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ABSTRACT

A graph is an expander if it is sparse and has strong connectivity properties. Expanders are widely
studied graphs, mainly due to their numerous applications in many different mathematical fields.
The purpose of this thesis is to analyze the connections between expanders and other notions
of graph theory, and study their substructures. Specifically, we will focus on the connection of
balanced separators and expanders and provide an introduction on how the expansion of a graph
is connected to the eigenvalues of its adjacency matrix. We will also study in detail the minors

one can find in expanders.






YTNOVH

‘Eva ypdpnua ovopdleton efamdwtrs ov elvon apotd ohhd TouTdypove €YEL LoYVEES LBLOTNTEG CUVEX-
Txdroc. O eamhmtég ebvon uio xatnyopla yeopnudtwy 1 onold, xuplde AoYw TwV TOAGDY e@op-
HOY(V TOUG OE BLapOPETIXd TEdlo TwV PardnuaTix®y, éyouy pueretniel extevig. O 0tdyog auTAS NG
epyaociog elvon vor avaAOGOUUE T GUVBEST TwV EEATAWTMY Ue GAAeg évvoleg Tng Vewplag Ypopnudtwy,
X0l VoL UEAETHOOVUE TIE BOopég mou Umopolue va fpolye oe auTtolg. Luyxexpyéva, Jo emxevipwiolye
GTOUC LOOPPOTINUEVOUS BLoWELOTEC XoL TS UTOl GUVBEOVTAL Ue Toug e€amhwTég. EmmAéov Yo dodue
O GUVTOU, TS OL WBLOTWWES TOU Tivoxa YELTVIOONS EVOC YRUPHUUTOS GUVDEOVTOL UE TNV eEATAWGT)
Tou oA xou Ue dhheg WLOTNTES Tou. Téhog, Yo aoyohniolue Wioitepa Ye tol ENICCOVAL YRUPHUATOL
evoc e€amhwT.
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CHAPTER 1

INTRODUCTION

A graph G is said to have a balanced separator S, if there exists a vertex set S C V(G) that
disconnects the graph into two relatively equal connected components, namely each of size at
most 2|V(G)|/3. The problem of minimizing the size of a balanced separator in a graph, occurs
naturally after studying the connectivity of graphs and its implications on the size and density of
their subgraphs and minors. Although these two notions seem to be quite close, this is not the case.
Notice that, adding an isolated vertex to a graph, affects its connectivity but not the existence of
a small sized balanced separator, thus these two properties of graphs are essentially different.

Balanced separators have been widely studied, mainly due to their significance on applying the
divide-and-conquer technique on developing algorithms that efficiently solve graph problems. One
of the first results on this field was the y/n-separator theorem which, Lipton and Tarjan proved
[ ] in 1979, and states that any planar n-vertex graph has a balanced separator of size O(y/n).
In the same paper they provided a polynomial time algorithm that computes this separator, while
one year later they issued a paper | ] that describes some applications of this theorem on
known N P-complete graph problems, on planar graphs, such as the maximum independent set
problem.

Later, in 1984, Gilbert, Hutchinson, Tarjan and Erde [ | generalized this theorem for
graphs that are embeddable on surfaces other than the plane. In particular, they showed that if
an n-vertex graph can be drawn on a surface of genus g, then it has a balanced separator of size
O(y/gn). Moreover they provided an algorithm that computes this balanced separator in linear
time (in the number of edges of the graph), given an embedding of the graph in its genus surface.
Alon, Seymour and Thomas | ] proved a similar result for all non-planar graphs, namely,
that every n-vertex graph either has a balanced separator of size h%/ 2\/n, or contains a clique of
size h as a minor, and they also provided a O(h1/2n1/2m1/2) algorithm that realizes this theorem,

where m is the number of edges in a graph.

Ideally, we would like also to have a polynomial time algorithm that computes a minimal
balanced separator in a graph. However this problem has proven to be N P-complete (known as
minimum bisection problem), so such an algorithm exists only if P = NP. However, due to the
importance of this problem in complexity theory, much effort has been made to develop heuristics
and approximation algorithms. The first heuristics for this problem were given by Kernighan
and Lin [ | and subsequently improved in terms of running time by Fiduccia and Mattheyses

[ ]. Saran and Vazirani | | provided the first non-trivial approximation algorithm for



this problem, with approximation ratio n/2. Subsequently, the ratio was improved by Feige,
Krauthgamer and Nissim | | to O(y/n - polylog(n)). Feige and Krauthgamer | ] were
able to improve the ratio to (’)(log2 n). The currently best known bound of an approximation
algorithm for this problem is O(log'/?n) and was developed by Andreev and Réicke | ].

Sparse graphs that do not have small balanced separators are called expanders or expanding
graphs. They were first defined by Bassalygo and Pinsker | ], and their existence was first
proven by Pinsker | ] in the early 70’s. The original motivation for studying expanders was
their applications on communication theory. Since then, in the past 40 years, substantial progress
has been made on the properties and explicit constructions of expander graphs. That is mainly,
due to the applications expanders have in numerous different fields, such as computer science,
computational complexity and cryptography. In computer science, expanders have found extensive
applications in designing algorithms, error correcting codes, extractors, pseudorandom generators,
sorting networks [ | and robust computer networks. In computational complexity, they have
been used in proofs of many important results, such as SL = L | | and the PCP theorem
[ ], while in cryptography they are used to construct hash functions.

Some of the many applications of expanders are due to their similarity, as far as edge distribution
is concerned, to random and pseudorandom graphs. This similarity is expressed through the
Expander Mixing Lemma and its converse. This lemma states that, for any two subsets S, T of
a d-regular expander G, the number of edges between S and T is approximately what you would
expect the number of edges between these two sets in a random d-regular graph to be. Although

this lemma was observed by several researchers, it probably appeared in print first in | ]. The
converse was proven later by Bilu and Linial | ].

Expanders are usually constructed using probabilistic, existential arguments (see | D), as
this method is much easier than providing an explicit construction. Margulis | | gave the first

construction of expander graphs which was later generalized in the theory of Ramanujan graphs
[ ]. This construction is still among the most elegant and most easy to generate of all known
constructions. The most recent explicit construction is, a combinatorial method for constructing
expanders suggested by Reingold, Vadhan and Widgerson | ] called the zig-zag product.
They showed that the zig-zag product of two expanders is an expander as well, which lead to an
iterative construction of an explicit family of expanders (i.e. expanders are closed under the zig-zag
product operation).

Given the prominence of expanders and their usability it is also natural to study their sub-
structures. As far as subgraphs of expanders is concerned, Krivelevich | ] showed that every
expander contains not only a path but also a cycle, of length that is affected only by its expan-
sion parameter and its size. As it is natural, a lot more results occur when studying minors of
expanders. They usually have the following form: if a graph G is sufficiently dense, or has suffi-
ciently large average degree (plus possibly additional conditions imposed), then G contains a large
minor. Kostochka [ I, ] and Thomasson | ], independently showed, probably the
most known result of this sort, that there exists an absolute constant ¢, such that every n-vertex
graph G of average degree d contains a clique of size cd/+/logd as a minor. The asymptotic value
of ¢ was later determined by Thomasson [ ]

The first results on finding minors in expanders arise through their connection to balanced
separators. In particular, Plotkin, Rao and Smith [ | proved that an expanding graph on n
vertices , contains the complete graph K Noie D as a minor, where ¢ depends from the expansion
of the graph. An even stronger result has been announced by Kawarabayashi and Reed [ 1,
who showed that an expander of size n and maximum degree bounded by d, contains the complete

graph of size Q(cy/n) as a minor. Here ¢ depends from the expansion and d. Recently, Krivelevich



CHAPTER 1. INTRODUCTION

and Nenadov | | improved the dependence on the expansion « and the maximum degree d
under a somewhat stronger definition of expansion.

Kleinberg and Rubinfield | ] also considered the same problem. Building on (the random
walk-based) techniques of Broder, Frieze, and Upfal | ], they showed that every expander G
on n vertices contains every graph with O(n/log” n) vertices and edges as a minor. The exponent
k depends on the expansion and the maximum degree of the graph. They also provided an efficient
algorithm for finding a model of such a graph in G. While this result appears to be quite useful
in finding large minors in sparse graphs, they used a rather weak definition of expansion, so it
appears to be of limited value for the denser case and can not be used to show the existence of a
clique minor of size larger than Q(W) This result was later extended (as fas as the type
of expansion is concerned and how it affects the constant of the clique minor) by Krievelevich and
Sudakov | ], who improved the result of Kithn and Osthus | ]

As one can expect many of the results already stated arise from different fields of mathematics,
such as finite geometry, spectral graph theory and extremal graph theory. Hence, in this thesis we
will present only some of these results in detail. In particular, this thesis is organized as follows:

Chapter 2: This chapter is divided in 4 sections and its goal is to present important results on
connectivity, minors and expanders, and to provide some basic tools about them that we will need
further in this thesis. Specifically, in the first section we state some basic definitions from graph
theory and some useful properties of the DFS algorithm. The second section is about connectivity,
since the balanced separators come to answer questions that naturally occur from the study of
connectivity in graphs and its implications. The next section, is focused on minors and especially
on how the average degree of a graph can force a given minor, while in the last section we will
introduce expanding graphs. Specifically, we will state some basic definitions, provide two examples
of construction of expanders, and prove the existence of some substructures in expanders.

Chapter 3: In this chapter we will state and prove in detail some theorems about balanced
separators, and is divided in three sections. In the first section, we provide some definitions about
balanced separators that are essential about the proofs of the theorems that will follow. In the
second and third section we will prove in detail some results on balanced separators by Lipton and
Tarjan | ] and by Alon, Seymour and Thomas | | respectively.

Chapter 4: The last chapter of this thesis is about expanding graphs. There, first we will prove
the connection balanced separators and expanders have, that is that expanders are graphs without
small balanced separators. Next, we will provide a brief introduction in spectral graph theory,
state the Expander Mixing Lemma and also state a connection between the combinatorial and
the spectral definitions of expanders. We close this chapter by proving in detail the results about

minors in expanders by Sudakov and Krivelevich [ ]






CHAPTER 2

PRELIMINARIES

2.1 Definitions

A simple graph G, is a pair (V(G), E(G)) where V(G) is a set of vertices and E(G) C (V(QG)) is a
set of edges. For every edge e = {x,y} € E(G) we call z,y € V(G) endpoints of the edge e, and we
usually denote e by zy. We also denote by n(G) and m(G) the number of vertices and the number
of edges of G respectively. We call two vertices x,y € V(G) adjacent, if zy € E(G) and we say
that an edge e € E(G) is incident to a vertex x € V(G) if = is an endpoint of e. If we allow E(G)
to be a multiset then G is called multigraph. Furthermore, when we refer to the order of a graph
G, we mean the number of its vertices.

A graph H such that V(H) C V(G) and E(H) C E(Q) is called a subgraph of G. An alternative
definition of the subgraph relationship between two graphs is the following: Let G and H be two
graphs and ¢ : V(H) — V(G) an injective mapping such that Yuv € E(H), ¢(u)p(v) € E(G). We
then say that H s a subgraph of G and denote it by H C G.

Given a graph G and a set S C V(G) we will denote by G\ S the induced subgraph G[V(G)\ S|
that we obtain after the removal of the vertices in U and their incident edges, from G. If S = {v}
is a singleton, we simply write G \ v. Similarly if F' is a subset of E(G) we denote by G \ F' the
graph G' = (V(G), E(G) \ F) that is obtained after the removal of the edges in F from G, and
write G \ e if F' = {e}.

The number of edges incident to a vertex v is called degree of v in G and is denoted by degq(v).
If it is clear to which graph we refer, we simply write deg(v). We can now define the maximum
and the minimum degree of a graph G, which we will denote by A(G) = max,cv(g) deg(v)
and 6(G) = min,cy () deg(v) respectively. We also define the average degree of a graph to be

d(G) = Lovevic) 480) The ratio ™% is often denoted by ¢(G). Each vertex adjacent t
= 1) : e y €(G). Each vertex adjacent to a

vertex v is a neighbor of v while the set of those vertices is called neighborhood of v and is denoted
by N(v). Similarly, given a set S C V(G) we call neighborhood of S the set {u € V(G)|u ¢
S and N(u) NS # 0} and denote it by N(S). If a vertex has degree 0 it is called isolated. Notice
that if G is a simple graph and v € V(G), deg(v) = |N(v)|. A graph is called d-regular if each of
its vertices has degree exactly d.

A path P of length k is a graph with k& + 1 vertices vg,...,v; and edges e; = v;v;41 for

5



2.1. DEFINITIONS

0 < i <k —1. The vertices vy and vy are called endpoints of the path P, whereas vy,...,vp_1 are
called internal vertices of P. Given a graph G we say that a path in G that connects the vertices
u,v € V(QG) is a subgraph of G which is a path with endpoints u,v. We will denote such a path
by stating its vertices, for example P = vy, ..., v is the graph mentioned above. When we want
to refer to a subpath of P we will write P, ,;), where v;,v; are its endpoints. We say that two
paths that connect the same two vertices of a graph are internally disjoint if they have no common
internal vertex and edge disjoint if they have no common edge.

The distance between two vertices u,v € V(G) is the length of the shortest path in G that
connects them or infinity if there is no such a path, and is denoted by distg(u,v) (if it is obvious
to which graph we refer to, we simply denote it by dist(u,v)). The maximum distance that two

vertices have on G is called diameter of G and is denoted by diam(G).

The graph C; = ({v1,..., v}, {viva, ..., vi_1v;, vv1}) is called cycle of length I. The length of
the smallest cycle in a graph G, is called girth of the graph and is denoted by g(G). Furthermore,let
V. ={1,...,r}, and consider the graph (V, x Vg, {(z1,y1)(x2,y2)| |z1 — z2| + |y1 — y2| = 1}). We
call this graph (p x q)-grid.

A clique of size r > 0 is the graph ({v1,...,v,},{v;v;]1 <@ < j < r}) and is denoted by K,.
An independent set of a graph G is a set S C V(@) of pairwise non-adjacent vertices. A maximum
independent set of GG is an independent set of the largest possible size, and we will denote its size
by a(G). Similarly we can define an independent set of edges, which is called a matching. We
call a matching perfect if its cardinality is @ A graph G is bipartite if we can partition V(G)
into to sets X,Y C V(G) such that X and Y are independent sets of G and we say that a graph
is complete bipartite and denote it by K, ,, if X,Y are maximal independent sets and | X| = n,
Y| =m.

The complement of a given graph G is defined to be the graph G = (V(Q), {zylzy ¢ E(G)}),
and its line graph to be L(G) = (E(G), {e1ez2le1,e2 € E(G) and e; Neg # 0}). We will also state
here the definitions of some operations between graphs. Given two graphs G1, G2 and an integer
k > 0 we define their union to be the graph Gy UGy = (V(G1) UV (Gs), E(G1) U E(G3)) and their
intersection to be Gy NGy = (V(G1) NV (Gs), E(G1) N E(G3)).

We say that a given graph G is connected if V,y € V(G) there is a path P connecting « and y in
G. A maximal (to the number of vertices) connected subgraph of G is called a connected component
of G. Notice that this is an equivalence relation on V(G) with the connected components being its
equivalence classes. A vertez cut of a graph G is a set S C V(G) such that G\ S is disconnected.
Similarly an edge cut of a graph G is a set F C E(G) such that G\ F is disconnected. The vertex
connectivity of a graph G is denoted by k(G) and equals to x(G) = min{|S] : S is a vertex cut}.
The edge connectivity is defined similarly and in this thesis we will refer to vertex connectivity
simply as connectivity. Moreover, we define the connectivity of a graph to be 0 if it is disconnected,
and r — 1 if it is a clique of size r. Given a positive integer k, a graph G is called k-connected if
for every subset S C V(@) with cardinality k& — 1, the graph G'\ S is connected. For S,T C V(G),
we denote the set of edges of G from S to T by Eg(S,T).

A graph T is called a tree if it is connected and has no cycle as a subgraph. Given a graph G,
we say that T is a spanning tree of G, if V(T) = V(G), E(T) C E(G) and T is a tree. The radius
of a graph G is denoted by rad(G) and equals to vénvl(%) uénvaé) dist(u,v).

Given a graph G and an edge e = zy € E(G), the graph G/e is obtained from G by contracting

the edge e. That means, that its endpoints x, y are replaced by a new vertex v, which is adjacent to

6



CHAPTER 2. PRELIMINARIES

N(z)UN(y)\{z,y}. A graph H obtained by a sequence of edge-contractions is called a contraction
of G. Given two graphs G and H we say that H is a minor of G if it can be obtained from G via
a sequence of edge and vertex removals, and edge contractions, and denote it by H <,,, G. Notice
also that this is equivalent to H being a contraction of some subgraph of G. We will now mention
an equivalent definition of the minor relationship which will be useful later in this thesis.

A graph H = (U, F) with a vertex set U = {uq,...,u} is a minor of a graph G = (V, E) if
for every vertex u; € U there is a connected subgraph G,,, of G' such that all subgraphs G, are
pairwise vertex disjoint, and G' contains an edge between G, and G; whenever u;u; € F.

We define the density of a simple graph G to be #((GG))—U’ which measures how close
is G to the complete graph on n(G) vertices. Notice that density of a graph is equal to 1 if
m(G) = % which is the number of edges of the complete graph and 0 if G is composed
just of isolated vertices. We say that G is dense if it has high density and sparse otherwise.

Let f(n),g(n) be two function of n. We will write f(n) = o(g(n)), whenever lim,,_, % =0,
f(n) = O(g(n)) if there exists a constant C' > 0 such that f(n) < Cg(n) for all n. Also, f(n) =

Q(g(n)) if g(n) = O(f(n)), and f(n) = O(g(n)) if both f(n) = O(g(n)) and f(n) = Q(g(n)) are
satisfied.

Depth First Search: DFS is a graph search algorithm that visits all vertices of a graph. The
algorithm receives as an input a graph G; it is also assumed that an order ¢ on the vertices of G
is given, and the algorithm prioritizes vertices according to o. The algorithm maintains three sets
of vertices: Let S be the set of vertices whose exploration is complete, T be the set of unvisited
vertices and U = V(G) \ (S UT), where the vertices of U are kept in a stack (the last in, first out
data structure).

It initializes S = U = () and T = V, and terminates once U UT = (). At each iteration, if the
set U is non-empty, the algorithm queries T for neighbors of the last vertex v that has been added
to U, scanning T according to o. If v has a neighbor u in T, the algorithm deletes u from 7" and
inserts it into U. Else, v is popped out of U and is moved to S. If U is empty, the algorithm chooses
the first vertex of T" according to o, deletes it from T and pushes it into U. In order to complete
the exploration of the graph, whenever the sets U and T have both become empty (at this stage,
the connected component structure of G has already been revealed), we make the algorithm query
all remaining pairs of vertices in S = V', not queried before.

Observe that the DFS algorithm starts revealing a connected component C' of G at the moment
the first vertex of C' gets into (empty beforehand) U and completes discovering all of C when U
becomes empty again. One can verify the following properties of DF'S:

(P1) at each iteration one vertex moves, either from 7T to U, or from U to S,

(P2) at any stage of the algorithm, it has been revealed already that the graph G has no edges
between the current set S and the current set T,

(P3) the set U always spans a path (indeed, when a vertex u is added to U, it happens because u
is a neighbor of the last vertex v in U, thus u augments the path spanned by U, of which v is the

last vertex).

2.2 Connectivity

The definition we gave in the previous section is somewhat unintuitive, as it only says what we

need to do to disconnect the graph and does not give us any information about the “connections”

7



2.2. CONNECTIVITY

vertices have between them. In this section we will refer to some results about connectivity, in

order to understand better what a graph being k-connected means.

Proposition 2.1. Let G be a graph of order n > 2. Then
K(G)>1=FweV(G): k(GV(G)\{v}])>1

Proof. Let, G be a connected graph of order n and P be a path that realizes the diameter of G,
with w, u its end vertices. For each v € V(G) we denote by G, the induced subgraph G[V (G) \ v],
of G. Consider now the graph G, and let Gy, ..., G be its connected components. Without loss
of generality, suppose that G is the connected component such that u € V(G1), and let z # u
be an arbitrary vertex of G, where z € V(G;). Since x(G) > 1 there is a path P’ of length at
most |P| = diam(G) from u to z in G. Obviously w & P’, else |P’| > |P|. That means, that z and
u are connected through P’ also in G, so i = 1. Since z was an arbitrary vertex of G, G, is

connected. O

We can observe that the connectivity of a graph G is at most equal to its minimum degree,
since in order to disconnect a vertex of minimum degree from the rest of the graph is suffices to
delete its neighbors in G.

Lemma 2.2. Let G be a connected graph of order n and x € V(G)
#(GIV(G) \2]) = K(G) -1

Proof. Let G be a connected graph of order n and = € V(G). Suppose that x(G \ z) < k(G) — 2.
Then there exists a vertex set, S, of size k(G) — 2 that separates G. However that would mean
that the set S U {x} separates the graph G and since its size is at most x(G) — 1, we have a
contradiction. O

Lemma 2.3. Let G be a k-connected graph. Let also G' be the graph obtained from G by adding

a new vertex x adjacent to at least k vertices of G. Then G’ is also k-connected.

Proof. Let S be a vertex set that disconnects G'. We will show that |[S| > k. If z € S, then S\ =
must disconnect G and since G is k-connected, then |S\ 2| > k so, |S| > k+ 1. Suppose now that
x ¢ S. If N(z) C S then |S| > k, since |Ng/(z)| = k. Else, if N(z)\ S # 0, then N(x)\ S belongs
to a unique connected component of G’ \ S (the one that x also belongs). Hence, S disconnects G.
Thus |S| > k because G is k-connected. O

Notice that the same result holds for G \ e, where e € E(G) and can be proven using similar
arguments. As one can expect the average degree of a graph can affect the connectivity of its

subgraphs. This relationship is expressed by Mader’s theorem as we will see below:

Theorem 2.4 (Mader 1972). Let k be a positive integer and G be a graph such that d(G) > 4k.
Then there exists a (k + 1)-connected subgraph H C G such that d(H) > @.

Proof. Let k be a positive integer and GG be a graph of average degree at least 4k. Consider the
family G of graphs such that for every H € G, H C G and

d(G)

[V(H)| >2k and |E(H)|> ?(\V(H)\ —k) (2.1)

We can observe that since G satisfies these conditions G # (). Let H be the graph in G that satisfies
minG/Eg |V(G/)|
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Claim i. |V(H)| > 2k+1

Proof of Claim i. Suppose, for contradiction, that |V (H)| = 2k. Since H is in G, we have that

d(G) d(G) s (2K \V(H)|
B > S () k) = Sk > 2 (2) _ ( . )

However that leads to a contradiction, since the complete graph on n vertices has (g) edges. [

The minimality of |V (H)| implies that 6(H) > @. If not, there exists a vertex v € V(H)
such that deg(v) < @. Consider the graph G’ = G[H \ v]. We will show that G’ satisfies (2.1).
Due to Claim i, |[V(G")| > 2k. Moreover, |E(G")| > |E(H)| — @ > @(\V(HH - k) — @ >
@(|V(G’)| — k), but that contradicts the minimality of |V (H)|. Hence §(H) > @, and as a
result d(H) > @.

It is now left to show that x(H) > k+1. Assume, for contradiction, that there exists a vertex set
S C V(H) of size at most k that disconnects H, and let Hy, Hy be the two connected components
of G[H \ S]. Since S disconnects H, Ny (Hy) C V(H;)US. Hence, |[Hy US| > 2k, and as a result
the subgraph of G that is induced by V(H;) has more than 2k vertices. Since H is minimal, and
|V(H,)US| < |V(H)|, the number of edges spanned by V(H;) must be at most @(\V(Hlﬂ —k).

Similarly, the number of edges spanned by V(Hz) must be at most @(\V(Hgﬂ — k). Hence,

2 < M v - r + X gvim) - 1
< M vy v - 2n)
< Y9 i) -n
which contradicts the conditions (2.1) that H satisfies. Note that the last inequality holds because
|[V(H1) NV (Hs)| < k. O

The following theorem is one of the cornerstones of graph theory.

Theorem 2.5 (Menger 1927). Let G be a graph and A, B C V(G). Then the minimum numbers
of vertices separating A from B in G is equal to the mazimum number of pairwise verter disjoint

paths with one endpoint in A and the other in B.

Proof. Given a graph G and two sets A, B C V(G), we will denote by k the minimum number of
vertices separating A from B in G. Clearly, G cannot contain more than k pairwise disjoint A — B
paths, so our goal is to show that k such paths exist. We will show that, by applying induction on
E(G)].

If G has no edge, then |AN B| = k and we have k trivial A — B paths. So we may assume that
there exists an edge e = xy in G. Let G, be the graph obtained by the contraction of e, and v, be
the vertex of G, that occurs from this contraction. If one of z,y is in A then we count v, also in A
and similarly if one of z,y is in B then v, is also counted in B. Note that, if G has no k pairwise
disjoint A — B paths then neither does G/e. By the induction hypothesis G, contains a vertex set
S that disconnects A from B of size less than k. If v, € S, then S also disconnects A from B in G
which contradicts our original assumption that & is the minimum number of vertices separating A
from B in G. Hence v, € S, and as a result S' = (S \ ve) U {z,y}), separates A from B in G and
has exactly k vertices.

Consider now the graph G’ = G[G \ e]. Since z,y € S’, every set that separates A from S’, also

separates A from B in G, hence contains at least k vertices. So by induction there exist k pairwise

9
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disjoint A — X paths in G’. Similarly there also exist k pairwise disjoint X — B paths in G'. As X
disconnects A from B, these two sets of paths do not meet outside S’, and thus can be combined

to k pairwise disjoint A — B paths. O

Theorem 2.6 (Global Version of Menger’s Theorem). A graph is k-connected if and only if it

contains k independent paths between any two vertices.

Proof. If a graph G contains k independent paths between any two vertices, then |G| > k and G
cannot be separated by fewer than k vertices. Hence, x(G) > k.

Conversely, suppose that G is k-connected (and, in particular, has more than k vertices) but
contains two vertices a,b € V(G) that are not connected by k pairwise disjoint paths. If ab & E(G),
by applying Theorem 2.5 to the graph G’ = G[V(G) \ {a, b}] and the vertex sets A = Ng(a) and
B = N¢g(b) we have that the minimum number of vertices separating A from B is equal to the
number of pairwise disjoint paths A — B paths. Due to the selection of A and B, and because
ab ¢ E(G) the number of pairwise disjoint paths in G that connect a to b, is equal to the minimum
number of vertices needed to separate in G, a from b which is at least k since x(G) > k.

If ab € E(G), let G’ = G\ ab. Due to our original assumption G’ contains at most k — 2 pairwise
disjoint paths that that connect a and b. Hence there exists a set S C V(G’) of size at most k — 2,
such that K(G[V(G)'\ S]) = 0. As |[V(G)| > k there exists a vertex v € V(G) \ (S U {a,b}).Then
S separates v in G’ either from a, or b, say from a. But then, S U {b} is a set of at most k — 1

vertices that disconnects G, contradicting the k-connectedness of G. O

2.3 Minors

Minors is one of the most central notions in modern graph theory. Thus, it is natural to expect the
appearance of results that connects minors to the main subjects of this thesis, balanced separators
and expanders. Indeed, as we will also see later, many progress has been made in combining these
notions. Generally speaking the results of extremal minor theory can be stated as finding sufficient
conditions for the existence of a minor from given family, or a concrete minor (say, a clique minor)
in a given graph. For example, such a result is the following: Every graph G on n vertices with
more than 3n — 6 edges, contains the complete graph K5 or the complete bipartite graph K 3 as a
minor. Of course, this is nothing more than combining and rephrasing the following two theorems.

Theorem 2.7. Any planar graph G of order n > 3 contains at most 3n — 6 edges.

Theorem 2.8 (Kuratowski-Wagner). A graph G is planar if and only if it contains neither Ky

nor Kz 3 as a minor.

When looking for large minors, one should remember that there is a limit to the size of the

minor one can find in a graph. This limit occurs as a corollary of the following proposition.
Proposition 2.9. If H, G are simple graphs the following holds
H <, G=|E(H)| <|E(G)

Corollary 2.10. A graph G of order n and average degree d cannot contain a graph H of average
degree k > v/nd as a minor.

As we will see by the results stated below the average degree of a graph affects its minors. We
will focus on this relationship as the results that combine minors with expanders usually have the
following form: If a graph G is sufficiently dense or has sufficiently large average degree, then G

contains a large minor.

10
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Proposition 2.11. Every graph G contains a subgraph G’ such that d(G') > d(G) and §(G') >
@)
5

Proof. We prove this proposition by induction on the number of vertices of G. For |V(G)| =1 the
assertion is trivial. Assume that this also holds for every graph on n vertices and let G be a graph
such that |[V(G)| = n+ 1. If §(G) > @ then the proof is complete. Otherwise there exists a
vertex v such that deg(v) =k < @. Consider the graph G’ = G[G \ v]. Since deg(v) < @ we
remove at most @ degrees of the total degree of the graph. Notice now, that G’ is an n-vertex

graph with average degree

> vev(c) deg(v) — d(G)

aE) = & > d(G)
and as a result of the induction hypothesis G’ has a subgraph of minimum degree at least d(gl)
(hence the same is true for G). O

There is some interest in knowing the maximum size of graphs not having the complete graph
K, as a minor, not least because of the relationship between this extremal problem and the
conjecture of Hadwiger | ], asserting that K, <,, G if x(G) > r. Wagner | ] showed
that a sufficiently large chromatic number (depending only on r) guarantees a K,-minor, and
Mader | | proved that a sufficiently large average degree will do.

The proof of the following early bound on the average degree needed to force a K, minor

contains a key idea from which all the later results were developed.
Proposition 2.12. Every graph of average degree at least 272 has a K, minor.

Proof. We apply induction on r. For r = 2 the result holds, since graphs of average degree at least

20 must have an edge (so they contain Ky as a minor). For the induction step let r > 3 and let

deg(v
G be an arbitrary graph such that d(G) > 2"72. Then ¢(G) = Zl((g)) = Z"’E‘Q/ﬁé) Al > 2773,

Let H be a minimal minor of G with ¢(H) > 2”73, and let 2 be an arbitrary vertex of H. By

the minimality of H, it is connected, so x is not isolated. Moreover, each of its neighbors has

at least 2”73 common neighbors with z. Suppose, for contradiction, that there exists a vertex
y € Ng(z) such that Ny (z) N Ny (y) < 273, Consider the graph H' = G/xy and notice that by
the contraction of the edge zy |E(H)| — |[E(H')| < 2773, s0 ¢(H') > 2"~3, which contradicts the
minimality of H.

Hence, the subgraph induced by the neighbors of z in H, has minimum degree, and as a result

also average degree, at least 2”3, By the induction hypothesis, this graph contains K,_; as a

minor. Together with z this yields the desired K, minor of G. O
Kostochka | I, ] and Thomasson | | independently proved the following The-
orem, which, as we will see in the fourth chapter, Sudakov and Krivelevich | ] used to find

complete minors in expanding graphs.

Theorem 2.13 (Kostochka, Thomasson 1982). There exists a constant ¢ € R such that, for every
r € N, every graph G of average degree d(G) > cry/logr contains K, as a minor.

The correct value of the average degree needed to force a K, minor is known almost precisely.
Thomasson, in 2001 | | determined, asymptotically, the smallest constant ¢ that makes The-
orem 2.13 true. It can be written as ¢ = a + o(1), where o(1) stands for a function of r tending
to zero as 1 — oo and « = 0.319... is an explicit constant. Later, in 2005, Kithn and Osthus

[ ] proved that, if G is a locally sparse graph, in the sense that it does not contain a fixed

11
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complete bipartite graph K, ; as a subgraph , then G has a K, minor where p is asymptotically
much larger than the average degree of G. Formally they proved the following theorem, which was

later improved by Krivelevich and Sudakov | ] as we will see in more detail in chapter 4.

Theorem 2.14 (Kiithn, Osthus 2004). For every integer s > 2 there exists an rs such that every

K s-free graph of average degree at least r > g, contains a K, minor for all

1
7’1+ PICESY)

< -
P="ogry?

2.4 Expanding Graphs

The basic concept of this thesis is expanding graphs. Informally a graph is said to be an expanding
graph, or an expander, if every subset X of V(G) has relatively many neighbors outside X. This
is what is usually called vertex expansion. Sometimes an alternative notion of edge erpansion is
used, where every set X C V(G) is required to be incident to many edges crossing between X and
its complement in G. Of course a formal definition is required, firstly to measure the expansion
quantitatively, and secondly to distinguish between the expansion of small and large sets (note that
a set X C V(G) containing half the vertices of G cannot have more than | X| outside neighbors in
G, while a much smaller set X can expand by a much larger factor). There are several definitions
of expanders in common use, capturing sometimes rather different expansion properties. In this
section we will provide two definitions of vertex and edge expansion and we will later see some

alternative algebraic definitions specifically for edge expansion.

Definition 2.15 (Vertex Expansion). Let t > 0,0 < a < 1. A graph G = (V, E) is (¢, o) -expanding
if

alV(G)|
t

VX CV(G): |X] < = [Na(X)| = t|X]|

alV]

that is, that every set X of size |X| < =

expands by a factor of at least ¢.

Definition 2.16 (Edge Expansion). A cut in G is a bipartition (S, S) of its vertices, that is ,
SUS=V,8NS=0and S,S # 0. The sparsity of the cut (S, S) is e (S, S")/ min{|S|,|S’|}. The
edge expansion of a graph G, is denoted by ¢(G), is the minimum sparsity of any cut in G.
Given a parameter o > 0, we say that a graph G is an a-edge-ezpander if and only if ¢(G) > a.
Equivalently, for every subset S of at most |V (G)|/2 vertices of G, Eg(S,S) > a|S]|.

As one can easily notice, the complete graph is an expander with respect to both edge end
vertex expansion. However, when we talk about expansion we usually want the graph we refer to,
to have as few edges as possible. Informally we say that a graph G is a good expander if it has low
degree and high expansion properties. That means that good expanders are sparse graphs which
can’t be separated into two large components.

Now we will provide two examples of explicit constructions of good expanders. Usually we
are interested in the additional property that these graphs are regular (although we allow parallel
edges and self-loops) and have a fixed constant degree independent of n. Ideally, we would like
to have a construction with n vertices for every n, however usually the constructions work only
for some subsets of integers n. The two main approaches in constructing expanders are the al-
gebraic approach and the combinatorial one. The first example that we will provide is Margulis

construction | ], which arises from the algebraic approach, and is the following;:

12
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For every n, we construct the graph, G, of order n?, and we think V(G) as the group of pairs

Ly X L. A vertex (x,y) is connected to the vertices
(z£2y,y), (£ 2y +1),y), (z,y £ 22), (z,y £ (2 + 1))

so that G is 8-regular (notice that all operations are modulo n). The analysis of this construction
is due to Gabber and Galil | ]

Another example that its proof depends on a deep result of number theory, the Selberg’s 3/16
theorem | ], and is a construction of a family of 3-regular graphs, of order p, where p is a prime

number. Each vertex x of this graph is adjacent to the following vertices

z4+1,z—1,27%
Notice that all operations are modulo p and we define the inverse of 0 to be 0.
Next, we will see some elementary results about the substructures one can find in an expanding
graph. The following statement was proved by Krivelevich | ], from which it follows that if G
an

is an a-edge-expander on n vertices, G contains a path of length at least &* (set k = § and | = ¢

in the following Proposition).

Proposition 2.17. Let k,[ be positive integers. Assume that G is a graph on more than k vertices
such that

VS CV(G):|S|=k=|Ng(S)| >1
Then G contains a path of length I.

Proof. Run the DFS algorithm on G, with o being an arbitrary ordering of V. Consider the
moment during the algorithm execution when the size of the set S of already processed vertices
becomes exactly k (there is such an instance due to Property (P1) of DFS, as the vertices of G
move into S one by one, till eventually they all move there). By Property (P2), the current set
S has no neighbors in the current set 7', and thus Ng(S) C U implying |U| > I. During the last
iteration a vertex from U is moved to S, so before this move U is one vertex larger. The set U

always spans a path in G, by Property (P3), hence G contains a path of length . O

Krivelevich | ] also proved the following theorem (still based on the DFS algorithm and its
properties), from which he deduced that for every a, a (k, a)-expander contains a cycle of length at
least 0‘7’“ The linear dependence on « is optimal in the range 0 < o < 1, as shown by the example
of the complete bipartite graph with parts of size k and [ak], where the longest cycle has length
2[ak].

Theorem 2.18 (Krivelevich 2017). Let k > 0, t > 2 be integers. Let G be a graph of order at
least k, satisfying

IN(S)| >t forevery SCV(G):=-<|S|<k

Then G contains a cycle of length at least t + 1.
The following results are about vertex expansion and will be useful to the proof of Theorem 4.21.

Proposition 2.19. Let G be a (t,a)-expanding graph of order n. Then

VX CV(6): <X < T = INX) = T

13
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Proof. We observe that |X| > 2% = JY C X : |[Y| = 2%, Since Y C X, its neighbors will either
be in X \'Y or in N(X). Moreover, G is (t,a)-expanding and |Y| = 22, so [N(Y)| > an. We can

now deduce that

INXO| = INY)| = [X] > t]Y| = [X] = an — [X] > %

Lemma 2.20. Let G be a connected (t,a)-expanding graph of order n. Then

1
diam(G) < 508"
a logt

Proof. Let G be a connected (t, a)-expanding graph of order n.

We will first prove by induction on g, that for every v € V(G) and every g € N there exist at least
min{t?, an} vertices of G in distance at most ¢, from v.

Let v be an arbitrary vertex of G and denote by Y; the set of vertices of GG, in distance at most @
from v. We observe that Y; = Y;_1 UN(Y;_1), Vi > 2. Since G is (t, a)-expanding, we have that
|Y1] = |[Ng(v)| > t so the above condition holds for i = 1. We suppose that |Y;| > min{t’, an},
Vi<qg-—1.

o If |Y,_1| > an, since Y,_1 C Y}, we have |Y,| > an.
o If t971 < |Y,_4| < &%, since G is (t,)-expanding we have |Yy| > [N (Y_1)| > t|Yq_1| > 7.

o If [Y, 1] > <%, using Proposition 2.1 as many times as needed, we can find a connected
subgraph of G[Y,_1], W, such that [V ()| = %*. Since G is (t, a)-expanding we have that

N(W)| > t|lV(W)| = an, and because every v € V(W) is either in Y,_; or in N(Y,_1) we
q q
have that |Y;| > an.

logn
logt

Let now, g = { -‘, so for every v € V(G), |Y,| > min{n, an}. Suppose that

3 logn

: > —
Ju,w € V(G) : d(u, w) > o logt

and let P = {u = vy1,...,v, = w} be a path that realizes this distance. That means, that there

are k < é vertices in V(P), v1 = u,...,v; = w, such that the distance between each pair of them
is at least 211;)%. We now observe that for each of these vertices, the corresponding sets Y, (v;)

are pairwise disjoint and each of size at least an. Thus, \Ule Vi| > kan > n which lead us to a

contradiction, because we have supposed that the order of G is n. O

Proposition 2.21. Let G be an a-edge-expander of order n. Then

2(logn — 1)} .

diam(G) < { log(1 + «)

Proof Sketch. We can prove this proposition using similar arguments as in the proof of Lemma 2.20.
The basic difference is that in order to apply the basic argument described in detail in that proof,
we first have to prove by induction that the number of vertices at distance at most d in an a-edge-

expander is at least min{%, (1 + a)'}. O

In the next chapters we will see more results on substructures of expanding graphs, especially
on minors. However, first we will see in detail some results about balanced separators and how

they are connected to expanders.
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CHAPTER 3

BALANCED SEPARATORS

“Divide and conquer” is one of the classic and most widely used techniques for designing efficient
algorithms. Divide-and-conquer algorithms partition their inputs into two or more independent
subproblems, solve those subproblems recursively, and then combine the solutions to those sub-
problems to obtain the final output. In order for this technique to succeed the following three
conditions must be satisfied. (¢) the subproblems must be of the same type as the original and
independent of each other (in a suitable sense), (i) the cost of solving the original problem given
the solutions of the subproblems must be small, and (ii¢) the subproblems must be significantly
smaller than the original. Notice, that this strategy can be successfully applied to several graph
problems, provided we can quickly separate the graph into roughly equal subgraphs (so that the
previous conditions are satisfied).

Balanced separators serve to measure quantitatively the connectivity of large vertex sets in
graphs. The fact that all balanced separators of a graph G are large, indicates that it is costly
to break G into large pieces not connected by any edge and sometimes, if G is well connected
finding a small sized separator might be impossible. Balanced separators came into prominence
with the celebrated result of Lipton and Tarjan [ ], to which we refer to, with more details in
the section “Planar Graphs” of this chapter, asserting that every planar graph on n vertices has
a balanced separator of size O(y/n). Later, Alon, Seymour and Thomas | ] proved than a
graph will either have a small balanced separator or a large minor which we will see in more detail
in the section “Non-planar graphs” of this chapter, while Kawarabayashi and Reed | ], and
Plotkin, Rao and Smith | ], also addressed that issue.

As we will see in the next chapter expanders and balanced separators are closely related, since

expanders are graphs that do not have small balanced separators.

3.1 Definitions

Definition 3.1. Let G be a graph of order n. We say that the vertex set S C V(G) is a balanced
separator of G if V(G) can be partitioned into the sets A, B,S such that |Eg(A, B)| = 0 and
Al < 3, Bl < &

Definition 3.2. A finite element graph G is any graph formed from a planar embedding of a
planar graph by adding all possible diagonals to each face (the finite element graph has a clique
corresponding to each face of the embedded planar graph). The embedded planar graph is called
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the skeleton of the finite element graph and each of its faces is an element of the finite element

graph.

Definition 3.3. Let G be a graph of order n and a vertex set X C V(G). An X-flap is the vertex

set of some component of G\ X.

Definition 3.4. Let G be a graph of order n. By a haven of order k in G we mean a function (3,
which assigns to each subset X C V(G), of size at most k, an X-flap 5(X), in such a way that if
X CY and |Y| <k, then 5(Y) C 5(X).

Definition 3.5. Let G be a graph of order n. A covey in G is a set C of (non-null) trees of G,
mutually vertex-disjoint, such that for all distinct Cy,Cy € C, there is an edge with one endpoint

in Cy and one in Cs.

3.2 Planar graphs

The basic results stated in this section were proved by Richard J.Lipton and Robert Endre Tarjan
[ ]. They proved that any planar graph on n vertices has a balanced separator of size at most
2v/2y/n, and also provided a polynomial-time algorithm that computes this balanced separator.
Their motivation was to apply the divide and conquer technique to solve efficiently a number of
problems defined on graphs. Since in some applications it is useful to have a result more general, as
we will se in Lemma 3.8, first planar graphs with non-negative costs on their vertices are considered
and the desired balanced separator theorem occurs as a special case, where the assigned costs on
the vertices is equal. Previously known balanced separator theorems include the following: (7)
Any binary tree of order n, can be separated into two subtrees, each with at most 2n/3 vertices,
by removing a single edge, (ii) Any n-vertex tree has a balanced separator S, such that |S| = 1,
and (i44) Any grid of order n has a balanced separator of size /n, hence, a y/n-separator theorem
holds for the class of grid graphs.

Theorem 3.6 (Jordan curve theorem | D). Let C be any closed curve in the plane. The
removal of C divides the plane into exactly two connected regions, the “inside”and the “outside”

of C.

Lemma 3.7. Let G be any planar graph. Contracting any edge of G to a single vertex preserves
planarity. This implies that contracting any connected subgraph of G to a single vertex, preserves

planarity.

Proof. Let G be a planar graph. Suppose, for contradiction, that there exists an edge e = vyvy €
E(G) such that, the resulting graph, G* = G/e, is not planar. Let, also, v be the resulting vertex
from the contraction of e, in G*. From Theorem 2.8, G* contains either K5 or K33 as a minor,
and let H be the induced subgraph of G* that contains exactly the vertices which contribute in
the resulting K5 or K3 3. Obviously x € E(H), or else H C G and as a result G would not be
planar. Suppose that K5 <,, G*. Then =z is either a vertex of K5 or has “disappeared” from the
contractions on H. If the second case holds, then K5 <,, G which leads to a contradiction. In the

first case K5 can occur from one of the following three graphs,

U1 V2 U1 V2 U1 V2
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all of which lead to GG containing K5 as a minor, which contradicts the original hypothesis that
G is planar. Suppose now that K33 <,, G* and consider the graph H as we did in the previous
case. Using similar arguments as in the case of K5, one can see that both of the following possible
graphs lead to a contradiction to the planarity of G,

U1 V2 V2 U1

——e

which completes our proof for the case where one edge is contracted. The case where a connected
subgraph is contracted is immediate, by applying induction on the number of vertices in the

subgraph to be contracted. O

As mentioned in the beginning of this section, in order to have a more general result, we
will fist prove that any graph, to which non-negative costs are assigned to its vertices, can be
separated into two parts, each with cost at most 2/3 of the total cost, by removing O(y/n) of its
vertices. The following two Lemmata will be useful for the proof of Theorem 3.10, of which the

v/n-balanced-separator theorem is a corollary.

Lemma 3.8. Let G be any planar graph of order n and f : V(G) — [0,1) a cost assignment to
the vertices of G, such that f(V(G)) < 1. Let also T be a spanning tree of G such that rad(T) =r
and root t. Then there exists a set S C V(G) such that t € S and |S| < 2r + 1, that disconnects G
into the sets A, B such that f(A) < 2 and f(B) < 2

Proof. Let G be a planar graph and f, T, the function and the spanning tree described in the
lemma, respectively. Without loss of generality, we can suppose that Vv € V(G), f(v) < %, since
otherwise the lemma would be true. Now, we embed G on the plane and we make each “internal”
face a triangle by adding a suitable number of edges to G. Let ET be the set of added edges to obtain
this triangulation of G and G* the resulting graph. Notice that any edge e € E(G*)\ (ETUE(T))
forms a cycle with some of the tree edges (otherwise it would be an edge of T'). Since rad(T") = r
each of these cycles is of length at most 2r + 1 if it contains ¢ and at most 2r — 1 otherwise. Due
to Theorem 3.6 each of these cycles divides the plane into two parts. Now it suffices to prove that
there exists a cycle such that neither the inside nor the outside contains vertices whose total cost
exceeds % (due to the triangulation we know that there exists at least one cycle). Let C be a cycle
in G*. We will denote by IN(C) the set of vertices that lie inside C, and by OUT(C') the set of

vertices outside C.

Claim i. There exists a cycle C C G*, such that the f(IN(C)) < £ and f(OUT(C)) < %

2
3
Proof of Claim i. Let xz be an edge in E(G*) \ (E* U E(T)) such that its corresponding cycle
C' minimizes the maximum cost either inside or outside the cycle. Break ties by choosing the
nontree edge whose cycle has the smallest number of faces on the same side as the maximum
cost and suppose that, that side is the inside of C. Suppose, without loss of generality, that
f(IN(C)) = f(OUT(C)), therefore if f(IN(C)) < 2 the proof of the Claim is complete. Suppose
that f(IN(C)) > 2.

Notice that the face that has xz on its boundary forms a triangle in G* and let y be its third

vertex. By examining each of the 6 possible cases which are illustrated below and by using the
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way we selected xz, one can show that it is impossible for the total cost of the vertices inside the
cycle to exceed %, and that proves the claim.

The first case leads to a contradiction due to our assumption that f(IN(C)) > 2, hence
IN(C) # (. In the second case we suppose that xy € FE(C) (alternatively yz € FE(C) which
can lead to a contradiction using similar arguments). Then yz ¢ FE(T) and it defines a cycle
(', such that IN(C") = IN(C), and has one less face than C' which contradicts to the selection
of xz. The third case is not possible since T" cannot contain a cycle by the definition of the
spanning tree. For the next case, we suppose that xy € E(T) (alternatively yz € E(T) which
can lead to a contradiction using similar arguments). Let C” be the cycle in G* defined by
yz. Notice that IN(C") = IN(C) \ {y}, hence f(IN(C")) < f(IN(C)). Moreover C” contains
one less face than C, thus if f(IN(C")) > f(OUT(C")), yz would have been chosen instead
of zz. Else, if f(IN(C")) < f(OUT(C")), then f(OUT(C") = f(OUT(C)) + f(y). However,
since f(OUT(C)) < 3 and f(y) < %, then f(OUT(C”)) < 2 which would lead to the selection
of yz instead of xz. If neither zy nor yz are in E(T), one of the two last cases would occur.
Then, as we see in case (e), each of xy and yz defines a cycle, we denote them by C; and Cy
respectively. In that case, IN(C) = IN(Cy) UIN(C3) U (E(Cy) N E(C2)). Suppose, without loss
of generality, that f(IN(C1)) > f(IN(C3)). Then f(IN(C1)) < f(IN(C)) and C; contains less
faces than C. Thus, if f(IN(C1)) > f(OUT(C})), xzy would have been chosen in place of xz.
On the other hand, suppose that f(IN(C1)) < f(OUT(Cy)). Then, since f(IN(C)) > 2 and
JUIN(Cy)) > f(IN(C)), f(C1)+ f(IN(C1)) > & and f(OUT(Cy)) < 2, which would lead to the
selection of zy instead of xz. The same arguments apply, in case (f), and lead to a contradiction.

Thus, all cases are impossible and C' satisfies Claim i. O

Consider now the cycle C, whose existence we proved in Claim i. Since |C| < 2r + 1, and
FUIN(C)) < 2, F(OUT(C)) < 2, C is the desired vertex set, and that completes our proof. O

Lemma 3.9. Let G be a connected planar graph of order n and f : V(G) — [0,1) be a cost assign-
ment to the vertices of G such that f(V(G)) < 1. Suppose that the vertices of G are partitioned into
levels according to their distance from some vertex v € V(G), and that L(l) denotes the number of
vertices on level l. If v is the maximum distance of any vertex from v, let r + 1 be an additional

level containing no vertices. Given any two levels ly, ly such that levels 0 through Iy — 1 have total

2

cost at most % and levels lo + 1 through r + 1 have total cost at most 3, it is possible to find a

18



CHAPTER 3. BALANCED SEPARATORS

vertex set S C V(Q) of size at most L(l1) + L(l3) + max{0,2(ly — Iy — 1)} that separates G into
two sets A, B such that f(A) < 2, f(B) < 2.

Proof. 1If I; > Iy we can set S to be all vertices on level ;. That separates G into two sets A, B,
which contain all the vertices on levels 0 through [y — 1 and through the levels {; + 1 through r
respectively. Since all the vertices on levels I3 4+ 1 through r have total cost at most % and I; > [y
that holds also for the vertices on levels I; + 1 through r, so the lemma is true.

If Iy < l> consider the vertex sets of G that occur after the removal of the vertices of both of
those levels. Those are, the vertices on levels 0 through Iy — 1, I; through I and Iy + 1 through
r + 1. The only part of those which can have total cost exceeding % is the vertices on level [;
through l5. If it does not, the lemma is true. Else, consider the graph G* that occurs after the
removal of the vertices on levels I through r and the contraction of all vertices on levels 0 through
l; to a single vertex v* and set f(v*) to be 0. Due to Lemma 3.7, G* is planar and also remains
connected due to the separation of the vertices into levels according to their distance from a vertex
v. G* has a spanning tree with root the vertex v* of radius Iy — I3 — 1.

After applying Lemma 3.8 to G*, we can find a set S C V(G*) such that v* € S of size at
most 2(l; — I; — 1) that disconnects G* into sets A, B such that f(A) < 2 and f(B) < 2 and
suppose without loss of generality that f(A) > f(B). Consider now the following partition of
V(G): " =SUV({;)uV(le)\v*, A =Aand B'=V(G)\ (S'UA"). By Lemma 3.8 f(A") < %
Moreover since f(A’US) > & (since f(B) < %) we have that f(B’) < %. After the observation
that |S’| < L(l1) + L(l2) + 2(l2 — I3 — 1), we can conclude that the lemma is true. O

Now, we will present the proof of the main theorem of this section, on which, the polynomial-

time algorithm for finding a balanced separator in any planar graph G, was based.

Theorem 3.10. Let G be a planar graph of order n and f : V(G) — [0,1) be a cost assignment to
the vertices of G such that f(V(G)) < 1. Then there exists a vertex set S C V(G) of size at most
2v2\/n that separates G into two sets A, B such that f(A) < 2, f(B) < 2.

Proof. Let G be a connected graph and v an arbitrary vertex of G. Using BFS we can partition
the vertices of G into levels according to their distance from v. Suppose that the furthest vertex
from v lies in the level . We will denote by L(I) the number of vertices on the level | (as we did
in Lemma 3.9) and we will add two additional levels, —1 and r + 1, each containing 0 vertices.
Consider a level l;, such that the total cost of the vertices from the level 0 through the level
Iy — 1 is less than 1/2, but the total cost of the vertices from the level 0 through I; is at least 1/2.
We can suppose that such a level exist, otherwise the total cost of all vertices in G is less than 1/2,
so the Theorem is satisfied for B =S = ). Let k be the number of vertices on levels 0 through 1.

Now, we want to find a level /g, such that [y <[y and
L(lp) < 2Vk —2(11 — lp)
and a level [5 such that I +1 <l and
L(ly) <2Vn—k —2(la — 1; — 1)

Suppose that two such levels exist. Notice that, due to the selection of the level [, the total
cost of the vertices on levels 0 through (lop — 1), and ls through r + 1 is not exceeding 2/3. Then
by applying Lemma 3.9, there exist a vertex set S C V(G) that separates G into two vertex sets
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A, B, each with total cost at most 2/3 and

1S| < L(lo) + L(lz) + max{0,2(ls — lo — 1)}
Wh—=2(y —lo)+2Vn—k —2(la =1y — 1) +2(ly — lo — 1)
< 2(Wk+Vn—k)

But 2(Vk + vn — k) < 2(y/n/2 + \/n/2) = 2¢/2y/n, hence, the theorem holds if suitable levels Iy
and [ exist.

Suppose, now, that a suitable level [y does not exist. Then Vi < Iy, L(i) > 20k — 2(ly —1).
Since L(0) = 1, this means that 1 > Wk =2l =11 + % > k. Thus, |; = [l + %J > L\/EJ, and

IN

I

I
k=Y L@ > Y 2Vk-2(h—1)
1=0

i=l1—|Vk]
LVE]
> (WVkl+1)2vE—2) i
=0
> (V] + 12vE - [VEJ(LVE] + 1)
> (LVE] +D@VE - [VE])
> VE(VE]+1) >k

which is a contradiction. A similar contradiction occurs if a suitable level I does not exist, and
this complete the proof in the case where G is connected.

Let G be a graph that is not connected, and let G1,Gs, ..., Gy be its connected components,
with vertex sets V1, Vs, ..., Vi respectively. Suppose that f(V;) < 5 L Vi € [k]. Let i be the minimum
index such that Z L f(Vi) > 3, and also let A =Ui_\V;, B = Uz:z—i—l‘/z' Since the total cost of
Vi does not exceed 1 / 3 and i is the minimum index that satisfies the previous condition, the total
cost of both A and B does not exceed 2/3. Thus, the theorem holds for S = 0.

If for some connected component, say G, % < f(v) < %, the theorem holds for A = V;,
B=Uf_ V;\V; and S = 0.

Finally, if for some connected component, say G, f(V;) > 5 2 consider the partition A*, B*, S*,
that occurs after applying the same arguments as we did in the case where G is connected, to the
component G;. Now let A be the set among A*, B* with the greater cost, say A*, S = S* and B
the remaining vertices of G. Notice that f(A) < 2 and f(B) < % (because f(Us_,V;\V;) < 5 and
f(B*) < % since f(A*UB*US*) > 2 and A* is the vertex set W1th the maximum total cost), s
Sisa balanced separator of the desured size.

Now, the proof is complete, since we showed that, in all cases, a planar graph G has a balanced

separator which is either empty, or connected in only one connected component of G. O

The following Theorem is a corollary of the Theorem 3.10 if we set the cost function to be

W for each vertex of a planar graph G.

Theorem 3.11 (y/n-separator theorem). Let G be a planar graph of order n. Then G has a
balanced separator of size at most 2\@\/75

Richard J.Lipton and Robert Endre Tarjan | ] also proved that the total cost of each of the
sets A, B of Theorem 3.10 can be reduced to at most 1/2, if we allow the balanced separator to have
2v2vn

size at most

T It is natural to ask whether a similar theorem is true for non-planar graphs.

Richard J.Lipton and Robert Endre Tarjan | ] showed that to be the case for “almost” planar
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graphs, referring to finite element graphs, a result which was later “extended” by Noga Alon, Paul
Seymour and Robin Thomas | ] for nonplanar graphs with a fixed excluded minor, as we

will see in more detail in the next section.

3.3 Non-planar Graphs

The results stated in this section were proved by Alon, Seymour and Thomas| ], who also
provided an algorithm that runs in time O(hl/ 2pt/ 2m), which given a graph G, computes either a
K}, minor of G or a balanced separator of G, of size at most h3/2,/n. This result was later improved
(for h >> \/logn) by Plotkin, Rao and Smith | ], who proved that any graph that excludes
K}, as a minor, has a balanced separator S of size O(hy/nlogn). In 2010, Kawarabayashi and
Reed | | proved, what was earlier conjectured by Alon, Seymour and Thomas, that for each
t, there is a balanced separator of size O(ty/n) in any graph G, of order n, with no K; minor and
they also provided an O(n?) time algorithm to obtain such a balanced separator. This bound is
the best possible, since every 3-regular expander graph G, of order n, is a graph with no K; minor
for ¢t = ¢y/n and with no balanced separator of size dn for appropriately chosen positive constants
¢, d. Moreover, this result generalized the result of Gilbert, Hutchinson and Tarjan [ ],that
every graph on n vertices and genus g has a balanced separator of size O(,/g/n), as K}, has genus
at least Q(h?).

The results proved in the previous section also hold if we extend the cost function f to
R* = (0,+0c), and use M as an upper bound on the total cost of each set of the parti-
tion. Therefore, Theorem 3.10 can be expressed in the following form:

Let G be a planar graph of order n and f : V(G) — RT be a function that assigns costs to each
vertex of G. Then there exists a vertex set S C V(G) of size at most 2v/2\/n that separates G into
two sets A, B such that f(A) < w, f(B) < w

Lemma 3.12. Let G be a graph of order n, Ay, ..., Ay subsets of V(G) and r > 1 a real number.
Then one of the following holds:

(i) FEither there exists a tree T in G of size at most v such that V(T) N A; # 0 fori € [k],

(ii) or, there exists a vertex set Z C V(G) of size at most M, such that no Z-flap intersects

all of Ay, ..., Ag.

Proof. Let G be a graph of order n, A;,..., Ay subsets of V(G) and r» > 1 a real number. We
may assume that k > 2. Let G',...,G*~! be isomorphic copies of G, mutually disjoint. For each
vertex v € V(G) and 1 < i < k—1, let v? be the corresponding vertex of G*. Now consider the
graph G’ obtained from Ui:ll G’ by adding for 2 < i < k —1 and all v € A; the edge v*~'v?, and
let X = {v!:ve A1}, Y ={vF1:ve A;}. Let d(u) be the number of vertices in the shortest
path in G’ that connects X to any vertex u (or oo if no such path exists). Now we will examine
the following two cases:

There exists a vertex u € Y, such that d(u) < r. Let P be a path that realizes that d(u) for
this vertex u € Y. Let S = {v € V(G) : v* € V(P) for some 4,1 <4 < k —1}. Since each vertex of
S corresponds to at least one vertex in P, we have that |S| < |V(P)| < r. Moreover, because each
G' is isomorphic to G and P is a path, G[S] is a tree in G. We can think of G’ as a graph that
has k levels (the copies of G' and G), in which the only way to go from the i‘" level to the (i —1)t"
level is through a vertex in A;, and the only way to go from the i*" level to the (i — k)" level is to

pass through all the levels between them. After that observation, we see that in order to connect
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a vertex in Y to a vertex in X we have to pass from each level, so V(S)N A; # 0 for i € [k]. That
means that case (i) is satisfied.

The next case to examine is, the case where d(u) > r, Vu € Y. Let ¢t = [r] and define for all
Jj € [t] the sets Z; = {u € V(G') : d(u) = j}, which are mutually disjoint (by the definition of d(u)
for a vertex u). Moreover, since |[V(G’)| = (k — 1)n, at least one of the sets Z1, ..., Z;, say Z; has
cardinality at most @ That means that |Z;| < @ < @ Since d(u) > r Yu € Y, every
path between X and Y has a vertex in Z;. Let Z = {v € V(G) : v’ € Z; for some i,1 <i < k—1}
and notice that |Z] < |Z;]| < @ Suppose, for contradiction, that F' is a Z-flap of G which
intersects all of Ay,... A, and let a; € F N A;, Vi € [k]. Since G[F] is a connected component of
G\ Z there exist a path, P;, that connects a; to a;;1 for all i € [k — 1]. Let P? be the path of G*
corresponding to P; and consider the vertex set V(P')U... UV (P*1). Due to the observation
of the graph G’ we did in the previous case, that vertex set includes a path of G’ between X and
Y, which as we assumed has length at least . However, since F' is a Z-flap, that path should be
disjoint from Z = Z;, which lead us to a contradiction. Thus, there exists no Z-flap that intersects
all of Ay, ..., Ay so case (i) is satisfied.

The proof of this lemma is now complete since for any graph and any real number r we either

found a tree that satisfies the first condition or a vertex set that satisfies (7). O

Theorem 3.13. Let h > 1 be an integer, and G be a graph of order n with a haven of order
h3/2p2. Then G has a Kj-minor.

Proof. Let G be a graph of order n and 3 be a haven in G of order h3/2n'/2. We can choose a
vertex set X C V(G) and a covey C with |C| < h such that

1. X CUcecV(C)

2. | X NV(C)| < h'/?n'/2 for each C € C

3. V(C)NB(X) =0 for each C € C

4. subject to 1, 2 and 3, |C| + 3|5(X)| + | X| is minimum.

Such a set X and covey C exists, since all the above conditions are satisfied for X = C = 0. Let
C = {C4,...,Cy} and suppose, for a contradiction, that k& < h. Let also, for 1 < i < k, A4; to
be the set of all vertices v € §(X) adjacent to a vertex in C; and G’ = G[5(X)]. By applying

Lemma 3.12 to G’ with r = h'/2n'/2 one of the following cases holds.

(i) There exists a tree T in G’ of size at most h*/?n'/2, such that V(T)NA; # 0, Vi € [k]. In this
case we can replace C by ¢’ = CU{T} and X by X’ = X UV(T). Since X C UcecV (C), we
have that X’ C Ugee/ V(C). Moreover, because |V (T)| < h'/?n'/? and T N X = ) condition
2 also holds for X’ and C’. Furthermore, X’ C X and |X’| < h3/2n'/2, s0 B(X’) C B(X).
Moreover, since V(T') C X', no vertex of T is in 5(X’), so B(X’) C B(X)\T. As a result, C’
is a covey and for each C € C’,

V(C)NBX) SV(C) N (BX)\V(T) =0

so condition 3 is also satisfied. Notice that T C G’ so |B(X")| < |B(X)\T| = |B8(X)|— |V (T)|,
and that | X'| < | X UV(T)|, but X NT =0, so | X'| <|X|+|V(T)|. Thus,

IC'1+318(X") + [X'] < [C] + 1+ 3[B(X)| = 3[V(T)| + | X] + V(T) < [C] + 3|B(X)| + | X]|
which contradicts to the minimality of the fourth condition.
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(ii) There exists a vertex set Z C §(X) of size at most % < h'/2p'/2 such that no Z-flap

of G’ intersects all of Ay,...,A. Let Y = X U Z be a vertex set. From condition 2 that
X satisfies, |X| < n'/2h'/?k and because of our assumption that k& < h — 1 we have that
|X| < (h —1)h'2n!/2. Because |Z| < h'/?n'/2, we have that |Y| < h%/?n'/2. That means
that S(Y) exists and S(Y) C B(X). Since 8(Y) is a Z-flap of G’ there exists an index i € [k]
such that S(Y) N A; = 0. We now extend C; to be a maximal tree C] of G that is disjoint
from B(Y') and from each Cj, (j # ¢). We also define Z/ =V (C))NZ, X' = Z'U(X -V (C}))
and W =V(C!) U (V(G) — B(X)). We will show that 3(X")NnW = 0.
Suppose for a contradiction that S(X’) N W # 0. Notice that X’ C Y, so f(Y) C B(X')
and hence there exists a path P that connects W to S(Y), in G[B(X')] (so it is disjoint
from X’). Due to our assumption that S(X') N W # () and the fact that 8(Y) C B(X),
B(Y)NW = . Hence, there exist two consecutive vertices u,v € P, such that u € W and
v e V(G \W C B(X). Since uv € E(G) and v € B(X), u € X U B(X) and because also
ueWand PNX' =0,

u e (XUBX))N(W\X') CV(C)

Since v ¢ W, it follows by the maximality of C; that v € B(Y) (else since u € W and
wv € E(G) we can extend C!). Moreover, since u € V(C!) and v ¢ B(Y) we deduce that
u €Y, and as a result

weY N\ X') CV(C)
However, by the definition of A;, v € A;, which contradicts our assumption that A;N3(Y") = 0,
so B(X"YNW =0.
Hence, 5(X') C B(X). Let C' = (C\ {C;}) Nn{C!}, which is a covey (since C! is disjoint from
all elements of C \ {C;}). We observe that
1. X' CuV(C):Cel), for Z/ CV(C))

2. | X' NV(C)| < hY?n'/? for each C € C', if C # C! then X' NV (C) = X NV(C), and
X'nv(c)H) =2

3. V(C)n B(x') =0 for each C € C’ (since S(X")NW = 0).
By the minimality stated in 4, the following should hold
IC'[+ 218X + [X U B(XT)]) = [C] + 2(18(X)[ + X U B(X)])

However, since |C'| = [C], 8(X') C B(X) C (X UB(X))\ (X NV(C;)), and because X N
V(Ci) = 0, we have that [C| +2(|3(X)] + [X U B(X)]) = [C'] + 2(I3(X")| + [ X" U B(X")]) =
€]+ 2(B(X)] + X U BX)]) = C'] + 2(18(X)] + X' U B(X')]). Hence, C\ {Ci}, X satisfy
the conditions 1, 2, 3 and contradict 4.

Since both cases resulted in a contradiction, k > h. Hence, there exist h vertex disjoint trees such
that any two of them are connected through an edge. By contracting each such a tree to a vertex,

we can conclude that Kj <,, G as required. O

Proposition 3.14. Let h > 1 be an integer and G be a graph of order n with no Kp-minor. Let
also, f: V(G) = R" be a cost assignment to the vertices of G. Then there ezists a set X C V(G)
of size at most h3/*n'/? such that f(F) < %f(V(G)) for every X-flap F.
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Sketch of Proof. Suppose for a contradiction, that for each set X C V(G) of size at most h3/2n1/2,
there exists an X-flap F, such that f(F) > 3f(V(G)). Notice that if we define for each X of
that size the function 8(X) = F (where F is the vertex set with the properties that we described
before), then f is a haven of order h3/?n'/? and thus, by Theorem 3.13, G should have K} as a

minor, which leads to a contradiction. O

Note that since the complete graph K}, contains every simple graph of order h as a subgraph,the

above results hold for every H of order h, so the following Theorem is a corollary of them.

Theorem 3.15. Let G, H be graphs of order n and h respectively and f : V(G) — RY a cost

assignment to the vertices of G. Then exactly one of the following is true:
(i) Either H <., G,

(ii) or, there exist a vertex set S C V(G) of size at most h3/?\/n that separates G into two sets
A, B such that f(A) < M, f(B) < M

As we did in the previous section, by assigning the same cost, WIG)I’ to each vertex of a graph

G, we can obtain the following result.

Corollary 3.16. Let G, H be graphs of order n and h respectively. Then exactly one of the

ollowing is true:
f 9
(i) Either H <,,, G,
(ii) or, there exist a balanced separator S C V(G), of size at most h3/?n'/2.

Alon, Seymour and Thomas | ] also provided an algorithm that realizes Corollary 3.16
in time O(h'/2n'/?m) by converting the proofs of Lemma 3.12 and of Theorem 3.13.
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EXPANDERS

4.1 Expanders and Balanced Separators

In this section we will prove what we have previously mentioned, that expanders are graphs that do
not have small balanced separators. This simple yet powerful connection between two central graph
theoretic notions (expanders and separation), usually perceived as belonging to quite different
worlds (extremal graph theory and structural graph theory, respectively) can be quite fruitful and

illuminating.

Proposition 4.1. Let G be an a-edge-expander of order n and S C V(G) be a balanced separator

of G. Then |S| > itay-

Proof. Let G be an a-edge-expander of order n and S C V(@) be a balanced separator that
separates G into the vertex sets A, B. By the definition of a balanced separator of a graph |A|, | B| <
22 and suppose without loss of generality that, |A] < |B|. Since |B| < 2*, AUBUS = V(G) and
A, B, S are pairwise disjoint subsets of V(G),

1A+ S| > g (4.1)

Moreover, because |S| is a balanced separator, we have that Ng(A) C S. Now, notice that by the

definition of an a-edge-expander and because [A| < 2, we know that |[Eg(A, A)| = |Eg(4,S)| >

a|A| from which we conclude that

S| —ald] > 0o
1
Z(S| = alA]) >
Lisi—ala) = 0s
L —alA) +14 +15] > e
« - 3
|5|(1+1) > ”—|A|<1—1>@
« 3 «
|S‘ %_‘A|(1_é)<:>
(2 +1)
an
> -
51 =z 31+ )

Notice that the second inequality holds since o > 0 while the third one occurs after adding the
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inequality (4.1) to the second one. Since S was an arbitrarily chosen balanced separator of G, our

proof is now complete. O

The following Proposition shows that the opposite implication is also true, in the sense that

graphs without small balanced separators contain large induced edge-expanders.

Proposition 4.2. Let a > 0 be a constant and G a graph of order n. If all balanced separators of

2n

3 vertices.

G are of size at least an, then G contains an induced (%)—edge—expander of at least

Proof. Let G be a graph and a > 0 be a constant as described above. If every vertex subset of
size at most 5 has edge expansion at least (37"‘), then, by the definition of edge expansion, G is an

(%)—edge-expander so our proof is complete.

Else, there is a subset V; C V(G) of size at most % such that |Eq(Vi, V)| < (%) Consider
now the graph G; = G[G \ V1] and observe that since all balanced separators of G have size at
least an, Gy is connected. If G is still not an (%)—edge-expander we can construct the graph Gs
by deleting a subset of it vertices as we did while constructing G;. Consider Z to be the union of
the sets of vertices that are deleted at each iteration. Suppose that k** is the first iteration after
which |Z| > 7 and let Vi be the set that is deleted from Gj_; in order to obtain G. Due to the
selection of Vj, we have that |V;| < w and |Z \ Vx| < §. Combining these two inequalities,
we have

7)< 22 (4.2)
3
The set Ng(Z) forms a balanced separator in G (separating Z and V(G) \ (Z U N¢(Z))), hence

3%%, which leads to
3a|Vi|

its size is at least an. However, due to inequality (4.2), we have that an >
a contradiction (because at each iteration we select the set V; such that Ng(V;) <

Hence, the removal process stops with [Z| < % and the final graph of this process is a (37)-
edge-expander on at least 27" as required. O

Thus, when aiming to prove results about graphs without sublinear balanced separators, we

can choose instead to operate on expanders.

4.2 Expanders and eigenvalues

There are various matrices that are naturally associated with a graph, such as the adjacency
matrix, the incidence matrix and the Laplacian. One of the main problems of algebraic graph
theory is to determine precisely how or whether, properties of graphs are reflected in the algebraic
properties of such matrices. Hence, apart from balanced separators, another scope from which
we can operate when studying expanders, is the properties of the matrices related to them. In
order to do so, we will need some basic definitions and properties from linear algebra (mainly for

symmetric matrices).

Definition 4.3. The trace of a square matrix A is the sum of its diagonal entries and is denoted
by tr(A).

Definition 4.4. Given a matrix A, a vector x is defined to be an eigenvector of A if and only if

there exists a A such that Ax = Az. In that case A is called an eigenvalue of A.
Proposition 4.5. Let A be a square matriz. Then the sum of its eigenvalues is equal to tr(A).

Lemma 4.6. Let A be a symmetric matriz with real entries. If u and v are eigenvectors of A with

different eigenvalues, then u and v are orthogonal.
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Lemma 4.7. The eigenvalues of a real symmetric matriz A are real numbers.
Definition 4.8. Let G be a graph of order n.
e The edge boundary of a set S C V(G), denoted by 95, is 95 = E(S, S).
e The (edge) expansion ratio of G, denoted h(G), is defined as

h(G) = min 195]
{scv(@lisi<z} |S]|
Definition 4.9. A sequence of d-regular graphs {G;};en of size increasing with i, is a family of

expander graphs if there exists € > 0 such that h(G;) > € for all i.

Definition 4.10 (Algebraic definition of expansion). The Adjacency Matriz of an n-vertex, simple
graph G, denoted A = A(G), is an n xn matrix whose (u, v) entry is 1 if uv € E(G) and 0 otherwise.
Notice that since A is a symmetric matrix with integer values, it has n real eigenvalues which we
denote by A\; > Ay > --- > \,,. We refer to those eigenvalues as the spectrum of the graph G.

Observation 4.11. If G is a d-reqular simple graph, then the eigenvalues of its adjacency matriz
satisfy the equality Zie[n] Ai =0 (since Zie[n] Ai = tr(A) for any matriz, and G is a simple graph,

so the elements of its diagonal are 0).

As we can see from the following proposition, the spectrum of a graph encodes a lot of infor-

mation about it.

Proposition 4.12. Let G be a d-reqular graph of order n and Ay > Ao > -+ > A, be its spectrum.
Then,

(i) A1 =d, and the corresponding eigenvector is v1 = ( ,...7ﬁ).

S

(ZZ) )\1 = maXHzH:l JZTAJZ = INaXgz+£Q %
(iii) G is connected if and only if A1 > Aq.
(iv) G is bipartite if and only if \y = —\,.

Proof. (i) Let 2 = (x,)yev(e) # 0 be an eigenvector corresponding to the largest eigenvalue, A1,
and z, be the entry of x with maximum absolute value. By the definition of an eigenvector

we have that A\, -z = A(G) - x, and since A is the adjacency matrix of G, we have that,

MTy = § Loy

vEN (u)
so, due to the selection of z, and the fact that G is d-regular,
(A1 - x| = Z Zy| < Z |2y] < Z |y | = d|zy]-
vEN (u) vEN (u) vEN (u)

Now, it is easy to verify that d is indeed an eigenvalue of A(G), and that its corresponding

vector is v; = (%, e ﬁ), using the fact that G is d-regular.
(ii) Let z € R™, such that ||z = 1. If  is an eigenvector of an eigenvalue A of A then

Arv =Xz = 2T Az =2 e = 2T Az =A< \y
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(iii)

(iv)

If z is not an eigenvector of A. Let x1,...,x, be the orthonormal basis of the eigenvectors of
A (notice that if two eigenvectors of an adjacency matrix correspond to different eigenvalues,
they are orthogonal to each other). Then there exist ki,...,k, € R such that z = kyx; +
.oo+ kpy, and because ||z|| =1, 1 = ||z||*> = k3 + ... + k2. Hence

eTAx = (kiot 4+ ...+ kpaD)A(kixy + ...+ kpzy) = (4.3)
M+ B2, < (BT 4.+ kDA =)\

As a result Ay > max ;=1 2T Az, and sunce for the corresponding normalized eigenvector of
A1, 71, A1 = o1 Axq, we have that

A\ = max 2T Az
llzll=1

Moreover if z € R™, we know that for 2’ = T {z'} = 1. Thus

TA
A = max zT Az = m x 2 2%
llzl|=1 zek” ||z|[|z||

Suppose that G is a disconnected graph and let C' be one of its connected components.
Consider the vectors = (21, ...,2,), where x; = 1 if the corresponding vertex is in C' and
0 otherwise and and y = (1,...,1). Notice now that since each connected component of G
is d-regular, d-z = A(G) -z but also d -y = A(G) - y, s0 A1 = Aa.

Now, supose that G is a d-regular connected graph and that there exists an eigenvector
that correspond to the eigenvalue d other than, v = (ﬁ, R ﬁ) Let that vector be
x = (x1,...,%y,), and let also v, be the vertex that corresponds to the largest x,,. As we
have seen before, d - x,, = ZveN(vm) ., and because r; < x,, for all i, z; = z,,, for all
v; € N(vp,). By repeating this, for the vertices that are not neighbors of v,,,because G is

connected, we have that x; = z,, for all 7, which contradicts our assumption that x # v.

(=) Let G be a d-regular bipartite graph. Since G is bipartite we can re-index its vertices
such that

We proved that d is an eigenvalue of A(G) and let v = [x
Y

a’
gti

So, —d is an eigenvalue of A(G) and its corresponding eigenvector is l v ] .
Y

1 be its eigenvector. Then we have

0 B
BT 0

T
£)

and as a result By = dx and BTz = dy. Hence

0 B
BT 0

X

-y

—By
BTz

(«<=)Now suppose that G is a connected graph such that Ay = —\,. Let also x,, be the

eigenvector corresponding to the eigenvalue )\, and y be the vector that its i*" entry is
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|z, (7)|. We now have,
Aol = | —d =g Az| < Y Aijlaa()la ()]
5]

= ZAijy(i)y(j)

= y' Ay
< M\
The assumption that A, = —A\; implies that all the above inequalities are equalities, so y

is an eigenvector corresponding to A;. Because y > 0 and G is connected (so we know the

eigenvector that corresponds to A1), we have that y > 0 and as a result z, (i) # 0 for all

i€ [n].
Since all inequalities are equalities we have 3, ; Aj|zn (9)|[2n (5)] = [ 32, ; Aijn(1)zn(d)], s0
T, (i), (j) has the same sign whenever A;; is positive. Since A\, = —d = 2% Az,, < 0, all of

these products must be negative. This implies that for any v;v; € E(G), either x,(i) > 0
and x,(j) <0, or ,(j) > 0 and z,,(¢) < 0. This induces the bipartition

V=A{i:z,(i) <0}

W ={i:x,(i) >0}
which shows that G is bipartite (v,vs € W and vive € E(G), imply that z,(1),2,(2) > 0

and z,,(1)z,(2) < 0 respectively which is a contradiction).
O

Given a d-regular graph G of order n, we denote A = A(G) = max{|Az|, |\n|} (that means that
A is the largest absolute value of an eigenvalue other than A\; = d). As we will see below, the

graph’s second eigenvalue is closely related to its expansion parameter.

Theorem 4.13. Let G be a d-regular graph with spectrum Ay > Ay > --- > X\,. Then

=2 2 (@) < Vadd—N)

2
This theorem is due to Cheeger | ], and Buser [ | in the continuous case. In the
discrete case, it was proved by Dodziuk | ] and independently by Alon-Milan | ], and
by Alon | ]. More concretely we see that d — A, also known as the Spectral Gap, provides an

estimate on the expansion of a graph. In particular, a d-regular graph has an expansion ratio h(G)
bounded away from zero if and only if its spectral gap is bounded away from zero.

The following lemma shows that a small second eigenvalue in a graph implies that its edges are
“spread out”, a hallmark of random graphs. This useful bound probably appeared in print first by
Alon and Chung | ].

Lemma 4.14 (Expander Mixing Lemma). Let G be a d-regular graph of order n and set A\ = A(G).
Then for all S, T C V(G):

d|S||IT
sy~ DT < s

The left-hand side of the above inequality measures the deviation between two quantities: one
is |E(S,T)|, the number of edges between the two sets and the other, the expected number of edges
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d|S||T]
n

between S and T in a random graph of edge density %, namely . A small X implies that this
deviation is small, so the graph is nearly random in this sense.

When the spectral gap of G is much smaller than d, the upper and the lower bounds of theo-
rem 4.13 differ substantially. This is expressed through the converse of the expander lemma, which

was proven by Bilu and Linial | ].

Lemma 4.15. (Converse of the Expander Mizing Lemma) Let G be a d regular graph and suppose
that there exists a positive number p, such that the following inequality holds for every two subsets
S, T, of V(G).

d|S||T
(s 1)) - P < s

Then, A < O(p(1+ log(%)). This bound is tight.

Although many results occur through the algebraic notion of spectral expansion, in some con-
texts it is more convenient to use the definition of vertex expansion, such as when constructing
expander codes, as Sipser and Spielman did in | ]. As one can imagine there is a connection be-
tween these two definitions. This relationship was discovered in a series of works by Alon, Milman

and Tanner (] 11 I ]), and is expressed through the following two theorems.

Theorem 4.16. Let G be a graph of order n and let, its second largest eigenvalue be X. Then G

is also a (an, m)—verteaz expander.

Notice that the relationship expressed by this theorem behaves as we would expect, that means,
the smaller the A, the greater the vertex expansion of the graph. The next theorem gives the

converse relationship.

Theorem 4.17. Let G be a d reqular, (1 + «)-vertex expander, of order n. Then, there exists a
real number v = Q(a?/d) such that the second largest eigenvalue, \, of G is equal to (1 — 7).

In the next section we will see how through the combinatorial definition of vertex expansion

we can obtain results about minors in expanders.

4.3 Minors in Expanders

Given the prominence of theory of minors it is only natural to expect to see meaningful research
connecting expanding graphs and minors. Indeed, there have been several papers addressing this
subject directly or indirectly. The theorems we are going to see in detail in this section are about
vertex-expanders, were proved by Krivelevich and Sudakov | ] and are an extension of results
of Alon, Seymour and Thomas | ], Plotkin, Rao and Smith [ ] and of Kleinberg and
Rubinfeld [ ], who cover basically the case of expansion by a constant factor ¢ = ©(1). The
main theorem of this section, states that

If G is a (t,a)-expanding graph of order n and t > 10, then G contains a minor with average

degree at least
svntlogt
ca’ —=
Viogn

where ¢ > 0 is some absolute constant independent of a.
The idea of the proof of this theorem is to repeat the following iterative procedure p times. In

the beginning of iteration k + 1 we will have k pairwise disjoint sets of vertices of G, By, ..., By
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each of size |B;| = ¢, such that all induced subgraphs G[B;] are connected. We will construct a
new subset Byy1, also of size ¢, such that the induced subgraph G[By41] is connected and there
are at least %k indices 1 < < k such that there is an edge from B; to Biyi1. In the end of this
algorithm if we contract all subsets B;, and choose the values of p and ¢ carefully, we will obtain
a graph of the desired average degree .The construction and the proof of the properties of the set
Bj41, will be completed in two stages

Stage 1: We will first prove that there exists a subset X C V(G)\ B such that, every connected

component, G;, of the resulting graph G” = G[V(G) \ (BUX)] is a (%, S )-expander.

Stage 2: Using probabilistic arguments we will show that there exists one connected component
G that is connected with at least %k of the sets B; through an edge.

In order to prove the existence of a set X that is described in Stage 1, which will also be useful
for the proof of Proposition 4.24 we will need the following lemmata:

Lemma 4.18. Let G be a (t, «)-expanding graph of order n, and t > 10. Let also, B C V(G) be

a vertex set of G, of size at most 0.06an. Then, for the graph G' = G[V(G) \ B], the following
holds:

2|B t| X

VX CV(G) % <X < 5 Ne(x)) > X

Proof. Suppose, for contradiction, that,

2|B t| X
X CV(G): % <X < ? = |Ng (X)] < %
Hence,
X
[Na(X)| < [Ne(X)| + |B| < —= + |B] < t|X| (4.4)

The first inequality of (4.4) holds due to the fact that G’ = G\ B, the second one as [N/ (X)| < %,

while the last one comes as a result of the size of |X|. However, since G is (t, @)-expanding and

X is a vertex set of G of size, [X| < <%, by the definition of (Z,a)-expanders we have that

|[Ng(X)| > t|X|, which contradicts inequality (4.4). O
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Using now Lemma 4.18, we will prove the following.

Lemma 4.19. Let G be a (t,«)-expanding graph of order n, and t > 10. Let also, B C V(G) be
a vertex set of G, of size at most 0.06an, and denote by C the vertex set V(G)\ B. Then, for the
graph G' = G[C], the following holds:

ax co(x1 < 22 avg c 0\ x(01 < 2 = INgren (@)1 2 1)

Proof. During the proof of this lemma we will denote Dx = C' \ X, G% = G[Dx]|. Suppose, for

contradiction, that

Q\Bl

vx c o(x) < 223 ¢ by (01 < 2 = Ivey (@)1 < 1), (45)

Let X = (). From the above assumption, 3Qg C Dy : [Qp| < <% A [Ny (Qo)l < M Let Qg be

such a maximal set. Since G’ = G, we can apply Lemma 4.18 to G and deduce that Qg < Q‘Bl

(otherwise, Ngy > t‘Q“" ).

Since (4.5) is true for every subset of C, of size less than M, it will also be true for Qy. For
the rest of this proof, we will denote the set Qg by X. Due to the choice of X, and because G is

(t, a)-expanding we conclude respectively that

=

[Ne(X)| = [Nan(X)] < > (4.6)

No(X)| > 4X] (47)
Let Qg € Dx be a vertex set, such that |Qg| < ¢* and
Qx|

Ny (Q)| < 19 (1.8

We now observe that Q¢ # (), in order for inequality (4.8) to hold, and that X, Qg are disjoint
subsets of C. Thus, one of the following cases should be true:

N 2|B
() X UQg| <22 )
This case, since Q¢ # (), contradicts the choice of X as a maximal set with the required

properties.

(i) 22 < |X UQyl < 2
In this case we have that

INe (@)l +INe(X)] 2 [Ner(XUQx)|
> t(|X“;|QX|)
> N ()] + 491

The second inequality is a result of Lemma 4.18, while the third, of the inequality (4.7).
However the fact that \NG% (Qz)| > @ contradicts the inequality (4.8).
(i) |XUQg| > e

. . - 2|B
In this case, since | X| < %

— 1, we have that

an — 2|B an
%<|Q5{\Sf

32



CHAPTER 4. EXPANDERS

and because G is (¢, a)-expanding, |[Ng(Qx)| > t|Qx| > an — 2|B|. Moreover because

X
1X]| < 2'?‘ 1 we know that NG[B]( %) < |B| and Ngi3(Qx) < @ — 1. Observe now

that Ner (@x) = Na(Qx) — Nap)|(@x) — Ngix1(Qx) and |B| < 0.06an so

0.12
an 49

2|B
New (Qx) = an—2\B\+1—|B\—%+l20m—0.180m—

12 1O«
- 0.82an—07+220.82anz % > HQxl

which contradicts inequality (4.8)

Since all three possible cases resulted to a contradiction, X is a vertex set of size at most @ that
does not satisfy the relationship (4.5) so we obtain the desired contradiction and the proof of this

lemma is now complete. 0

Lemma 4.20. Let G be a (t, a)-expanding graph of order n, and t > 10. Let also, B C V(G) be
a vertex set of G, of size at most 0.06an, and denote by C the vertex set V(G) \ B. Then there
exists a vertex set X C C, such that every connected component of G” = G[C\ X| has size at least

an
5

Proof. We will show that the vertex sets X that satisfy Lemma 4.19 also satisfy this lemma. Let
X be such a vertex set and denote by D the set C'\ X and by G” the induced subgraph G[D].
Let also, v be an arbitrary vertex of G”, and V; its connected component. Denote by Y; the set of
vertices in V7, in distance at most i from v. Obviously Y; C Y; ;. Also from Lemma 4.19 we have
that |Y1| = [Ngr(v)| > £. We will now repeat the following procedure until we find an index j for
which |Y;| > .

1. Weset Z =Y.
2. If [Z] < 4* we notice that from Lemma 4.19, and because t > 10

t|Z|
Y] > 5 > |Yj|

and we repeat this step for Z = Y.
3. If |Z] > %%, we terminate the procedure.

This procedure will terminate since each time we repeat step 2 we increase the size of Z. Moreover,
once we reach step 3, from Proposition 2.1, we can repeatedly remove as many vertices as needed

n

from G[Z] in order to obtain a connected subgraph of Vi, H, of size exactly ¢*. Now, from

Lemma 4.19, we have that

x| = M v = 2

Since v is arbitrary, and because we will eventually reach step 2, every component of G” has size
at least %*. O

Now we are ready to use these lemmata to prove the following theorem:

Theorem 4.21. Let G be a (t,«)-expanding graph of order n and let t > 10. Then G contains a

minor with average degree at least

o vntlogt
Vviogn

where ¢ > 0 is some absolute constant independent of a.
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Proof. Let

3
OQ
3

LV 6
P= 100 \/logn qia

Consider being in the k + 1 iteration, hence we already have constructed the k subsets of V(G)

~
—
Q
0Q
~

with the properties that are described above. Denote

k
B=|JBiandb=|B|
i=1
Since k is at most p, b = kg < pg = 0.06an. We will denote C = V(G) \ B and by G’ the
induced graph G[C]. Hence, we can apply Lemma 4.18, to G, B, and have as a result that
VX CCO: 2 <|X] <2 = [N (X)) > B
Now, let X be a subset of C that satisfies Lemma 4.19, which we have proved that also satisfies
Lemma 4.20. For the rest of this proof we will denote D = C'\ X and by G” the induced subgraph
G[D]. We will also denote the connected components of G” by Gi,...,G;, where [ < % due to
Lemma 4.20.
Let Gy, be a connected component of G, and Y C V(Gy) : [Y] < M Obviously |V| < <2
since V(Gy) < n, so from Lemma 4.19 we have that |[Ng»(Y)| = |Ng,(Y)| > @ Since § <1

and Gy, is arbitrary, each connected component of G is (%, 5 )-expanding. From Lemma 2.20 we
have that
71
diam(G;) < — 2" 1 <i< (4.9)
alogt

We will now proceed into proving the second stage of this proof.

Claim i. There exists an index i, such that there are at least r = % sets Bj, each having at least

M neighbors in G;.

Proof of Claim i. Suppose that for every G; there exist at most r — 1 sets B;, which have at least

% neighbors in it. Thus, there exist k — l% = 5 sets B;, each having at most ltlB - %q
neighbors in G = Ui 1 G; (since each has at most 5 neighbors in each G;). We know that each
B; is of size ¢, and that they are pairwise disjoint, so the union of these 2 sets, B’, has size qu = %.

Now, considering the size of B’ we will examine the following cases:

(i) If |B'| < 22, since G is a (¢, a)-expanding graph
, , th

INa(B)] > t|B = ¥ (110)
Moreover, due to the above assumption, B’ has at most %;q = & neighbors in G”. So the

rest 22 neighbors of B’ in G must be in X U B. However,

b2+ 1)
t

2 2b
[XUB|=|X|+|Bl< T —1+b< T +b=

We also observe that for ¢t > 10, YR 1 hecause (t—2)2-12>0=t>—4t—8 >

7 gy
0= % < ﬁ and b > 0. So B’ can not have % neighbors in X U B, which contradicts

inequality (4.10).

(ii) If |B'| = %, we can select [ 7] subsets of B’, B;, whose union has size at most %* (this is
possible since % < in this case) Because G is (t, a)-expanding, it has at least % neighbors

in GG, which lead us to a contradiction, using the same argument as in the first case.
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O

Due to Claim i, without loss of generality, we suppose that each of By, ..., B, has at least %
neighbors inside GG;. Denote these sets of neighbors by Uq, ..., U,, respectively.
Pick uniformly at random with repetition gll vertices of (G; and denote this set by W. Let also,
Q be the set of all the possible sets W after the end of the selection that is described above and

define the random variables

AW) = #{ielr]: UNW#0}
AW = 0,if WnNnU; =0
1L,ifWnNU; #0

Claim ii. E[A] > %

Proof of Claim ii. First, we will prove that

Ui )'W !
PWnNU; =01 < (1- < =,
| ] ( TN c

Let v € G be a vertex uniformly at random selected. Notice that the probability that v ¢ Uj; is

. 1\ W
equal to % =1- % , so for every U; , PIW NU; = 0] = ( Ilgll“) . Moreover, since

|U;| > & and |[W| = ‘Ciql we have that

21

Ui
|G

syl _ - Lyl o

Wi _
)< ren

We also know that E[A] =E[>._; A4;] = > :_, E[A;] and

1
SO AWPW= > PW]=PWNU#0]>1-—
WCG, WCV(G1) c
WnU;#0
so, E[A] >r(1-1) > 1. O

Due to Claim ii there is a set W, such that

T

IRE

Uql'TW?f(D

i=1

> > %’“ (4.11)

N3
ST

with the last inequality being true because | < % Let wq be a vertex of W and Py, be a collection

of paths that realize the distance from wq to any other vertex of W. We now have
7|W\logn  141|Gi|logn _ Tlnlogn
[V(Puwo)l < = <
alogt tqalogt tqlogt
Taly/nlogn < 14v/nlogn

6y/tlogt — 6+4/tlogt

The above inequalities hold due to equation (4.9), |W| = Ql‘Gl G = %, q=28 \/L;iog: and
og

I < 2 respectively. Obviously the induced graph G[Py,] is connected. By adding in P,,, as much
vertices with their corresponding edges, as needed, we can obtain a connected subgraph of Gy, of
size ¢, which contains W. We denote this set by Bi4+1 and due to equation (4.11) we have that
this set is connected with at least %k sets B;, 1 <i<k.
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After p repetitions of this procedure, and by the contraction of the sets By,..., B, we obtain the
vertices by, ..., b, respectively, each of a degree at least @. We denote the induced graph of

these vertices by G, and we notice that the average degree of this graph is

p deg(b) 1.77 2a(i—1) o p
d Gm — =1 ? > 1=1 8 _ = Z
(Gr) p B p 4p ;
_ app-1) alp-1)
4p 2 8
a oi«nt logt _
8 \ 100 /logn
which completes the proof of Theorem 4.21. O

Corollary 4.22. Let G be a (t,a)-expanding graph of order n, and let t > 10. Then G has a

clique of size
svntlogt
ca® ———
logn

as a minor, where ¢ is an absolute constant, independent of .

Proof. Let G be a (t,a)-expanding graph of order n, and also let ¢ > 10. Due to Theorems 4.21
and 2.13 we deduce that G has a clique of size

COé3 \/ntlogt
0 \/logn

\/ntlogt
4/ logn

as a minor. Notice that t <n,a <1 and ¢ <1 so

c 34/ ntlogt
logn . ntlogt
3
c1 | ca

3/ ntlogt vn?logn
log ca ~oan Viogn 1og(37\/@

Vntlogt )

log ca®

2
%

3
(ca V1ogny/logn
<0a3 V/nt logt)

\%

C1

Y

C1

logn
O

Lemma 4.23. Let G be a (t,a)-expanding graph of order n and A C V(G) a subset of size at
most %, Then G' = G[V(G) \ A] has a connected component of size at least %

Proof. Let G’ be a graph as described above and suppose that all of its connected components
have size at most %*. Then, by taking the union of some of those components we obtain a subset
of V(G), A’ such that ¢ < |A'| < 9. Since A’ is a union of connected components of G’,
N(A")NG" =0, so the neighbors of A’ is only inside the set A. However from Proposition 2.19 we
have that Ng(A’) > %*, which contradicts to the size of A. O

Proposition 4.24. Let G be a (t,a)-ezpanding graph of order n and t > 10. Then G contains a

clique minor of size
logt
Qa2
(a logn >
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Proof. Let G be a (t, a)-expanding graph of order n, and

nlogt nlogn
b= 100 logn’ log
We will now construct p pairwise disjoint subsets of V(G), By, ..., B, each of size ¢, such that,

the induced subgraphs G[B;] are connected, doing the following procedure:

1. Choose B; to be an arbitrary subset of V(G) such that the induced subgraph G[B] is
connected and |B;| = q.

2. In order to choose the sets B;, 2 < i < p, we denote A = U;;} By. Since pg = {55, we have

|A] < . Due to Lemma 4.23, there is a connected component of G[V(G) \ A], G, of size

t e,
4
connected subgraph of G, such that |B;| = q.

at leas Now, due to Proposition 2.1, we can choose B; to be the set of vertices of a

Denote B = (J/_, B; and let B” be a subset of V(G) of size at most “130‘, such that B'N B" = 0.
Also denote B = B’ U B”.

Using the same arguments as in the proof of Theorem 4.21 and the fact that ¢ > 10, we can prove
that

B
IX CV(G)\ B, [X]| < 5' | |2| :
e The graph G’ = G[V(G) \ (X UB)] is (£, )—expanding, with at most | = 2 connected
components G, ..., G, each of diameter at most Zlﬁ)gg .

e There exists a connected component G;, 1 < i <1 such that at least &; > <P sets B; have

neighbors in it.

We will now select B” in a way that it contains vertices of pairwise disjoint paths (that are not in
B’), each of them connecting a different pair of the sets B;,1 < j < p we have already constructed.
We will prove that, through this selection we can find ¥ sets B; that are pairwise connected by

disjoint paths. Notice that, if two sets B;, B; are connected through a path P, then |P| < Zlﬁ)g" +2,
gt

since they should either be connected through one edge, or through a connected component G,

which, as we mentioned above, has diameter at most Llﬁ)gg . Also

p\ Tlogn < pj_ D 710gn_oz72nlogt7logn
alogt 2 alogt 104 logn alogt

Tan _an pq |B|
= < =2 4.12
104 — 103 10 10 ( )

so even if all sets in B’ were pairwise connected, the size of B” would still be at most ‘ | (because
the endpoints of each path will obviously be in B’).

Consider now the following iterative procedure, which, in each iteration, adds in B”, the vertices
of a path that connects two sets on B’ who were not connected before:

1. Let G’ be the graph that is constructed, using B, as described above. Then there exists a
connected component G; which has neighbors in at least %7 of the sets in B’.

2. If those % sets are already pairwise connected, stop this procedure.

3. Else, there exists a pair B;, B, of them that is not connected through a path in B”. Since

both have neighbors in G;, and G; is connected, we can find a path P, through G; that

7logn

connects them. Select this path to be a minimal one, so it has at most alogt vertices in Gj.

Add these vertices to B” and repeat step 1.
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4.3. MINORS IN EXPANDERS

The above procedure will be repeated at most (g) times, so due to equation (4.12) there will always
be a component G; with the required properties in G’, in order to add a path in B”.

After the end of this procedure, we will have £ sets B; that are pairwise connected through

4
pairwise disjoint paths. The contraction of these sets and of the corresponding paths results in a
clique of size 5 = 4—60012 7}(:;5‘;’:, which completes our proof. O
One other well-known result in this area, due to Kawarbayashi and Reed | |, shows

that every a-expander G with n vertices and maximum vertex degree bounded by d contains a
clique with Q(a@) vertices as a minor. Recently, Krivelevich and Nenadov [ | improved the
dependence on the expansion « and the maximum vertex degree d under a somewhat stronger

definition of expansion.
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CHAPTER D

CONCLUSION

In this thesis we proved in detail some basic theorems on balanced separators, and how they are
connected to expanding graphs. Moreover, we provided a brief introduction on spectral graph
theory, that is, how the eigenvalues of a graph are connected to its expansion. We also stated the
Expander mixing lemma and a correlation between the algebraic and the combinatorial definition
of expansion. As far as the substructures in expanding graphs is concerned we studied in detail
the minors one can find in them.

Finding large minors in expanders has been studied by several researchers, with the most recent
result being that of Chuzhoy and Nimavat [ ], who proved the following, which also achieves
a tight dependence on n: There exists a universal constant ¢, such that every a-expander, G, of
order n and maximum degree at most d, contains every graph with at most ﬁ . (%)c vertices
and edges as a minor. They also provided a randomized algorithm with time poly(n,d/«) that

realizes this theorem.
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