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Abstract

Spectral graph theory deals with the eigenvalues of a graph. The set of
eigenvalues of a graph, is referred to, as the spectrum of the associated graph.
The spectrum has indeed many important applications in graph theory. I will
address some of these applications, but there are many more.
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Chapter 1

Eigenvalues and the
Laplacian of a graph

1.1 The Laplacian and eigenvalues

We begin with a graph G. Let d, denote the degree of the vertex v. The
first step is to define the Laplacian for graphs without loops and multiple edges.
Consider the matrix L, defined as:

dy, ifu=w
L(u,v) =<¢ —1 if u and v are adjacent
0 otherwise

Then we define the Laplacian of G as the matrix:

1 ifu=wvandd, #0
L(u,v) =1L — dludv if u and v are adjacent
0 otherwise

T denotes the diagonal matrix with the (v, v)-th entry having value d,,. We can
write

L=T"12L7"1/?

where T~1(v,v) = 0 for d,=0. (Notice that if d, = 0, the vertex v is isolated.)
A graph is called nontrivial if it contains at least one edge.

The matrix £ Can be viewed as an operator on the space of functions g :
V(G) — R which satisfies

1 (o) g
Llotw) = =2 <¢d* - ch)

u~v

Where Z denotes the sum over all unordered pairs {u, v} for which v and v

u~v
are adjacent. When G is k-regular, i.e. every vertex has degree k, we have

1
E_I_EA7



where A is the usual adjacency matrix of G and I is the identity matrix. The
matrices here are n x n where n is the number of vertices in G.
For a general graph, we have

L = T V2Lr—Y2 = [ Y2AT1/2,
Moreover, £ can be written as
L =55
where in the matrix S the rows are indexed by the vertices and the columns

are indexed by the edges of G. Each column that corresponds to an edge

e = {u,v} has an entry\/}T in the row corresponding to u, an entry \;—di in

the row corresponding to v, and has zero entries elsewhere.

The eigenvalues of £ are all real and non-negative, since £ is symmet-
ric. When we have these characterizations of the eigenvalues, we can use the
Rayleigh quotient of £. The Rayleigh quotient is used in eigenvalue algorithms
to obtain an eigenvalue from an eigenvector. Let g be an arbitrary function
which assigns a real number ¢g(v) to each vertex v of G and ¢ can be viewed as
a column vector. Then, one has

(9.Lg) _ (g, T7'2LT ')
(9,9) (9,9)
(f,Lf)

(TV/2f, T2 f)

S (f(u) — f(0))
uy (1.1)

S rod,

where ¢ = TY2f and Z denotes the sum over all unordered pairs {u,v} for
which u and v are adjacent. Z(f(u) — f(v))? is called the Dirichlet sum of G

u~v

and the ratio in the left hand side of (1.1) is called the Rayleigh quotient.

According to equation (1.1) all eigenvalues are non-negative and we deduce
that 0 is an eigenvalue of £, as our next example will demonstrate. We denote
the eigenvalues of L by 0 = A\g < A1 < ... < \,,_1. Since £ is symmetric, £ has
an orthogonal basis of eigenvectors. The spectrum of L is the set of the A;’s.
Let 1 denote the constant function which assumes the value 1 on each vertex.
Then T'/21 is an eigenfunction of £ with eigenvalue 0. We also have

S ()~ f0))?
Ao =M= il UNUZ F)32d, (2

The corresponding eigenfunction is g = T2 f as in (1.1). The function f in
(1.2) is a function called a harmonic eigenfunction of L.



The above definition for A\g corresponds to the eigenvalues of the Laplace-

IV§I?
Beltrami operator for Riemannian manifolds: Ay = inf 24— where f

NG
M
ranges over functions satisfying / f=0
M
Example 1.1 The eigenvalues for a complete graph K3 on 3 vertices, are de-
termined in the following way:

We begin with ¢ = T%/21 and since f = T~/?¢g, we have f = 1 = (1,1,1).
Then, one has

)\O . uww —

Zf(”)Zdv
(((1, 1,1), (1,0,0)) — ((1,1,1), (0, 1,0)))2 + (((1, 1,1),(0,1,0)) — ((1,1,1), (0,0, 1)>>2+
(((1,171),(0,170)>)2-2 n (((1,171),(0,0,1)>)2-2 +

(LD, 00,0) = (LD, 0,0,0)) (1124 (-1 41— 1)
+<<(1,1,1),(1,0,0)>)2.2 12.2412-2+12.2

=0

To get A; we use equation (1.2), where f must be orthogonal to T1. T1 =
(2,2,2). (=2,2,0) is orthogonal to (2,2,2). Then, one has

S () — £(0))
)\1 = inf el =

Ty )
((-2.2,00.0,0,0)) = ((-2.2,00,0.1,0)) + ({(-2,2,0),(0,1,0)) — {(~2,2,0),(0,0,1))) +

(((—2,2,0)7(0,1,0»)2-2 n (<(—2,2,0)7(0,0,1)>)2-2 +

+(<( 2,2,0),(0,0,1)) — {(-2,2,0) (1,0,0)))2 (—2-2)2 4+ (2 0)% + (0 — (~2))?
0

2 22.2402.24(=2)2-

+ (((-2,2,0),(1,0,0))) "2 (=2)
. 16+4+4 243
8+8 16 2

To get Mg, f must be orthogonal to both (2,2,2) and (-2,2,0). (2,2,-4) is such a



vector, which generates a basis of eigenvectors. Then, one has

D (f(w) = f(v)?
Ay = sup Y =

;) ),

(((272, —4),(1,0,0)) — {(2,2,-4), (0, 170)>)2 n (<(2,2, —4),(0,1,0)) — ((2,2,-4), (0,0, 1)})2+
(<(2,2, —4),(0,1,0)>)2-2 n (<(2,2,—4),(0,0,1)>)2~2 +
+(<(2,2, —4),(0,0,1)) — <(2,2,—4),(1,0,0)>)2 _ (2= 2)2 4+ (2 — (—4))? + (=4 — 2)? _
+(<(272774)’(17070)>)2.2 22.24(—4)2.-2+22.2

0+36+36 72 3

8+32+8 48 2

So the eigenvalues are A\g =0, A\; = 3/2 and A = 3/2.

We can express (1.2) in several ways:

A= il}fsup Sk = (1.3)

\
—
=
==

<

2

<
—
=
=~
N

Z f()dy

where ? = vliG
VO

volG:Zdv.

N
By substituting for f and using N Z(ai —a)? = Z(ai — aj)2 for

i=1 i<j

and vol G denotes the volume of the graph G, given by

N

a= Z a;/N , we have the following expression:
i=1

> (f(w) = f(v)?
A = vol G inf 2% 1.5
TS (fw) = f(v)?dudy (9)

uU,v

where Z denotes the sum over all unordered pairs of vertices w,v in G. The
u,v

other eigenvalues of £ can be characterized in terms of the Rayleigh quotient.



The largest eigenvalue satisfies:

For a general k, one has:

A = inf sup =24 = (1.7)

inf = 1.8
SRS ()P, o

where P; is the subspace generated by the harmonic eigenfunctions correspond-
ing to A; for i <k —1.

Example 1.2 The eigenvalues for a complete graph K, on n vertices, are 0
and n/(n — 1) (with multiplicity n — 1).

Example 1.3 The eigenvalues for a complete bipartite graph K,, , on m +n
vertices, are 0,1 (with multiplicity m +n — 2), and 2.

Example 1.4 The eigenvalues for a star S,, on n vertices, are 0,1 (with multi-
plicity n — 2), and 2.

1.2 The spectrum of a graph

The main problems of spectral theory lie in deriving bounds on the distribu-
tions of eigenvalues and the impact and consequences of the eigenvalue bounds
as well as their applications. In this section we state some simple lower and
upper bounds of the eigenvalues. We will see that the eigenvalues of any graph
lie between 0 and 2.

Lemma 1.1: For a graph G on n vertices, we have
(i)
S
i

with equality holding if and only if G has no isolated vertices.
(ii) For n > 2, one has




with equality holding if and only if G is the complete graph on vertices. Also,
for a graph G without isolated vertices, we have

n

>\n—1 2 n—1 .
(iii) For a graph different from a complete graph, we have Ay < 1.

(iv) If G is connected, then A\ > 0. If \; = 0 and A\;y1 # 0, then G has exactly
i+ 1 connected components.

(v) For alli <n—1, we have \; <2 with \,—1 = 2 if and only if a connected
component of G is bipartite and nontrivial.

(vi) The spectrum of a graph is the union of the spectra of its connected com-
ponents.

Proof: (i) follows from considering the trace of £. (The trace of an n by
n square matrix is defined to be the sum of the elements on the main diagonal.)

The inequalities in (ii) follow from (i) and Ay = 0.

Suppose G contains two nonadjacent vertices a and b, and consider

dy ifv=a
filv) = —d, ifv=">
0 ifv#a,b.

(iii) then follows from (1.2).

If G is connected, the eigenvalue 0 has multiplicity 1 since any harmonic eigen-
function (1.2) with eigenvalue 0 assumes the same value at each vertex. Thus,
(iv) follows from the fact that the union of two disjoint graphs has as its spec-
trum the union of the spectra of the original graphs.

(v) follows from equation (1.6) and the fact that
(f(@) = f@))* < 2(f*() + £2(y))-

Therefore

> (f@) - fy)?

r~y

)\i<S

=77 > F(w)da

Equality holds for ¢ = n — 1 when f(z) = —f(y) for every edge {z,y} in G.
Therefore, since f # 0, G has a bipartite connected component. On the other
hand, if G has a connected component which is bipartite, we can choose the
function f so as to make A\,_; = 2.

<2.

(vi) follows from the definition.

For bipartite graphs, the following slightly stronger result holds:

Lemma 1.2: The following statements are equivalent:

10



(1): G is bipartite.
(ii): G has i+ 1 connected components and Ap—; =2 for 1 < j <i.
(iii): For each \;, the value 2 — \; is also an eigenvalue of G.

Proof: It suffices to consider a connected graph. Suppose G is a bipartite
graph with vertex set consisting of two parts A and B. For any harmonic
eigenfunction f with eigenvalue A, we consider the function g

flz) ifxeA,
g(:z:)z{ —f(z) ifzeB.

It is easy to check that g is a harmonic eigenfunction with eigenvalue 2 — A.

d

The distance between two vertices v and v is the number of edges in a short-
est path joining u and v. The maximum distance between any two vertices of
G is the diameter of a graph. Here we will give, for a connected graph, a simple
eigenvalue lower bound in terms of the diameter of a graph.

Lemma 1.3: For a connected graph G with diameter D, we have

1
A > —.
Y= Dvol G

Proof: Suppose f is a harmonic eigenfunction achieving A; in (1.2). Let vy
denote a vertex with |f(vg)| = max|f(v)|. Since Zf(v) = 0, there exists a
v
u,v

vertex ug satisfying f(uo)f(vo) < 0. Let P denote a shortest path in G joining
up and vg. Then by (1.2) we have

A =

%

Z fz(x)dm
> (f@) = fy)?

{z,y}eP
vol G f2(vg) =
%(f(vo) — f(uo))?
vol G f2(vg)
1
D vol G

>

>

>

by using the Cauchy-Schwarz inequality.

11



Lemma 1.4: Let f denote a harmonic eigenfunction achieving Ag in (1.2).

Then, for any vertexr x € V, we have

@ Z
ywx

Proof: We use a variational argument.

such that fl@o) +
i) + dm
Jfely) = { W - wra=a,;

We have
S (@) = fel))?
Sy =

S )

zeV

)2 + Z 2€(f($0)

z,yeVv y~dzo

Ty

) = Aaf(x).

For a fixed o € V, we consider f,

if y =

otherwise.

2(/(y) — /)
ZZ volG d

y?é%o

> fi(@)

zeV

Ydy + 2ef(z) —

2¢ > (f(wo) = f(y))

& +0(e) =

e,

y#xo

2¢ > (f(xo) = f(v)

Y

Yy~xo Yy~xo
> (@) = fu)*+ i G
e o)
= + €
2 2€f(‘r0)dxo
> 2 (@)da + 2¢f (a0 716*—%

zeV

since Z flx)

zeV
implies that

d, = 0, andzz

> (felw) = fey))®

z,ycV z,ycV

r~y

= 0. The definition in (1.2)

Y (@)= f)?

> f(x)d

zeV

> Fa)d

zeV

If we consider what happens to the Rayleigh quotient for f. as e — 0+ we can

conclude that 1

Y
Yy~=To

and the Lemma is proved.

12

dy Z (f(zo) = f(y) = Aa f(zo)



Lemma 1.4 can also be proved by using that f = T-/2g, where Lg = \ag.
Then T 'Lf = T-Y(T'2LTY?)(T~/2g) = T='/? g9 = A\gf, and examining
the entries gives the desired result.

Using linear algebra, the bounds on eigenvalues in terms of the degrees of
the vertices can be improved. Consider the trace of (I — £)2. We have

Tr(I-L£)° = Y (1-XN)* <

< 14 (n—1)X% (1.9)
where \ = max |1 — A;|. On the other hand,
Tr(I —£)? = Tr(T7Y2AT 'ATY/?) = (1.10)

1 1 1
mZy: ﬁA(z’y)@A(y’x) =

1 1 1
Db Dt i

T~y

5

where A is the adjacency matrix. From this, we deduce
Lemma 1.5: For a k-reqular graph G on n vertices, we have

n—=k

CE (1.11)

max |1 — \;| >
i#0

1
This follows from the fact that max 11— N\|? > 71(T7’(I —L£)*—1).
% n —

1 1 1
Let dy denote the harmonic mean of the d,’s, then — = — Z —. For a
dH n . dv

general graph we can use the fact that

1 1‘2 <A1 <14 (1.12)
— — )%,
E:%m dH)

Combining (1.9), (1.10) and (1.12), we obtain:

Lemma 1.6: For a graph G on n wvertices, A\ = max|l — \;| satisfies the

i#0
<, k
%(1 —(14+X)(5——1)), where k denotes the average

inequality 1+ (n—1)A2 >
dg

degree of G.

We can choose any function f : V(G) — R from the characterization in the
preceding section and its Rayleigh quotient will serve as an upper bound for A;.

13



Here we describe an upper bound for A;.

Lemma 1.7: Let G be a graph with diameter D > 4, and let k denote the
k—1 2 2
mazimum degree of G. Then A\ <1 —2 (1 — ) + =.

k D D

Lemma 1:7 will be proved in the next section. One way to bound eigen-
values from above is to consider ”contraction” of the graph G into a weighted
graph H (which will be defined in the next section). Then the eigenvalues of G
can be upper-bounded by the eigenvalues of H or by various upper bounds on
them, which might be easier to obtain. The proof of Lemma 1.7 proceeds by
contracting the graph into a weighted path. Lemma 1.7 gives a proof that for
any fixed k£ and for any infinite family of regular graphs with degree k, one has

k—1

limsupA; <1-—2

1.3 Eigenvalues of weighted graphs

All definitions and subsequent theorems for simple graphs can usually be
easily carried out for weighted graphs. A weighted undirected graph G has as-
sociated with it a weight function w : V x V' — R satisfying w(u,v) = w(v,u)
and w(u,v) > 0. If {u,v} ¢ E(G). Then w(u,v) = 0. Unweighted graphs are
the special case where all the weights are 0 or 1. Here we define the degree d, of a
vertex v as d, = Z w(u,v) and vol G = Z d,. The definitions of previous sec-

u

v
dy —w(v,v) fu=v

tions can be generalized as L(u,v) =< —w(u,v) if w and v are adjacent
0 otherwise.
For a function f: V — R we have L(f(z)) = Z(f(x) — fy)w(z,y).
Y
z~y

Let T denote the diagonal matrix with the (v,v)-th entry having value d,,.
The Laplacian of G is defined to be £ = T—Y2LT-1/2. We have

1_w(§,v) ifu=vandd, #0
L(u,v) = 7111(;1,;} if 4 and v are adjacent
0 otherwise.

The same characterizations for the eigenvalues of the generalized versions of

14



L can still be used. For example:

A=A = f £ _ (1.13)

gL11/211 (g, 9)

> fa)Lf(x)

inf s 5
Pf(xf)dmzo Z f (I)dm
zeV

> (f@) = fy) w(z,y)

T~y

= inf

2
Pf(mf)dxzo Z [ (z)d,

zeV

If we identify two distinct vertices, say u and v, into a single vertex v* we
form a contraction of a graph G. The weights of edges incident to v* are defined
as follows:

0)

(u,u) +w(v,v) + 2w(u,v).

g
&
C*
_l’_
g

B

w
w*,v*) = w

Lemma 1.8: If H is formed by contractions from a graph G, then Ag < A\g.

The proof follows from the fact that an eigenfunction which achieves Ay for
H can be lifted to a function defined on V(G) such that all vertices in G that
contract to the same vertex in H share the same value.

We return to Lemma 1.7.

Proof of lemma 1.7: Let u v denote two vertices that are at distance D >
2t + 2 in G. We contract G into a path H with 2¢ + 2 edges, with vertices
TOy L1y o s Tty 2y Yty -, Y2, Y1, Yo such that vertices at distance ¢ from wu,

0 < i < t, are contracted to x;, and vertices at distance j from v, 0 < j < ¢,
are contracted to y;. The remaining vertices are contracted to z. To establish
an upper bound for A, it is enough to choose a suitable function f, defined as
follows:

f@) = alk—1)7"
fw) = k=1
je) = o

where the constants a and b are chosen to achieve Z f(z)dy = 0. It can be

T

checked that the Rayleigh quotient satisfies

15



> (fw) = () w(u,v)

~ BN Y P U B
Z f(v)%d, k t+1 t+1
since the ratio is maximized when w(z;,zi11) = k(k — 1)1 = w(yi, Yit1)-

This completes the proof of the lemma.
O

16



Chapter 2

The Cheeger constant and
the edge expansion of a
graph

2.1 The Cheeger constant of a graph

Let us define measure on subsets of vertices by taking the degree of a ver-
tex into consideration. For a subset S of the vertices of G, we define vol S, the
volume of S, to be the degrees of the vertices in S: vol S = Z dy, for S CV(G).

zeS
We define the edge boundary 9S of S to consist of all edges with exactly one
endpoint in S:
0S = {{u,v} € E(G):ue S and v ¢ S}.
S denotes the complement of S. So S =V — S and 9S = 95 = E(S, S) where
E(A, B) denotes the set of edges with one endpoint in A and one endpoint in
B. The vertex boundary 05 of S is defined to be the set of all vertices v not in
S but adjacent to some vertex in S:

0S={v¢ S:{uv} € E(G),uecS}

Some questions:

Problem 1: For a fixed number m, find a subset S with m < vol S < vol S
such that the edge boundary 0SS contains as few edges as possible.

Problem 2: For a fixed number m, find a subset S with m < vol S < vol S
such that the vertex boundary S contains as few vertices as possible.

Cheeger constants are meant to answer exactly the questions above. For a
subset S C V we define

Bs,8)
min(vol S, vol S)

ha(S) = (2.1)

17



The Cheeger constant hg of a graph G is defined to be
hg = mgn ha(S). (2.2)

The problem of determining the Cheeger constant is in some sense equivalent
to solving Problem 1, since |0S| > hg vol S.

G is connected if and only if hg > 0. We will only consider connected graphs.
We define the analogue of (2.1) for vertex expansion. For a subset S C V, we
define

vol 6(.5)
= = 2.
9a(5) min(vol S, vol 5) (2:3)
and
ge = min ge(5)- (2.4)
19(5)]
For regular graphs, we have gg(5) = ————=—.
)= (ST, 190

We can define a modified Cheeger constant if we decide to have our measure of
vertex sets to be the number of vertices in S for a subset S of vertices:

E(S,S)|
w(s) = JEE S
)= i lsT, 18]
and

G = mf ' (S).

2.2 The edge expansion of a graph

There are some fundamental relations between eigenvalues and the Cheeger
constant. We first derive an upper bound for the eigenvalue A; in terms of the
Cheeger constant of a connected graph.

Lemma 2.1: 2hg > M\

Proof: We choose f based on an optimum edge cut C' which achieves hg
and separates the graph G into two parts, A and B:

1
A ifvisin A
flv) = V01 ) o
vl B if v is in B.
v

By substituting f into (1.2), we have the following:

A < |Cl(1/vol A+ 1/vol B) <
2|
< =
~ min(vol 4,vol B)

2hg.

18



Next we derive a lower bound for the eigenvalue A;. This will give us the Cheeger
2

h
inequality: 2hg > A1 > 7G

h2
Theorem 2.2: For a connected graph G, one has Ay > 7G

Proof: We consider the harmonic eigenfunction f of £ with eigenvalue A;.
We order vertices of G according to f. That is, relabel the vertices so that
fw;) < f(vig1), for 1 <i <n — 1. Without loss of generality, we may assume

that
Sodv= Y da
f@)<0 w20

For each i,1 < i < |V|, we consider the cut
Ci ={{vj,u} € E(G) : 1<j<i<k<n}

We define a by
a = min Cil

1<i<n min(z dj, Z d;) .

J<i j>i

It is clear that o > hg. We consider the set V. of vertices v satisfying f(v) > 0
and the set E; of edges {u,v} in G with either u or v in V. We define

g(x):{ flz) fueV,

0 otherwise.

We now have

DS Y (F) = f(w)

A = veVy {uv}eE, >

> ),

veVy

> (9(w) —g(v)?

{uv}eFE

Z gz(v)dv

veV
Yo (g —g@)® D (9(w) +g(v)?
{u,v}eE, {u,v}eE4
Y Fdy Y (9(w) +g(v)

veV {u,v}eEy

O lg*(w) = g*(v))?

u~v

2(2 QZ(U)dv)Z

\%

19



(15 (w) = G’

> >
203 9 (v)dy)?
O (P (0) = F(wirr))a Y d))?
> A 1<i >
203 4*(v)d.)’
> LG
-2 = 2

The next Theorem will give an improved version of Theorem 2.2.
Theorem 2.3: For a connected graph G, we always have Ay > 1 — /1 — h%,.

Proof: From the proof of Theorem 2.2 we have

Y F@) Y (Fw) = f(u)
>

veVy u~v

>

veVy

S (glw) - g(v))?

{u,v}eE

> gy

veV

A=

=W

Also we have

Do (g —g@)* > (9(u) +g(v))?

W= {u,v}eE {uv}eE
S F0d S (g +g0)
veV {u,v}eE4
> 19% () = g*(v)))?
> u~v
B (292( Zg ).y —Wzg
Z\g () - i) i)
> >
Zg U))2dv
(Z(QZ(UZ — ¢*(viy1)) Zd
> i 7<i >
-W)(D_9* () dy
> o .
- 2-W

20



This implies that W2 — 2W + a? < 0. Therefore we have
1—v1—a2 >

> 1—4/1—h.

A >W

Y

d

Corollary 2.4: In a graph G with the eigenfunction f associated with A1, we
define, for each v, C, = {{u,u'} € E(G): f(u) < f(v) < f(v')} and

a = min |OU| .
v min( Z dy, Z dy)
FEfw)  fwS i)

One immediate consequence is an improvement on the range of A\;. For any

Then A\ >1—+1 — a2.

2
connected (simple) graph G, we have hg > ol C Using Cheeger’s inequality,
VO

1/ 2 \°_ 2
wehave)\1>( ) >

2 \vol G nt’

21



Chapter 3

Diameter and eigenvalues

3.1 The diameter of a graph

We define the length of a shortest path joining u and v in a graph G to be

the distance between two vertices u and v, denoted by d(u,v). The maximum
distance over all pairs of vertices in G, denoted by D(G), is called the diameter
of G. The diameter is closely related to eigenvalues. This connection is based
on the following observation:
Let M denote an n x n matrix with rows and columns indexed by the vertices
of G. Suppose G satisfies the property that M (u,v) = 0 if v and v are not
adjacent. Furthermore, suppose we can show that for some integer ¢, and some
polynomial p,(z) of degree ¢, we have p;(M)(u,v) # 0 for all u and v. Then we
can conclude that the diameter D(G) satisfies: D(G) < t.

Suppose we take M to be the sum of the adjacency matrix and the identity
matrix and the polynomial p;(x) to be just (1 + z). The following inequality
for regular graphs which are not complete graphs can then be derived (which
will be proved in Section 3.2):

log(n — 1) ‘
PO = iogrja—m |- 3.1)
Here, X basically only depends on A\;. We can take A=Ay if 1 —X; > \,_1 — 1.
The inequality (3.1) can be improved if we define A = 2\1/(Ap—1 + A1) >
2X1/(24 A1), and we then have

log(n — 1)

n—1+tA1

D(G) < |—
log §

(3.2)

n—l_)\l

The bound in (3.1) can be further improved by choosing p; to be the Chebyshev
polynomial of degree t. We can then replace the logarithmic function by cosh™!:

cosh™!(n — 1)
DG < |—————
) cosh™* %Z:iii

The diameter is the least integer ¢ such that the matrix M = I + A has the
property that all entries of M? are nonzero.
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3.2 Eigenvalues and distances between two
subsets

We define for two subsets X, Y of vertices in G, the distance d(X,Y") be-
tween X and Y, as the minimum distance between a vertex in X and a vertex
in Y. We have d(X,Y) = min{d(x,y) : = € X,y € Y}. Let X denote the
complement of X in V(G).

Theorem 3.1: Suppose that G is not a complete graph. For XY C V(G)

and X #Y, we have
/vol X vol Y
log vol X vol Y

An—1+A1

d(X,Y) <
10g Anfl_)\l

(3.3)

1 ifxeX

0 otherwise °

If we can show that for some integer ¢ and some polynomial p;(z) of degree t,
one has (T'/29y, ps(L) (T /?x)) > 0 then there is a path of length at most ¢

joining a vertex in X to a vertex in Y. Therefore we have d(X,Y) < t.
n—1
Let a; denote the "Fourier” coefficients of TV2yx, ie., TY?¢x = Zalxbi,
i=0
where the ¢;’s are the orthogonal eigenfunctions of £. In particular, we have

n—1
(TY %), TYV21)  vol X . . /o

ag = (7721, 71771 = lc Similarly, we write TV/2¢x = ; bid;.

Suppose we choose p;(z) = (1— )\14_2;”_1 )t. Since G is not a complete graph, A #

An_1,and |py(\)| < (1—=N)tforalli=1,...,n—1, where A = 2\ /(An_1+A1).

Therefore we have

Proof: For X C V(G), we define ¢x(z) = {

(T 2y, p(L)(T?x)) = aobo + Zpt(Ai)aibi >
i>0
> agbg — (1 —N)' Zafzb? =
>0 >0
vl X volY (1_A)t\/v01X vol X vol Y vol Y
N vol G vol G ’

By using the fact that

(vol X)? vol X vol X

Za? - HTl/Zq/}XHQ_ volG vol G
i>0

We note that in the above inequality, the equality holds if and only if a; = cb; for
some constant ¢ for all 7. This can only happen when X =Y or X =Y. Since
the theorem obviously holds for X = Y and we have the hypothesis that X # Y,

oz /Y

we may assume that the inequality is strict. If we choose ¢t > ] v T T we
081X

have (T 21y, py (L) (T ?4px)) > 0. O
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As an immediate consequence of Theorem 3.1, we have

Corollary 3.2: Suppose G is a regular graph which is not a complete graph.
Then
log(n — 1)

An—1+X1
log An—1—A1

D(G) <

To improve the inequality in (3.3) in some cases, we consider Chebyshev
polynomials defined by:
T()(Z) =1
Ti(2) =z
Tit1(z) = 22T (z) — Ti—1(2) for integer t > 1.

Equivalently, we have T} (z) = cosh(t cosh™!(2)).
T ()\1+)\",172w )

In place of p;(L), we will use Sy(L), where S;(x) = %
Tt()\:—lf)\l)
1
Then we have max  Si(\) > ———.
TE|A 1, An—1] t( 1) - Tt(%)

—1 vol X vol Y
cosh V vol X vol Y

An—1+A1
cosh 17/\%1_)\1

. Then we have

Suppose we take ¢ >
(TY 24y, Se(L)TY?1x) > 0.

Theorem 3.3: Suppose G is not a complete graph. For XY C V(G) and

COSh_l vol X vol Y

N/ ol X vol Y
X #Y, we have d(X,Y) < —
COSh_l n—1tA1
An—1—A1

For a subset X C Y, we define the s-boundary of X by
;X ={y:y ¢ X and d(z,y) < s, for some z € X}.
91(z) is exactly the vertex boundary §(z). If we choose Y =V —§,X in (3.3).
From the proof of Theorem 3.3, we have

1] X volY Vvol X vol X vol Y vol YV
0 = (TY 24y (I—L)1T/2 YA (- .
(T 5y, (I=L)TPx) > — == (1=2) vol &
This implies - -
(1—=X)* vol X vol Y > vol X vol Y. (3.4)

For the case of t = 1, we have the following:

vol X _ 1—(1—))2
vol X = (1—=X\)2+vol X/vol X’

Lemma 3.4: For all X C V(G), we have
where A = 21/ (An—1 + A1).

Proof: Lemma 3.4 clearly holds for complete graphs. Suppose G is not com-
plete, and take Y = X — 60X and ¢t = 1. From the proof of Theorem 3.1, we
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have

0= (T"2¢y, p(L)T*x) >

vlXvolY 7/\)\/vol X vol X vol Y vol Y
vol G vol G '

Thus (1 —A)? vol X vol Y > vol X vol Y. Since Y = X U X, this implies

(1 — A)?(vol G — vol X)(vol X + vol 6X) > vol X(vol G — vol X — vol 6X).

vol X _ 1—(1-A)?

vol X = (1—=X)2+vol X/vol X~

After cancelation we obtain
O

Corollary 3.5: For X C V(G) with vol X < vol X, where G is not a complete

16X
YOOR S\, where A =2X1 /(M1 + \1).

h h
graph, we have ol X

vol 6X _ 1—(1—\)2
>

Proof: This follows from the fact that Wl X 215 (-0)

A< 1

> X by using

For a general ¢, by a similar argument, we have

Lemma 3.6: For X C V(G) and any integer t > 0, one has

vol 6,X _ 1— (1= A2
vol X T (1—A)2 +vol X/vol X

where A = 2X\1/(An—1 + A1).

Lemma 3.7: For any integer t > 0 and X C V(G) with vol X < vol X,

vol §iX 1= (L= N
vol X = 14 (1— )2

we have where A = 2A1 /(A1 + A1).

Suppose we consider: NfX = X Ud,X, for X C V(G).
As a consequence of Lemma 3.6, we get

Lemma 3.8: For X C V(G) with vol X < vol X and any integer t > 0,

vol Nf X 1
ol X T (NS W

If t =1 and G is a regular graph in Lemma 3.8 we have the basic inequality
for establishing the vertex expansion properties of a graph.
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Chapter 4

Paths and flows

4.1 Paths

Graph theory often deals with paths joining pairs of vertices. One example
is the Hamiltonian path problem where we want to decide if a graph has a
simple path containing every vertex of the graph. Some diameter and distance
problems involve finding shortest paths. In many problems the sets of paths are
either vertex disjoint or edge disjoint.

Consider a graph G with vertex set V and edge set E. ( Two sets A and B
are equinumerous if they have the same cardinality, i.e., if there exists a bijec-
tion f : A — B. In sets, the category of all sets with functions as morphisms, an
isomorphism between two sets is precisely a bijection, and two sets are equinu-
merous precisely if they are isomorphic ). Let X and Y be two equinumerous
subsets of vertices of G. In general, X and Y can be multisets and it is not
necessary to require X NY = .

For | X| = |Y| =m, a flow F from X to Y consists of m paths in G joining
the vertices in X to the vertices in Y. The input of the flow F' is X and the
output is Y. In a one-to-one fashion, paths in F join vertices of X to vertices
of Y. It does not matter which vertex another vertex is ”talking” to but the
paths must be chosen so that no edge is overused. The paths might be required
to be vertex disjoint or edge disjoint for instance.

4.2 Flows and Cheeger constants

There is a direct connection between the Cheeger constants and flow prob-
lems on graphs.

Lemma 4.1: For a graph G on n vertices, suppose there is a set of (g‘) paths
joining all pairs of vertices such that each edge of G is contained in at most m

E(S,S) _ n
ths. Then hl, = sup ———221_ > "
paths. SR e = 5P in(Ss) 18] < 2m

Proof: The proof follows from the fact that for any set S C V with |S| < |S|,
we have |E(S,S)|-m > |S]|S| > |5’|g 0
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As an immediate consequence, we have the following:

Corollary 4.2: For a k-regular graph G on n vertices, suppose there is a set P
of (g) paths joining all pairs of vertices such that each edge of G is contained
in at most m paths in P. Then the Cheeger constant hg satisfies

[E(S,9)| n
— — > .
he =t ST, 9]) = 2mk

We can establish eigenvalue lower bounds for a regular graph, by using
Cheeger’s inequality and the above lower bound for the Cheeger constant from
a flow. We can derive a better lower bound for A; directly from a flow in a
general graph. First a simple version for a regular graph.

Theorem 4.3: For a k-regular graph G on n vertices, suppose there is a set
P of (Z) paths joining all pairs of vertices such that each path in P has length
at most | and each edge of G is contained in at most m paths in P. Then the

eigenvalue A1 satisfies \y > L.
kml

Proof: Consider the harmonic eigenfunction f : V(G) — R achieving ;.
Then,
noo Y (f@) - f)

{z.y}eE(G)

kY (f(z) = f()?

For x,y € V(G) and the path P(z,y) joining = and y in G, we have

(fl@) = f@P2 <[Pyl > fe)<t D> f*(e), where

e€P(x,y) e€P(x,y)
f2(e) = (f(z) — f(y))? for e = {x,y}, and |P(z,y)| denotes the number of
edges of G in P(z,y). Hence

m Y PO=Y Y P01 0w - i)

e€E(G) z.Y e€P(z,y) Y

Therefore we have \; >

n
= kml’
This can be generalized for a general graph as follows:

Theorem 4.4: For an undirected graph G, replace each edge {u,v} by two
directed edges (u,v) and (v,u). Suppose there is a set P of 4e* paths such that
for each (ordered) pair of directed edges there is a directed path joining them. In
addition, assume that each directed edge of G is contained in at most m directed
[E(S,5)
min(vol S,vol §) ~

paths in P. Then the Cheeger constant hg satisfies hg =
vol G

2m
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g = 1 1
Proof: For any S C V(G), we have m|E(S,S)| > vol S vol S > M_

O

Theorem 4.5: For an undirected graph G, replace each edge {u,v} by two di-
rected edges (u,v) and (v,u). Suppose there is a set P of 4e? paths such that
for each (ordered) pair of directed edges there is a directed path joining them,
each of length at most l. In addition, assume that each directed edge of G is

contained in at most m directed paths in P. Then the eigenvalue \i satisfies

vol G
A > .
L=

The proof is very similar to that of Theorem (4.3) and will be omitted.
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Chapter 5

Cheeger constants and
eigenvalues of symmetrical
graphs

5.1 Cheeger constants of symmetrical graphs

For a graph G, an automorphism f : V(G) — V(G) is a one-to-one mapping
which preserves edges, i.e, for u,v € V(G), we have {u,v} € E if and only if
{f(u), f(v) € E}.

The automorphism group of a graph, acts on the set of vertices of the graph.
The action of a group G’ on X is called transitive if for any two z,y in X there
exists an ¢g in G’ such that gz = v.

A graph G is called vertex-transitive if its automorphism group Aut(G) acts
transitively on the vertex set V(G), i.e, for any two vertices u and v there is an
automorphism f € Aut(G) such that f(u) = v.

A graph G is called edge-transitive if, for any two edges {z,y},{z,w} €
E(Q), there is an automorphism f such that {f(z), f(v)}, {z, w}.

Theorem 5.1: Suppose I is a finite edge-transitive graph of diameter D. Then

the Cheeger constant hr satisfies hp > D

Proof: Let S denote a subset of vertices such that [S| < § where n = [V/(T')].
We consider a random (ordered) pair of vertices (z,y), uniformly chosen over
V() x V(T'). Now we choose randomly a shortest path P between z and y
(uniformly chosen over all possible shortest paths). Since T' is edge-transitive

A path

_ Vo _
between a vertex from S and a vertex from S must contain an edge in E(S, S).
2|E(S,S)|- D
vol I'

the probability that P goes through a given edge is at most

Therefore we have > Prob(z € S,y€ SorxeS,ycbs).
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This implies

. 15]|S|vol T
> EHEITE
B(s,5) = SR
g S|
> — >
B, =2 5 2
> L
= 2D’

1
Therefore hr > —.

2D 0

Theorem 5.2: Suppose I' is a finite vertex-transitive graph of diameter D and

degree k. Then the Cheeger constant hr satisfies hp > %D
Proof: The automorphism group defines an equivalence relation on the edges
of I'. Two edges e, es are equivalent if and only if there is an automorphism 7
mapping e; to e;. We can then consider equivalence classes of edges, denoted

by E1,...,FEs. We define the index of ' to be index I' = min ‘2[|01EI|‘
i ,
denotes the i-th equivalence class of edges. Clearly, we have 1 < irzLdex ' <k.
In particular, when IT" is edge-transitive, we have index I' = 1.
Since T' is vertex-transitive, each equivalence class contains at least 4 edges.
Let p; denote the probability that a pair of vertices is an edge in the i-th equiv-
alence class F;. Since all edges in the same equivalence class have the same

1 2 index T
@ < % For a subset S of

the vertex set with vol S < vol S and for a pair of vertices z,y in I'(G), the
probability of having one of z,y in S and the other in S is the same as the
probability that P(x,y) contains an edge in E(S,.S). Therefore we have

_ ~ B ve e .
Prob(z € S;ye Sorz € S,ye S) <|E(S,S)|Dmaxp; < |E(S, S)|DM.

where E;

probability, we have, for each i, p; <

B vol I
- - 2
Since Prob(z € S,y € Sorxz € S,y € S) = ‘S!S| we have
_ n
|E(S,S)]| 1 1
> > .
vol S 7 2D index I" = 2kD
O

The above proof gives the following slightly stronger result:
Theorem 5.3: Suppose I' is a finite vertex-transitive graph of diameter D.

>
Then for = 2D index T

5.2 Eigenvalues of symmetrical graphs

We here derive some stronger lower bounds, for eigenvalues of edge-transitive
and vertex-transitive graphs, than the bounds, for general graphs, we get using
Cheeger inequalities.

Theorem 5.4: For an edge-transitive graph T with diameter D and degree
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1
k, we have \; > ek

Theorem 5.5: For a vertex-transitive graph U with diameter D, we have
1

D —
M Z

The above two theorems are special cases of the following theorem:

Theorem 5.6: For a vertex-transitive graph U with diameter D, we have
1T

A > D2 inder T where index I' = min %, and where E;, denotes the

i-th equivalence class of edges under Aut(T).

Proof: We consider f : V(I') — R and we use the (equivalent) eigenvalue
definition (1.5) in Chapter 1:

ny (flz) -

A1 = min

kYD (fla) -
Tz oy
For each edge e = {x,y}, we define f(e) = |f(x) — f(y)|. We then have

anQ

ecE

7 kZZ

Let E; denotes the i-th equivalence class of edges under Aut(I'). For a fixed
vertex g, we choose a fixed set of shortest paths P, , to all y in I'. We can
now use the automorphism group to define, for each vertex z € V(I') and an
automorphism 7 with m(zg) = z, a set of paths P(z) = {n(Py,,y)}. Clearly,
each path in P(z) has length at most D. For each edge e, we consider the
number N, of occurrences of e in paths in P(x) ranging over all .
Two edges in the same equivalence class have the same value for N.. The
total number of edges in all paths in P(x) for all x is at most n?D. For each
n%D < n?D  nDindex T D index T
2|F;] ~ 2min|E;]  volT' k '

Now we consider, for a harmonic eigenfunction f achieving Aq,

> (@) - ZZ( Y. fe)? <

Al =m

i and e € F;, we have N, <

Y e€P(z,y)
< ZZD > I
e€P(z,y)
< Zf )DN, <
ecE
< Zf DzndexF
ecE
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Therefore we have

ny_ fe)

)\1 _ eceE > : 1 )
EY SN (f(x) - f(y))? — D?index T
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Chapter 6

Dirichlet eigenvalues and a
matrix-tree theorem

6.1 Dirichlet eigenvalues

The Laplacian £ acts on functions with the Dirichlet boundary condition.
We consider, for a subset S of the vertices of G, the space of functions {f :
S UJS — R} which satisfy the Dirichlet condition

f(x) =0 (6.1)

for any vertex x in the vertex boundary 4.5 of S.

In a graph G with vertex set V = V(G) and edge set E = E(G), let S
denote a subset of V' and assume that the vertex boundary 4.5 is nonempty.
f € D* denotes that f satisfies the Dirichlet boundary condition in (6.1). That
is: f(z) =0 for € §S. The Dirichlet eigenvalues of an induced subgraph on S
are defined as follows:

> (fl@) = fw)?

. {z,y}eS*
AP = inf - (6.2)
2,
B Y P
€S
> (g(x) 9 )2
= iIlf {'7‘.721}65* \/@ dy =
2
Fiad > 9(x)
€S
_ o 9 L9
970 (9, 9)
geD

In general, we define the i-th Dirichlet eigenvalue \; to be

> (f@) — f()?

,\ED) = inf sup fowyest
F#0 frec; 4 Z(f(l') - f/(y))le
zeS
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where C} is the subspace spanned by eigenfunctions ¢; achieving A;, for
1 <5 <4 Weput )\ED) = )\(SD). For a connected induced subgraph S of a graph

oS
GWith@S;é(Z),wehaveO<)\gD) S%Sland0<)\§D)§2for1§i§\S|.
Vi

Lemma 6.1: For an induced subgraph S, let g denote an eigenfunction of
L with Dirichlet eigenvalue X, i.e, g : S — R satisfies (6.2) and the Dirichlet
boundary condition g(x) =0 for x € 6S. Then g satisfies

(1): forze S,

Lo =g 2GR IR =

{z,y}es”

(2) : for any function h: V — R,

_ h(z) hy), 9= g(y)
;hu)cg(x)—{%jes*( T @) ( /L dy)

The proof of (1) follows from the variational principles. To see (2), we note
that

>

D\ Lalz) — (z)  h(y), 9 gy, _ g(z) h(z)
> h(x)Ly(x) > (\/dj \/dj) (x/@ \/OTy) gswl?(m

z€S {z,y}esS*
h(y) )= 0.

vy

As a consequence of Lemma 6.1, for functions f : S — R under the as-
sumption that f(y) = 0 for y € 45, we have, for all x € S, the equality
Lf(xz) = Lsf(x) where Lg is the submatrix of £ restricted to columns and rows
indexed by vertices in S. We note that since 6S = ), Lg is nonsingular. All
eigenvalues of Lg are positive. Hence the Dirichlet eigenvalues of the induced
subgraph on S are just the eigenvalues of Lg and the determinant of Lg can be

S|
expressed as: det Lg = H /\ED).

i=1

6.2 A matrix-tree theorem and Dirichlet
eigenvalues

The matrix-tree theorem states that the determinant of any cofactor of the
combinatorial Laplacian is equal to number of spanning trees in a graph. We
consider a generalization of the matrix-tree theorem for induced subgraphs of a
graph. For an induced subgraph S with nonempty boundary in a graph G, we
define a rooted spanning forest of S to be any subgraph F' satisfying:
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(1) F is an acyclic subgraph of G
(2) F has vertex set SUJS
(3) Each connected component of F' contains exactly one vertex in 6.5

Our next Theorem relates the product of the Dirichlet eigenvalues of S to the
enumeration of rooted spanning forests of S.

Theorem 6.2: For an induced subgraph S in a graph G with § # 0, the number
S|

of rooted spanning forests of S is H dy H)‘i where A;, 1 < i < |S|, are

€S i=1
the Dirichlet eigenvalues of the Laplacian of S in G.

Proof: We consider the incidence matrix B with rows indexed by vertices
in S and columns indexed by edges in S* defined as follows:

1

ife={z,yl,z<y

5

B(z,e) =

ife={z,y}, x>y

oﬂ
=y
2

otherwise

we have £ = BB* where B* denotes the transpose of B. Then

S|

H Ai =det L =det BB* = Z det Bx det B where X ranges over all possible
i=1 X

choices of s — 1 edges and Bx denotes the square submatrix of B whose s — 1
columns correspond to the edges in X.

Claim 1: If the subgraph with vertex set S U §S and edge set X contains
a cycle, then det Bx = 0.
The proof follows from the fact that the columns restricted to those indexed by
the cycle are dependent.

Claim 2: If the subgraph formed by edge set X contains a connected com-
ponent having two vertices in 4.5, then det Bx = 0.

Proof: Let Y denote a connected component of the subgraph formed by X. If
Y contains more than one vertex in 4.5, then Y has no more than |E(Y)| — 1
vertices in S. The submatrix formed by the columns corresponding to the edges
in Y has rank at most |E(Y)| — 1. Consequently, det Bx = 0.

Claim 3: If the subgraph formed by X is a rooted forest of S, then

1
det Bx| = ——.
T v

zeS

Proof: From Claims 1 and 2, we know that edges of X form a forest and
each connected component contains exactly one vertex in §S. There is a col-
umn indexes by an edge with only one nonzero entry, say (z1,e;) with 1 € S.

1
Therefore, |det B,| = T\ det Bg(cll)| where BSY denotes the submatrix with

1
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rows indexed by S — {21} and columns indexed by X — {e}. By removing one

11 v

z€eS

edge and one vertex at a time, we eventually obtain |det B,| =

Combining Claims 1-3, we have
S|

1
H Ai=det L = Z det Bx det By = ———|{rooted spanning forests of S|}.
i=1 X H A
€S
This completes the proof of Theorem 6.2.
O

If we, for a graph G, apply Theorem 6.2 to an induced subgraph H on
V(G) — {v} for some vertex v in G, the rooted spanning forest correspond in a
one-to-one fashion to all trees in G. So the usual matrix-tree theorem can be
viewed as a special case of Theorem 6.2.

Conclusion

On our journey towards the matrix-tree theorem we have encountered some
key elements, such as the Laplacian of a graph and how to receive the eigenvalues
of the Laplacian. The set of eigenvalues we referred to as the spectrum of the
graph. Then we moved on to the Cheeger constant and defined edge and vertex
boundary to answer some problems, and looked at the relationship between
eigenvalues and the Cheeger constant.

In chapter three we came across the diameter of a graph and distances be-
tween subsets of vertices, and got aware of the bond connecting these and eigen-
values. After that we returned to the Cheeger constant and its relation with
paths and flows and then in the following chapter we spoke about Cheeger con-
stants and eigenvalues of symmetrical graphs.

Next it was time for the Dirichlet boundary condition and Dirichlet eigen-
values to make way for the matrix-tree theorem.
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