢-step random walk whose initial vertex
is chosen according to distribution p, the last vertex reached by the walk is distributed
according to P'p.

The parameter oy of P! is equal to (02(G)/d)!, and so if G has a parameter o2 bounded
away from d, and if ¢ is large enough, we have that the parameter oo of P! is very small,
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and so P! is close to %J in matrix norm. If P! was actually equal to %J , then P! p would
be equal to the uniform distribution, for every distribution p. We would thus expect P! -p
to be close to the uniform distribution for large enough ¢.

Before formalizing the above intuition, we need to fix a good measure of distance for distri-
butions. If we think of distributions as vectors, then a possible notion of distance between
two distributions is the Euclidean distance between the corresponding vectors. This def-
inition, however, has various shortcoming and, in particular, can assign small distance to
distributions that are intuitively very different. For example, suppose that p and q are dis-
tributions that are uniform over a set S, and over the complement of S, respectively, where
S is a set of size |[V'|/2. Then all the entries of p—q are £2/n and so ||p—q|| = 2/+/n, which
is vanishingly small even though distributions over disjoint supports should be considered
as maximally different distributions.

A very good measure is the total variation distance, defined as

max
SCV

Y p() =) q)

vES vES

that is, as the maximum over all events of the difference between the probability of the event
happening with respect to one distribution and the probability of it happening with respect
to the other distribution. This measure is usually called statistical distance in computer
science. It is easy to check that the total variation distance between p and q is precisely
% -||p — ql|1. Distributions with disjoint support have total variation distance 1, which is
largest possible.

Lemma 21.2 (Mixing Time of Random Walks in Expanders) Let G be a reqular graph,
and P be its normalized adjacency matrix. Then for every distribution p over the vertices
and every t, we have

lu—P'plh < VI[V]- (02(G)/d)f

where u is the uniform distribution.

dc V]

In particular, if t > T=03(C) -In =, then |ju — P'p||1 <€, where c is an absolute constant.

PrOOF: Let J = J/|V| be the normalized adjacency matrix of a clique with self-loops.
Then, for every distribution p, we have Jp = u. Recall also that o2(G) = ||P — J||.

We have

lu— P'p||x
<VIV[-[lu— P'p]
<VIV|-|lJp — P'p||
< VIVI-[|J =P -l
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< VIV (02(G) /)"
O

The last result that we discussed today is one more instantiation of the general phenomenon
that “if 09(G) is small then a result that is true for the clique is true, within some approx-
imation, for G.”

Suppose that we take a (¢ — 1)-step random walk in a regular graph G starting from a
uniformly distributed initial vertex. If G is a clique with self-loops, then the sequence
of t vertices encountered in the random walk is a sequence of ¢ independent, uniformly
distributed, vertices. In particular, if f : V' — [0.1] is a bounded function, the Chernofi-
Hoeffding bounds tell us that the empirical average of f() over the t points of the random
walk is very close to the true average of f(), except with very small probability, that is, if
we denote by v, ..., v the set of vertices encountered in the random walk, we have

1 —4€
Pl fw) 2B 4e| <o
2

where n := |V|. A corresponding Chernoff-Hoeffding bound can be proved for the case in
which the random walk is taken over a regular graph such that o2(G) is small.

Lemma 21.3 (Chernoff-Hoeffding Bound for Random Walks in Expanders) Let G =
(V, E) be a regular graph, and (vi,...,v:) the distribution of t-tuples constructed by sam-
pling vy independently, and then performing a (t — 1)-step random walk starting at v1. Let
f:V —=[0,1] be any bounded function. Then

1 § : OQ(G) —Q(e%t)
+ : f(vz) = E} € ] s €

We will not prove the above result, but we briefly discuss one of its many applications.

Suppose that we have a polynomial-time probabilistic algorithm A that, on inputs of length
n, uses r(n) random bits and then outputs the correct answer with probability, say, at least
2/3. One standard way to reduce the error probability is to run the algorithm ¢ times, using
independent randomness each time, and then take the answer that comes out a majority
of the times. (This is for problems in which we want to compute a function exactly; in
combinatorial optimization we would run the algorithm ¢ times and take the best solutions,
and in an application in which the algorithm performs an approximate function evaluation
we would run the algorithm ¢ times and take the median. The reasoning that follows for
the case of exact function computation can be applied to the other settings as well.)

On average, the number of iterations of the algorithms that give a correct answer is > 2t/3,
and the cases in which the majority is erroneous correspond to cases in which the number of
iterations giving a correct answer is < ¢/2. This means that the case in which the modified
algorithm makes a mistake correspond to the case in which the empirical average of ¢
independent 0/1 random variables deviates from its expectation by more than 2/3 —1/2 =
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1/6, which can happen with probability at most e t/18  which becomes vanishingly small
for large t.

This approach uses t - r(n) random bits. Suppose, instead, that we consider the following
algorithm: pick ¢t random strings for the algorithm by performing a ¢-step random walk
in an expander graph of degree O(1) with 2" vertices and such that o2(G) < d/12, and
then take the majority answer. A calculation using the Chernoff bound for expander graphs
show that the error probability is e (") and it is achieved using only 7(n) + O(t) random
bits instead of ¢ - r(n).
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