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Abstract

Richard Ehrenborg conjectured that in a bipartite graph G with parts X
and Y, the number of spanning trees is at most [[,cy(c) deg(v) divided by
|X]| - |Y]. We make two main contributions. First, using techniques from
spectral graph theory, we show that the conjecture holds for sufficiently
dense graphs containing a cut vertex of degree 2. Second, using electrical
network analysis, we show that the conjecture holds under the operation of
removing an edge whose endpoints have sufficiently large degrees.

Our other results are combinatorial proofs that the conjecture holds
for graphs having |X| < 2, for even cycles, and under the operation of
connecting two graphs by a new edge.

We also make two new conjectures based on empirical data, each of
which is stronger than Ehrenborg’s conjecture.
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Chapter 1

Introduction

1.1 Motivation

We begin by motivating the notions of a spanning tree and a bipartite graph.
A graph consists of vertices and edges, with each edge connecting two
vertices. Graphs abstract real-world situations in which any two objects are
either related or unrelated. For example, in the case of a social network, the
objects are friends and the relation is mutual friendship.

Consider the following procedure: starting from a connected graph G,
remove edges one at a time until no more edges can be removed without
disconnecting the graph. The subgraphs of G that can be obtained from
this procedure are known as spanning trees in G. In general, G will contain
multiple spanning trees, obtained from G by removing different sets of
edges. We denote by 7(G) the number of spanning trees in G.

To see an application of spanning trees, let G; be the graph in which
vertices represent airports and every two vertices are connected by an edge.
An airline wants passengers to be able to get from any airport to any other
airport by taking a series of flights. To satisfy this constraint, the minimal
sets of routes the airline can fly are exactly the spanning trees in Gy. This
suggests that 7(G) tells us something about how connected G is. Indeed,
7(G) has been used as a measure of network reliability (Aggarwal and Rai,
1981).

We say a graph G is bipartite if its vertices can be divided into X and Y
such that every edge of G connects a vertex in X to a vertex in Y. Bipartite
graphs naturally model situations in which there are two classes of objects
and only objects from different classes can be related. For example, to
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abstract ice cream flavor preferences of a group of people, we can define a
bipartite graph G in which some vertices represent people and the other
vertices represent flavors. A person vertex and a flavor vertex are connected
by an edge in G; exactly when that person enjoys ice cream of that flavor,
and there are no other edges in G».

Our main goal in this thesis report is to explore a conjectured upper
bound on the number of spanning trees 7(G) in a bipartite graph G. Though
this bound is primarily of theoretical interest, it finds application in the de-
sign of experiments, where maximizing 7(G) in a bipartite graph is related
to finding an optimum design (Cheng, 1981).

1.2 Ehrenborg’s conjecture

Ehrenborg and van Willigenburg) (2004) define a class of bipartite graphs
called Ferrers graphs, and they prove that for a Ferrers graph G with parts X

and Y,
1

where d, denotes the degree of vertex v.

This report explores a conjecture due to Richard Ehrenborg (personal
communication) that the right-hand side of Equation gives an upper
bound on 7(G) for every bipartite graph.

Conjecture 1.1. Let G be a bipartite graph with parts X and Y. Then

1
7(G) < ——— d.,.
©) < XM U!;[G) v

To our knowledge, the only previous work directly addressing
is the preprint of |Garrett and Klee| (2014). We review their main
results here. They show that is equivalent to the nonnega-
tivity of a certain multivariate polynomial whose complexity depends only
on the size of | X|. Using this polynomial, they computationally verified the
conjecture for |X| < 5, which implies the following result.

Theorem 1.2. (Conjecture 1.1\ holds for bipartite graphs with at most 11 vertices.
Moreover, (Garrett and Klee| (2014) show that holds under

the operation of adding a new vertex and connecting the new vertex to an
existing vertex by a new edge.
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Proposition 1.3. Let G be a connected bipartite graph for which
holds. Letv € V(G)and u ¢ V(G), and define the graph Hby V(H) = V(G)U{u }

and E(H) = E(G) U {uv}. Then the conjecture holds for H also.

Because any tree can be built up from a single vertex by iteratively
adding leaf vertices, we have the following corollary.

Corollary 1.4. holds for trees.

1.3 Summary of contributions

Spectral graph theory is a branch of mathematics that associates matrices to
a graph and studies how the spectra of these matrices relate to the graph’s
properties. For example, from the spectrum of a graph G’s Laplacian matrix,
Mohar (1997) derives bounds for the weight of an edge cut in G and the rate
of convergence of a random walk on G.

While our main goal in this report is to explore [Conjecture 1.1, we
intend as an expository introduction to spectral graph theory.
The chapter requires only elementary graph theory and linear algebra. By
providing details often missing from more advanced treatments such as
those in Brouwer and Haemers (2012) and |(Chung (1997), the chapter serves
as a brief undergraduate-level introduction to spectral graph theory.

The rest of this report is structured as follows. defines nota-
tion and reviews some facts from graph theory and linear algebra.
Blintroduces the fundamentals of spectral graph theory. In[Chapter 4 after
reviewing the theory of electrical networks, we follow the proof of |[Ehren-
borg and van Willigenburg| (2004) that the conjecture holds with equality
for Ferrers graphs.

We present original results about (Conjecture 1.1)in|Chapter 5 Specifi-
cally, we contribute proofs that the conjecture holds:

e for graphs having |X| < 2,

¢ for even cycles,

¢ under the operation of connecting two graphs by a new edge,

e for sufficiently dense graphs containing a cut vertex of degree 2, and

e under the operation of removing an edge whose endpoints have suf-
ficiently large degrees.
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In we make two new conjectures based on empirical data, among
other suggestions for future work. Proving either conjecture of ours would

establish [Conjecture 1.1|as a consequence.



Chapter 2

Preliminaries

In this chapter, we define our notation and review some facts from ele-
mentary graph theory and linear algebra. These facts will be useful when
spectral graph theory is introduced in the next chapter.

2.1 Graph theory

Let G be a graph. We denote its vertex set by V(G) and its edge set by E(G).
A graph G is finite if V(G) and E(G) are finite sets. A graph G is simple if it is
undirected, each edge connects two distinct vertices, and every two vertices
are connected by at most one edge. Henceforth, when we say graph, we
mean a finite simple graph.

From the above definition of a graph, we may obtain the definition
of a multigraph by removing the requirement that every two vertices are
connected by at most one edge. Thus, a multigraph can contain parallel
edges (but, like graphs, cannot contain loops).

Let G be a graph on n vertices. We write V(G) = {1,2,...,n} for
convenience, so that each vertex is a positive integer. If vertices x and y are
adjacent in G, we can denote that by x ~ y; if they are not adjacent in G, we
can denote that by x + .

The complete graph on n vertices, denoted K, is the graph in which every
two distinct vertices are adjacent.

A graph G is bipartite if V(G) can be partitioned into sets X and Y such
that every edge of G connects a vertex in X to a vertex in Y. If this is the
case, then X and Y are called the parts of G.

Let G be a bipartite graph with parts X and Y. Then G is complete bipartite
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ifx ~yforallx € X and y € Y. If this is the case, we may refer to G as K, ;
or K;,», where p = |X| and g = [Y].

A multigraph T is a tree if it is connected and contains no cycles.

Let G be a multigraph. We say a subgraph H of G spans G if H contains
every vertex of G. A subgraph T of G is a spanning tree in G if T is a tree
that spans G. We denote by 7(G) the number of spanning trees in G.

Let G be a graph. The complement of G, denoted G, is the graph sat-
isfying: (i) V(G®) = V(G) and (ii) for all distinct u,v € V(G®), we have
uv € E(G°) if and only if uv ¢ E(G).

Let G be a multigraph containing the edge e = uv. We can delete ¢
from G; we denote the resulting multigraph by G\e. We define a new
multigraph, denoted G/e, which is obtained from G by contracting e. The
vertex set V(G/e) is obtained from V(G) by replacing u# and v with a new
vertex w. The edge set E(G/e) is obtained from E(G) by deleting e, and then
replacing each edge of the form ux or vx with a new edge wx. Note that
G/e might not be a graph even if G is a graph.

We can count spanning trees using the following recurrence.

Proposition 2.1. Let G be a multigraph containing the edge e = uv. Then
7(G) = 7(G\e) + 1(G/e).
Proof. Let T be a spanning tree in G. Exactly one of the following holds:

* T does not contain the edge e. Then deleting e doesn’t change T or
V(G), so T is a spanning tree in G\e. Since T already contains a uv-
path that does not use e = uv, contracting e creates a cyclein T, so T
is not a tree in G/e.

¢ T contains the edge e. Then T is a spanning tree in G/e, but deleting
e disconnects T, so T is not a tree in G\e.

This defines a function f that maps each spanning tree in G to a spanning
tree in either G\e or G/e (but not both). It is easy to see that f is bijective,
from which the result follows. O

Let G be a graph containing the vertex v. We denote by N(v) the set of
vertices in V(G) adjacent to v.

Let G be a multigraph containing the vertex v. The degree of v, denoted
dy, is the number of edges in G incident to v. We may instead write d,(G)
when we wish to specify the graph. The vertex v is isolated if d, = 0.
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Let G be a graph and Vy € V(G). The volume of Vj, denoted vol Vy, is
the sum } ¢y, do. The volume of V(G) can also be denoted vol G.

Let G and H be graphs with disjoint vertex sets. The union of G and H,
denoted G U H, is defined by V(GU H) = V(G)U V(H) and E(GUH) =
E(G)UE(H).

Let G be a graph. A matching in G is a subset of E(G) in which no two
edges are incident to the same vertex.

2.2 Linear algebra

Let M be a matrix. We denote by M(i, j) the (i, j)-th entry of M. We denote
by M[i, j] the matrix obtained from M by deleting row i and column ;.
The transpose of M is denoted by M T, and the conjugate transpose of M is
denoted by M*.

We denote by diag(x1, ..., x,;) the nxXn diagonal matrix M with diagonal
entries m;; = x;. We denote by I,, the n X n identity matrix; we will write I
for I,, when # is clear from context.

Now let M be an 1 X n matrix. We denote by M° the matrix obtained
from M by deleting the rows and columns indexed by S € {1,...,n}. For
example, we have MU = M[i, i].

The determinant of M, denoted det M, can be defined as

n

detM = Z sgn(o) 1—[ M(i, o(i)),

0€S, i=1

where S, denotes the symmetric group of order n and sgn(c) denotes the
sign of the permutation o.
The characteristic polynomial of M, denoted p, is the polynomial defined
by
pm(A) = det(AI — M).
We have pp(A) = [17L,(A = A;), where the A;’s are the eigenvalues of M.
The (i, j)-cofactor of M, denoted c;j(M), is defined as

cij(M) = (-1)"*/ det M[i, j].

The cofactors of M are involved in cofactor expansion, a procedure to compute
the determinant of M. Cofactor expansion relies on the fact that

detM = > M(p, j)- cpi(M) = > M(i,q) - cig(M)

=1 i=1
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foralll <p,q < n.

Using cofactor expansion, we show that the derivative of pp1(1) can be
expressed in terms of the characteristic polynomials of certain submatrices
of M.

Lemma 2.2. Let M be an n X n real matrix. Then

phy(A) = Z parir ().

Proof. Let ri(A), a function of A, denote the ith row of AI — M. It can be
shown that the determinant of Al —M is a multilinear function f of its rows,
that is,

pm(A) = det(Al = M) = f(r1,12,...,74).
Multiplying a row by a scalar ¢ also multiplies the determinant by c. This
fact, together with the multivariable chain rule, gives
puA) = f(ry,ra, o )+ f(ri,ry, oo rn) + oo+ f(r1, 12,0, 17);

for more details see[Hanche-Olsen|(2012). Let M; be the matrix whose rows
are r1,...,r;,...,rn,sothatdetMi = f(rl,...,r;,...,rn) and

Pia(A) = ) det M. 2.1)

Since % (AI = L) = I,, the row vector r; has 1 in the ith position and 0 in
every other position. Using cofactor expansion along row i, we compute

det M; = det (Al = M) = py i (A).
Substituting this into Equation 2.1| gives the result. O

The matrices we will associate to a disconnected graph are block di-
agonal, with each block corresponding to a component of the graph. The
spectrum of a block diagonal matrix is determined by the spectra of its
blocks.

Proposition 2.3. Let M be a block diagonal matrix with blocks My, My, ..., My,

so that
My
M>

My

Then the eigenvalues of M are the union (including multiplicities) of the eigenvalues
from each block M.
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2.2.1 Real symmetric matrices

The matrices we associate with a graph will always be real symmetric. We
present the following properties of real symmetric matrices. In fact, these
properties are enjoyed by the more general class of Hermitian matrices;
proofs can be found in Horn and Johnson|(2013; Theorems 2.5.6 and 2.5.3).

Theorem 2.4. Let M be an n X n real symmetric matrix and let Ay, ..., A, be the
eigenvalues of M. Let A = diag(A1, ..., Ay,). Then:

(i) A1,..., A, arereal
(ii) M = UAU" for some n X n unitary matrix U.
(iii) M has n orthonormal eigenvectors.

Let M be a real symmetric matrix. Then M is diagonalizable by
lorem 2.4} so the algebraic multiplicity of each eigenvalue of M equals its
geometric multiplicity. Thus, we can refer to the multiplicity of an eigenvalue
of M without being ambiguous.

We can characterize each eigenvalue of a real symmetric matrix in terms
of the following function.

Definition. Let M be an n X n real symmetric matrix. The Rayleigh quotient
of M, denoted Ry, is the function from R™\{0} to R defined by

fTMf

Ru(H) = —¢ -

The following result is a version of the Courant-Fischer theorem (Horn
and Johnson|, 2013; Theorem 4.2.6).

Theorem 2.5. Let M be an n X n real symmetric matrix, and let A1 < --- < Ay,
be the eigenvalues of M. Foreach 1 < i < n, let f; be an eigenvector corresponding
to A;. Define Uy as the span of {f; : 1 < i < k}, and define Wy as the span of
{fi:k<i<n}. Then

/\k= min RM(f) (2.2)
fel\{0}
and
Ar = max Ry(f) (2.3)
few\{0}

foreach1 <k < n.
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Proof. Choose an orthonormal set ey, ..., e, of eigenvectors of M such that
e; corresponds to A; and the span of {e; : 1 < i < k -1} equals Uy. First, we
show that Equationholds by showing that Ryi(ex) = Ak and Ry(f) > Ag
for all f € U;-\{0}. We find

e Arex
Rpm(ex) = kT = Ak

ek (373

It remains to show that Ry(f) > Ay for an arbitrary f € U\{0}. Write
f= Zf: ¢ @ie;. Using the fact that the e;’s are orthonormal, the numerator of
R M (f) is

n T( n
Zaiei) (Z OéjMe]')
i=k j=k

n T(xn
Z aiei) (Z oz]-/\je]-)
i=k j=k

1
n n

fTMf =

—

Il
S
~. N
=

and the denominator of Ry(f) is

n T(n
Te _ . o T 2
f f—(Zalel) Za]e] = ajaje; e]—Zai.
i=k =k

i=k j=k i=k

=
=
=

Thus -
ik ¥
n 2 "
Dick @
This is a weighted average of the eigenvalues Ay, ..., A,, where the weight
of A; is a%. Because these weights are nonnegative, it is easy to show that

Rum(f) =

Ry(f) = min A; = Ay,
k<i<n

so Equation 2.2/ holds.
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To prove Equation we apply Equation to the matrix —M. Write
the eigenvalues of -M as A(-M) < --- < A,(—=M). Because —M has
eigenvalues —Ay,...,—A,, we have A, ;1_x(—=M) = —A, and furthermore f
is an eigenvector corresponding to A,4+1-x(—M). Now by Equation

Ans1-k(=M) = min R_p(f).
feW,\{0}

Equation 2.3]now follows from the computation

Ak = =Apr1k(=M) = max —-R_m(f)= max Rpy(f),
feW\{0} few\{0}

where the last equality holds because R_y(f) = —Rp(f). O

Note that Uf = R" = W, in the statement of the preceding theorem,
since U; and W, are each the zero subspace. Thus, we have the following
characterization of the smallest and largest eigenvalues.

Corollary 2.6. Let M be an n X n real symmetric matrix, and let Ay < --- < A,
be the eigenvalues of M. Then

A1 = min Rp(f)
feR"\{0}

and
Ay = max Rp(f).
feR™"\{0}
For example, consider the real symmetric matrix

vel

with eigenvalues A; < A,. Writing f = (x, y), the Rayleigh quotient of M is
the function from R?\{0} to R defined by

x(x +3y)+ yGBx +y)

Rum(x,y) = 212

As (x, y) ranges over R?\{0}, the quantity Ry(x, y) is minimized at A =
-2 when x = -y and maximized at A, = 4 when x = y, which verifies

Corollary 2.6/for this particular matrix M.
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2.2.2 Positive semidefinite matrices

If a real symmetric matrix M satisfies f' Mf > 0 for all f € R", we say it
is positive semidefinite. We show that every eigenvalue of such a matrix is
nonnegative.

Proposition 2.7. Let M be a positive semidefinite matrix. Then every eigenvalue
of M is nonnegative.

Proof. Let A be an eigenvalue of M. Since M is real symmetric, we know A

is real by Let f € R” be an eigenvector of M corresponding to
A. We compute

A2 = AfTf=£TAf = £TMf > 0.

Since f is nonzero, we have ||f||*> > 0 and so A > 0. 0



Chapter 3

Spectral graph theory

In this chapter, we introduce spectral graph theory by defining two matrices
commonly associated with a graph: the Laplacian and the normalized

Laplacian. We build up to a proof of Kirchhoff’s theorem (Theorem 3.18),

which counts spanning trees in terms of the Laplacian eigenvalues.

3.1 The Laplacian

Given a graph G on n vertices, we can represent all of the graph’s structure
in an n X n matrix whose rows and columns are indexed by the vertex set
V(G)=1{1,...,n}.

Definition. Let G be a graph on n vertices. The adjacency matrix of G, denoted
A(G), is the n X n matrix whose (i, j)-th entry is 1 if vertices i and j are adjacent,
and 0 otherwise. We will write A for A(G) when G is clear from context.

9‘9

Figure 3.1 The example graph H;.

For example, consider the graph H in Its adjacency matrix
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is the 4 X 4 matrix

0100
1011
AGD=1y 1 ¢ 1
0110

We can also record the vertex degrees of G in an n Xn matrix. Subtracting
the adjacency matrix from this gives a matrix which is immensely useful in
spectral graph theory.

Definition. Let G be a graph on n vertices. The degree matrix of G, denoted
D(G), is the n x n diagonal matrix whose (i, i)-th entry is the degree of vertex i.
The Laplacian of G, denoted L(G), is defined as L(G) = D(G) — A(G). We will
write D for D(G) and L for L(G) when G is clear from context.

For example, the graph Hj in has degree matrix

1000
0300
DGI=1y 0 2 0o
000 2
and Laplacian
1 -1 0 0
-1 3 -1 -1
LG=1g 1 2 4|
0 -1 -1 2

The Laplacian can also be described entrywise as

di ifi=j,
L(i,j)=3-1 ifi#jandi~j,

0 otherwise.

Since D and A are always real symmetric, the Laplacian is also real

symmetric. By [Theorem 2.4} the Laplacian eigenvalues are real, so they

can be ordered. We elect to index these eigenvalues from zero, so that pg
denotes the smallest eigenvalue.

Definition. Let G be a graph on n vertices. Let the eigenvalues of L be 11o(G) <
p1(G) < -+ < pup-1(G). We will write p; for p;(G) when G is clear from context.
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For more information on the Laplacian and its eigenvalues, we refer the
reader to the extensive surveys by Merris (1994) and Zhang) (2011).

Let f € R" be a vector. Recall that for a graph on n vertices, we write
V(G) = {1,2,...,n}. This lets us consider the vector f as a function that
assigns a real number to each vertex of G, and also lets us express the
Laplacian as a quadratic form.

Proposition 3.1. Let G be a graph on n vertices, and let f € R". Then
fTLf = Z(ﬁ - f)?,
i~j
where the sum is over all unordered pairs i, j of adjacent vertices.

Proof. Write D = diag(d, ...,d,). We compute

fTLf = fTDf — fTAf

= Zﬁzdi - Z Zfifj”if
i t ]
:% Zfizdi—ZZZﬁf]’ﬂij"'ijzdj :
i j

i

Since d; = Yjaijand d; = }; aij,
1
Tre_ = A f — £)2 — . £)2
fTLf= §i §j aij(fi = fi)* = ;j(ﬁ fi)™

We just showed that f'Lf > 0 for all f € R”, so L is positive semidef-
inite. Thus, by [Proposition 2.7} the eigenvalues of L are all nonnegative;
equivalently, uo > 0. In fact, up = 0 always.

O

Proposition 3.2. Let G be a graph on n vertices. Then o = 0, with the all-ones
vector 1 € R" as a corresponding eigenvector.

Proof. In both D and A, the entries in row i sum to the degree of vertex
i. Since L = D — A, the columns of L sum to the zero vector, so 0 is an
eigenvalue of L with corresponding eigenvector 1. The result that o = 0
then follows from the inequality po > 0, which we have already shown. O

A stronger result is true: the multiplicity of 0 as an eigenvalue of L
counts the components of G. We first prove this for connected graphs.
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Lemma 3.3. Let G be a connected graph. Then 0 is an eigenvalue of L with
multiplicity 1.

Proof. From |Proposition 3.2} we know 0 is an eigenvalue of L, so it remains
to show that this eigenvalue 0 has multiplicity at most 1.

Suppose f € R" is an eigenvector corresponding to the eigenvalue 0, so
fTLf=0. BylProposition 3.1L wehave 3, ;(fi— fj)* = 0, which can only hold
if fi = f; for every pair i, j of adjacent vertices. Since G is connected, the
eigenvector f must be a nonzero multiple of 1. Because f was an arbitrary
eigenvector corresponding to 0, the eigenvalue 0 has multiplicity at most
1. O

Theorem 3.4. Let G be a graph. Then the number of components of G equals the
multiplicity of 0 as an eigenvalue of L.

Proof. Let k be the number of components of G. Without loss of generality,
we may assume that vertices are ordered so that each component’s vertices
are contiguous in the ordering. Then L has the block diagonal form

Ly
L

Ly

where each L; is a Laplacian for the i-th component. Now by
each L; has 0 as an eigenvalue with multiplicity 1, so by [Proposition 2.3, we
conclude that L has 0 as an eigenvalue with multiplicity k. m|

The Laplacian eigenvalues of a graph are related to those of its comple-
ment.

Theorem 3.5. Let G be a graph on n vertices. Then the eigenvalues of G are
po =0and pi(G°) =n — up-i(G)for1 <i<n-1
Proof. Let | denote the n X n all-ones matrix. Observe that
D(G) + D(G) = D(Ky) = (n - 1)1,
AG)+A(G)=AK,) =] -1
Thus, the Laplacian of G is
L(G®) = D(G°) — A(G")
n-DI-D(G)+AG)-]+1
nl -] - L(G).
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By [Theorem 2.4} the eigenspaces of L(G) are orthogonal. We know the all-
ones vector 1 € R" is an eigenvector of L(G) by [Proposition 3.2, Thus, we

may find eigenvectors fy, ..., f,_1 € R" of L(G) such that {1,f;,...,f,_1}is
an orthogonal set.

Let f € {fy,...,f,-1}, and say f as an eigenvector of L(G) corresponds
to the eigenvalue u. We know f is orthogonal to 1, so Jf = 0 and

L(G)f=nlf-Jf-L(G)f
=nf-0-puf
=(n—-wf
Thus, f is an eigenvector of L(G) that corresponds to the eigenvalue n —

p. The result follows from noting that the set {1,f;,...,f,_1} consists of
eigenvectors of L(G°). |

The preceding result gives an upper bound on the largest Laplacian
eigenvalue p,_1.

Corollary 3.6. Let G be a graph. Then p,-1 < n, with equality if and only if G
is disconnected.

Proof. By[Theorem 3.4} 111(G°) > 0, with equality if and only if G is discon-
nected. Using|Theorem 3.5, we have

Hn-1(G) = n — 11 (G°) < n. m

3.2 The normalized Laplacian

We showed in the preceding section that [0, 7] C R is the smallest interval
that contains every Laplacian eigenvalue of every graph on n vertices. If two
graphs have different numbers of vertices, then we may put these graphs’
spectra on the same scale by working with a normalized version of the
Laplacian.

Definition. Let G be a graph on n vertices that has no isolated vertices. The
normalized Laplacian of G, denoted L(G), is defined as

L(G) =D(G) V2. L(G) - D(G)™/2.

We will write L for L(G) when G is clear from context.
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Left-multiplication by D~'/? scales the rows of L; row i is scaled by dl._l/ 2,
Similarly, right-multiplication by D~1/2 scales the columns of L; column j is
scaled by d]._l/ 2. Thus, £ is related to L by

L))

Jdid;

Equivalently, £ can be described entrywise as

L(i, j)

1 ifi =j,
1
. -——— ifi#jandi~j,
LG, )= !
did;
0 otherwise.

In this section, we present properties of the normalized Laplacian spec-
trum, mostly following the presentation in Chung|(1997). For the remainder
of this section, we assume that graphs have no isolated vertices, so that the
matrices D~'/? and £ are defined.

Like the Laplacian, the normalized Laplacian has real eigenvalues, so
these eigenvalues can be ordered.

Definition. Let G be a graph on n vertices. Let the eigenvalues of L be Ao(G) <
M(G) < -+ < Ay—1(G). Wewill write A; for Ai(G) when G is clear from context.

These eigenvalues sum to the number of vertices in the graph.
Proposition 3.7. Let G be a graph on n vertices. Then 2?2_01 Ai =mn.
Proof. We have

n—1
Ai=tr L =mn,

i=0

since the diagonal entries of L are 1. m|

We can express the normalized Laplacian as a quadratic form, just like
we did for the Laplacian (Proposition 3.1).

Proposition 3.8. Let G be a graph on n vertices. Let g € R" and define f =
D~2g. Then
s Lg= ) (fi- ),
i~j
where the sum is over all unordered pairs i, j of adjacent vertices.
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Proof. We compute

g Lg=g DPLD g =fTLE= Y (fi- ),

i~

where the last equality is due to[Proposition 3.1} m]

We just showed that g" Lg > 0 for all g € R", so L is positive semidefi-
nite. Thus, by [Proposition 2.7, we have A¢ > 0. In fact, 1o = 0 always.

Proposition 3.9. Let G be a graph on n vertices. Then Ao = 0, with D'/?1 € R"
as a corresponding eigenvector.

Proof. We know L1 = 0 by |Proposition 3.2, so LD'/21 =D Y2L1=0. O
The following analog of holds for L.

Theorem 3.10. Let G be a graph. Then the number of components of G equals the
multiplicity of 0 as an eigenvalue of L.

Proof. Since D Y2jsa diagonal matrix without zeros on its diagonal, it has
full rank. It follows that L and £ = D~Y2LD~1/2 have the same rank. By
the rank-nullity theorem, L and £ have the same nullity, and thus have 0
as an eigenvalue with the same multiplicity. The result then follows from

O

We can characterize the Rayleigh quotient R in terms of the graph’s
structure.

Proposition 3.11. Let G be a graph on n vertices. Let g € R" and define
f = D"12g. Then
Xi-j(fi = fi)?
Ry(g) ==L 7
i fidi
Proof. We compute
To — (D26\T (D126 — €T — 27
g'g = (D2H)T(Df) =T Df= )" f2d;.
i
The result then follows by substituting this and the statement of
into the definition of R £(g). m|
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Recall that our goal for a normalized version of the Laplacian was that
graphs on different numbers of vertices would have spectra on the same
scale. The next result shows that £ as we defined it achieves this goal,
because [0,2] C R is the smallest interval that contains every normalized
Laplacian eigenvalue of every graph on n vertices.

Theorem 3.12. Let G be a connected graph on n > 2 vertices. Then A1 < 2,
with equality if and only if G is bipartite.

Proof. For all x, y € R, we have the inequality

(r =y =20 +y?) - (x + y)? <2<+ y?). (3.1)
By and then[Proposition 3.11} the largest eigenvalue of L is
Yini(fi = f)?

Aqs-1 = max R = max
n-1 geR"\ {0} L(g) feRM\ {0} ZifiZdi

Applying Inequality
Sefi- P T2 S
Yiffdi T X fAd

We conclude that A,-1 < 2 and that A,—1 = 2 if and only if there exists
f € R" such that for every pair i, j of adjacent vertices,

(fi= > =202+ ),

which is equivalent to f; + f; = 0. It remains to show that this condition is
satisfied if and only if G is bipartite.

(=) Suppose there exists f € R" such that f; + f; = 0 for every pair i, j
of adjacent vertices. Since G is connected, there must be a partition of V(G)
into parts X, Y such that, for some constant c € R, we have

fo = (3.2)

¢ ifveX,
—c ifveYy

for every vertex v. Thus, we know no two vertices in X are adjacent because
¢ + ¢ # 0, and similarly no two vertices in Y are adjacent. It follows that G
is bipartite with parts X and Y.

(&) Suppose G is bipartite with parts X and Y. Define f € R" by
Equation[3.2] Then for every pair i, j of adjacent vertices, we have i € X and
J € Y or vice versa, so fi + fj =c—c =0. ]
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Having characterized the smallest eigenvalue Ay and the largest eigen-
value A,_1 of L, we turn to the middle n — 2 eigenvalues A1, ..., A,_2.

We will use the following result (Das et al., 2015; Theorem 3.4) without
including a proof.

Theorem 3.13. Let G be a graph on n > 3 vertices. Then the n — 2 eigenvalues
A, ..., Au—p are all equal if and only if G is complete or complete bipartite.

For a bipartite graph G, [Theorem 3.10| and [Theorem 3.12| imply that
Ao+ Ap—1 = 2. In fact, if G is bipartite, then the entire spectrum of L is
symmetric about 1.

Proposition 3.14. Let G be a graph on n > 2 vertices. Then A; + Ay_1-; = 2 for
0 <i < n-—1ifand only if G is bipartite.

Proof. 1f G is not bipartite, then Ao = 0 by [Iheorem 3.10{and A,_1 < 2 by
Theorem 3.12}, so Ag + A,-1 < 2. Thus, we need only show that if G is

bipartite, then A; + A,_1_; =2for0<i<n-1.

Suppose G is bipartite with parts X and Y. Let f € R" be an eigenvector
of L corresponding to eigenvalue A. Writing £Lf = Af componentwise, for
every vertex v we have

ZW Afo,

or equivalently

(1—A)fvzzv%.

Since G is bipartite, for every x € X and y € Y we have

(1= A)fx = Z W (3.3)

ueY

(1—)\)@:2 fu_ (3.4)

fo ifveX,
8v = .
—fo ifvey.

Define g € R" by
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Substituting into Equations[3.3|and

1-A
( )gx u; ,—dud

u~

(1-A)-gy) = )

i s

Equivalently,

_gu
ot ) ——=02-1)go

for every vertex v, so g is an eigenvector of L corresponding to eigenvalue
2 — A. It can be shown that the eigenvalues A and 2 — A must have equal
multiplicity, so the result follows. m|

We have the following characterization of the smallest nontrivial eigen-
value of L.

Proposition 3.15. Let G be a graph on n vertices. Then

Yivi(fi = fi)?

" fer"\ {0} i fAd
eR" cfed;
f1D1 ' f’ '

Proof. By [Proposition 3.9} the vector D'/21 is an eigenvector of £ corre-
sponding to eigenvalue Ao = 0. By

A1 = min R
1 R0} £(8)-
glD?1

Note that g L D21 if and only if D~"/2g 1 D1. The result then follows
from [Proposition 3.11| |

We can use the preceding result to put an upper bound on A by choosing
an f # 0 orthogonal to D1. |Chung) (1997) gives the following variational
characterization of A1, which removes the requirement that f be orthogonal
to D1. Thisis similar to a characterization of 1 by Mohar|(1997; Proposition
2.7).
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Proposition 3.16. Let G be a graph on n vertices. Then
i (fi = fi)?
X (fi — fi)rdid;
where the minimum is taken over all £ € R™ such that f is not constant (that is,

f # cl forall c € R), and },; ; denotes the sum over all unordered pairs {i, j} of
vertices.

A1 =vol G - min

Proof. Suppose f € R" satisfies f L D1. Then
1
D= fPdidi=5 > ) (fi— fldid,
] i

S OIGED WD WIS DWW
i i i i f j
2
[z {2

i

Rearranging while noting that }}; f;d; = fTD1 =0and };d; = vol G,

Substituting into [Proposition 3.15)

Yivi(fi = fi)?
A1 =volG- min .
! feR™\{0} X i(fi — fj)?did;
fiD1

Observe that the term being minimized is invariant under the operation of
adding a constant vector to f. Fix an arbitrary g € R" that is not constant.
The result would follow if there exists h € R", obtained by adding a constant
vector to g, that satisfies h # 0 and h L D1. We define such a vector h
entrywise by

_Xj8id)

2.4

for1 < i < n. If h =0, then every entry of g equals }; f;jd;/ %;d;,
contradicting the fact that g is not constant. Thus h # 0. Finally, we

hi=gi
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compute
h'D1 = Z hid;
ZZ(gi— Z]g] ])di
; Xid;
2 8j4;

) Zgidi_Zdi- 2jd;

=0,
showing thath L D1. m|

3.3 Kirchhoff’s theorem

Using a theorem of Kirchhoff (1847), we can count the spanning trees in
any graph given only its Laplacian. In this section, we’ll follow the proof
of Kirchhoff’s theorem given in |Brouwer and Haemers, (2012: Proposition
1.3.4), while adding considerable detail to their proof.

We generalize our definition of the Laplacian to include multigraphs.

Definition. Let G be a multigraph on n vertices. Let A(G) be the n X n matrix
whose (i, j)-th entry is the number of edges between vertices i and j. Let D(G)
be the n X n diagonal matrix whose (i, i)-th entry is the degree of vertex i. The
Laplacian of G, denoted L(G), is defined as L(G) = D(G) — A(G). We will write
L for L(G) when G is clear from context.

This definition allows us to state the following necessary lemma for
multigraphs. In the proof of this lemma, we will use the fact that

still holds for multigraphs.

Lemma 3.17. Let G be a multigraph on n vertices. Then T(G) = cxx(L) for every
vertex x of G.

Proof. Fix a vertex x of G. We proceed by two-dimensional induction on #
and on d,(G).

Suppose n = 1 and dx(G) = 0. Then 7(G) = 1 and, since the empty
matrix has determinant 1, we have c,,(L) = 1. This proves the result for
n=1and d,(G) =0.

Suppose nn > 2 and dy(G) = 0. Then x is an isolated vertex, so 7(G) = 0.
The matrix L} is a Laplacian for the graph obtained from G by deleting x,
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so by [Theorem 3.4, the matrix L{*} has 0 as an eigenvalue. Thus cyy(L) =

detL1*} = 0. This proves the result for n > 2 and d.(G) = 0.

Having established the base cases where d,(G) = 0, we proceed to the
inductive step. Our inductive hypothesis will be that the result holds for
any graph H that contains vertex x and satisfies

¢ H has fewer vertices than G, or

* H has as many vertices as G and d(H) < d(G).

Suppose dx(G) > 1. Let y be a vertex adjacent to x, and let e denote the
edge xy. Consider detL{*}. Deleting ¢ changes L{*} in only the (y, y)-th
entry, which decreases by 1. Thus, computing c,(L) = det L{*} by cofactor
expansion along row y, we see that deleting e decreases cy,(L) by det L1*¥},

SO
Cxx(L) = cxx(L(G\e)) + det L1,
Next, let us consider what happens to detL when the edge e is con-

tracted. Contracting e is equivalent to:

1. replacing each edge zy with an edge zx, which changes only the rows
and columns of L indexed by {x, v}, and then

2. deleting y, which deletes row y and column y of L.

Thus
cxr(L(G/e)) = det L1¥ V3,
which gives
Cxx(L) = Cxx(L(G\e)) + Cxx(L(G/e))-

Deleting e decreases d(G) by 1 and does not change the number of
vertices, so cxx(L(G\e)) = 7(G\e) by the inductive hypothesis. Contracting
e decreases the number of vertices by 1, so cxx(L(G/e)) = ©(G/e) by the
inductive hypothesis. Using|Proposition 2.1}

7(G) = 1(G\e) + 1(G/e)
= Cxx(L(G\e)) + Cxx(L(G/e))
= Cyy(L). O

In the preceding proof of Lemma 3.17| even if G is a simple graph, the
inductive hypothesis must hold for G/e, which need not be a simple graph.

This forced us to establish the lemma for multigraphs.

We finally prove Kirchhoft’s theorem, which extends to the
statement that every cofactor of L counts spanning trees.
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Theorem 3.18 (Kirchhoff’s theorem). Let G be a graph on n vertices. Then

n-1
Q)= cq )= | |
i=1

for all vertices x, y of G.

Proof. Let x, y be vertices of G. Given|Lemma 3.17 it suffices to prove that
cxx(L) = cyy(L) and that [T75! pi = n - 7(G).

First, we prove that cyx(L) = cyy(L). The columns of L sum to zero, so
we can change L(x, y) into L(x, x) by performing the following elementary
column operations:

1. adding each of the n — 2 other columns to column x, then
2. multiplying column x by -1, and then
3. shifting column x to position y.

Operation 1 doesn’t change the determinant, operation 2 multiplies the
determinant by —1, and operation 3 multiplies the determinant by (—=1)**¥~1,
so that

cxx(L) = detL(x,x) = (=1)"*¥ det L(x, y) = cxy(L).

Second, we prove that ]_[?:_11 ui = n-t(G). Since po = 0, we have
pr(w) = u [15! (4 — ). Differentiating this product with respect to u gives

n-1
pr(0) = (1" [ | s
i=1
On the other hand, using
pLO)= > prn(0)
= Z det (- L)
= (=11 Z det L1*
X
= (_1)n—1 Z cxx(L),

X
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which gives H?z_ll pi = Xy cxx(L). Now cxyx(L) = 7(G) byand

the sum ranges over all n vertices, so

[y

n—

i = Z 2(G) = n - 1(G). O

X

1l
—_

i
Kirchhoft’s theorem counts spanning trees using the eigenvalues of the

Laplacian. We now prove a variation, due to Sachs (1976), that uses the
eigenvalues of the normalized Laplacian instead.

Theorem 3.19. Let G be a graph on n vertices that has no isolated vertices. Then

Modo T
2o do
Proof. We will relate the (n — 1) X (n — 1) principal minors of L and L. Let
W Dbe the set of all vertices except u, thatis, W = {1,...,n}\{u}. Let Sy be

the symmetric group on W. Using the definitions of the determinant and
the normalized Laplacian,

det £} = Z sgn(o) 1_[ L(v,0(v))

T(G) = )\l‘.

I
—_

i

0ESWy veW
= Z sgn(o) 1—[ L(v, 0(v)) - (dvdg(v))_l/z (3.5)
oESWy veW

For every permutation o € Sy,
[ [d0=]] oo
veW veW

since each vertex in W is counted once on each side. It follows that

1
[ [ @odoe)™ = nd”) i

veW (veW

which does not depend on ¢. Substituting into Equation 3.5

d d
o ] VR it
det £ 4 sgn(o) ZJEWL(v, a(v)) . d, det L1"J,

UGSW

so by [Lemma 3.17
dy

v Yo

det £} = 7(G). (3.6)
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Computations similar to those in the proof of [I'heorem 3.18| give

n—

—_

i = (=1)"1p0) = ) det L1, (3.7)

Il
—_

i

The result now follows by substituting Equation [3.6/into Equation 3.7 and
then rearranging. ]



Chapter 4

Electrical networks

Ehrenborg and van Willigenburg| (2004) show that |[Conjecture 1.1| holds
with equality for Ferrers graphs, which are a class of bipartite graphs. In
this chapter, we review the theory of electrical networks, follow their proof,
and conclude by showing that Ferrers graphs are equivalent to connected
difference graphs.

In this section, we view a connected graph G as a representation of an
electrical network. Each edge ab of G is assumed to have a resistance R(a, b).
We may also denote the resistance of an edge e by R(e).

Fix two distinct vertices of G: a source s and a sink t. We assume a unit
current enters at s and leaves at t. Now for each edge ab of G, there is a
current I(a, b) in the edge and there is a voltage V(a, b) across the edge. The
voltage, resistance, and current are related by a physical law.

Ohm’s law. V(a,b) = R(a,b) - I(a, b) for each edge ab in G.

Additionally, the currents and voltages must satisfy Kirchhoff’s laws.
Kirchhoff’s current law states that the total current into any vertex equals
the total current out of that vertex.

Kirchhoff’s current law. For every vertex v of G,
Z I(v,b) = 0.
beN(v)

Kirchhoff’s voltage law states that the voltages around any cycle sum to
zero.
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Kirchhoff’s voltage law. For every cycle C = vy --- vy in G,

k
ZV(i,i+1) =0,
i=1
where we set Vi1 = V1.

4.1 Currents and spanning trees

The content in this section follows Bollobas| (1979: Section I1.1). Bollobéas

only provesI'heorem 4.3|for the case where every edge has unit resistance,
but we provide a proof for the general case. The conductance of an edge ab

is 1/R(a, b), the reciprocal of its resistance. We will derive a formula for the
current in each edge in terms of the conductances in spanning trees.

Definition. The weight of a spanning tree T in G, denoted w(T), is defined as

-1
w(T):( H R(e)) :

ecE(T)

In the proof of the current formula, we will consider subgraphs of the
electrical network G that are almost spanning trees.

Definition. A thicket is a spanning subgraph of G with exactly two components
Us and Uy, such that U contains s and U, contains t. The weight of a thicket U
in G, denoted w(U), is defined as

-1
w(U):( ]_[ R(e)) .

ecE(U)

Definition. Let ab be an edge of G. An ab-thicket is a thicket of G such that
Us contains a and Uy contains b. The weight of an ab-thicket U in G, denoted
wqp(U), is defined as

-1
wab(U):(R(a,b) [ R(e)) .

ecE(U)

This next lemma immediately follows from the definitions of ab-thicket
weight and thicket weight.
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Lemma 4.1. Let U be an ab-thicket. Then w,,(U) = w(U)/R(a, b).
Note that any ab-thicket U is also a thicket, and by U’s

weight as an ab-thicket differs from its weight as a thicket, unless the edge
ab happens to have unit resistance.

Next, we relate the ab-thickets in the network G to some spanning trees
in G. We will say an st-path P contains the edge ab if the sequence of vertices
along Piss---ab---t.

Lemma 4.2. Let ab be an edge of G. Let W(a, b) be the sum of weights of all
spanning trees in which the st-path contains ab. Let Wy(a,b) be the sum of
weights of all ab-thickets. Then W(a, b) = Wy(a, b).

Proof. Let St be the set of spanning trees considered in W(a, b), and let S; be
the set of ab-thickets considered in Wy;(a, b). To show that the sum W(a, b)
of spanning tree weights equals the sum Wy (a, b) of ab-thicket weights, it
suffices to define a bijection f : St — Sy that preserves weight.

For a spanning tree T € St, define f(T) as the subgraph obtained from T
by removing the edge ab. Since the st-pathin T was s ---ab---t, we know
s,a are connected in f(T) and b, t are connected in f(T). Since there was
only one st-path in T, the subgraph f(T) has two components. It follows
that f(T) is an ab-thicket, and it’s easy to see that f is bijective and that f
preserves weight. m|

We are now ready to derive the formula given in Kirchhoft| (1847) for
the current in each edge.

Theorem 4.3. Let G be a connected graph representing an electrical network. Let
W be the sum of weights of all spanning trees. Then the current in every edge ab
of Gis
W(a,b)—W(b,a)

W ,

I(a,b) =
where W(a, b) is defined as in

Proof. It is known that at most one set of currents satisfies both
lcurrent law| and [Kirchhoft’s voltage law| so we need only check that the
currents defined satisfy both laws. Let T be an arbitrary spanning tree in
G, and let Pt denote the (unique) st-path in T.

First, we check [Kirchhoff’s current law]| at vertices s and t. The path
Pr contains the edge sb for exactly one b € N(s), so summing across all
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spanning trees T, we have }’,cn () W(s, b) = W. The path Pr doesn’t contain
any edge bs where b € N(s), s0 X pen(s) W(b, s) = 0. It follows that

W -0
Z I(s,b) = —— =1,
beN(s) w

so the current law holds at s. By a symmetric argument, the current law
also holds at ¢.

Second, we check Kirchhoff’s current law at a vertex y ¢ {s,t}. If y is
not on Pr, then T contributes 0 to the current into or out of y. Suppose y
is on Pr, and say Pr iss---xyz---t. Then T contributes w(T) to W(x, y),
and so contributes w(T) to the current into y. Also, T contributes w(T) to
W(y, z), and so contributes w(T) to the current out of y. We have shown
that an arbitrary spanning tree T contributes 0 to the net current flow out
of y. It follows that the net current flow out of y is Ypen(y) I(y,b) = 0, so
the current law holds at y.

Third, we check |[Kirchhoft’s voltage law| Let C be an arbitrary cycle in
G, and orient C’s edges so that C is a directed cycle. It remains to check that
the voltages around C sum to 0. Let U be an arbitrary thicket in G, with
components Us (containing s) and Uy (containing t). Using[Lemma 4.2 we
consider W(a, b) in the formula for I(a, b) as a sum of ab-thicket weights.
Let ab be an arc in C. We check three cases:

Case 1: a, b are in the same component of U. Then U contributes 0 to
W(a,b) and W(b, a), so U contributes 0 to the sum of voltages around C.

Case 2: a isin U and b is in U;. Then the thicket U is also an ab-thicket,
so U contributes w,,(U)/W to I(a,b). By |Ohm’s law| and [Lemma 4.1} U
contributes

wab(u) — ZU(U)

R(a,b) - W W

to the sum of voltages around C.
Case 3: a isin U; and b is in U;. Then the thicket U is also a ba-thicket,

so U contributes —w,;,(U)/W to I(a,b). By Ohm’s law and u

contributes
wab(u) — _w(u)
W W

R(a,b)- -

to the sum of voltages around C.

Since C is a directed cycle, it contains as many arcs from U to U; as arcs
from U; to Us. It follows that an arbitrary thicket U contributes 0 to the
sum of voltages around C, so the voltage law holds around C. m|
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The preceding theorem has the following useful specialization.

Corollary 4.4. Let G be a connected graph representing an electrical network in
which every edge has unit resistance. Assume the source s and the sink t are
adjacent. Then the current in the edge st is

7(G) — 1(G\st)
(G)

where G\st is the graph obtained from G by deleting st.

I(s,t) = , (4.1)

Proof. Since every edge has resistance 1, every spanning tree has weight 1,
giving W = 7(G). For any spanning tree T in G, the st-path in T contains
the edge st if and only if T contains st. The spanning trees in G that contain
st are exactly those spanning trees in G that are not spanning trees in G\st,
which gives W(s, t) = 7(G) — ©(G\st). Of course, an st-path cannot contain

the edge ts, so W(t,s) = 0. Substituting all this into[Theorem 4.3|yields

_ WG, - W(t,s) _ 1(G) - 1(G\st)

I(s,t) W 2C)

4.2 Effective resistance

In this section, we introduce the effective resistance between two vertices, first
defined in |[Klein and Randid| (1993). The content of this section serves as
background for our results in Section [5.4]

Throughout this section, let G be a graph representing an electrical
network in which every edge has unit resistance. We assume, as in the
previous section, that each edge ab of G has a resistance R(a, b). Moreover,
we assume that no current flows in the network before we connect a battery.

Definition. Let ab be an edge of G. Connect a battery’s terminals to a and b.
The effective resistance between a and b, denoted 1,,(G), is the battery’s voltage
divided by the current supplied by the battery. We will write 14y for r,5(G) when
G is clear from context.

Unlike the (intrinsic) resistance R(a, b), the effective resistance r;; is
defined when a and b are not adjacent. Even when a and b are adjacent,
rqp in general differs from R(a, b). For example, consider the graph Hj in

The edge between vertices 3 and 4 has resistance R(3,4) = 1 and
effective resistance r34 = 2/3.
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The effective resistance can be computed using standard techniques.
These techniques involve replacing multiple resistors in parallel or in series
with a single resistor. We do not provide further explanation; see Bollobas
(1979) for an overview.

When the vertices a and b are adjacent, the effective resistance r,; coin-
cides in value with the current in Equation

Proposition 4.5. The effective resistance of every edge ab of G is

_ 1(G) — 1(G\ab)
Tap = T(G) .

Proof. We assume a battery’s terminals are connected to a and b, as in the
definition of effective resistance. The effective resistance does not depend
on the battery’s particulars, so we can and will assume the battery supplies

unit current. By the current between a2 and b is
7(G) — 1(G\ab)
©(G)

Using[Ohm’s Taw] the battery’s voltage is

V(a,b) = R(a,b) - I(a,b) =

I(a,b) =

7(G) — 1(G\ab)
(G) ’

since every edge has unit resistance. Dividing this by the unit current sup-
plied by the battery, we obtain the claimed value for the effective resistance
Yab- O

Stated in other words, the effective resistance of any edge is the propor-
tion of spanning trees containing that edge.

One way to simplify an electrical network G is to short a set of vertices
S € V(G), that is, connect all the vertices in S with wires having zero
resistance. Shorting S is equivalent to collapsing all the vertices in S into
a single vertex. It is well-known that shorting a set of vertices cannot
increase the effective resistance of any edge; see for example Doyle and
Snell| (1984: Section 2.2.2).

Short-cut principle. Let S C V(G), and let G’ be the graph obtained from G by
shorting S. Then 145(G’) < 145(G).

Coppersmith et al|(1996; Proposition 2) use the [short-cut principle| to
prove the following lower bound on effective resistance.
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Proposition 4.6. Let G be a connected graph representing an electrical network
in which every edge has unit resistance. Then

1
+

>
Tab = dp +1

for every edge ab of G.

This lower bound is improved by |Palacios and Renom (2011), again by
using the [short-cut principle]

Proposition 4.7. Let G be a connected graph representing an electrical network
in which every edge has unit resistance. Then

s d, +dp—2
e

for every edge ab of G.

4.3 Ferrers graphs

Ehrenborg and van Willigenburg| (2004) define a class of bipartite graphs
called Ferrers graphs. In this section, we will follow their proof that
ture 1.1 holds with equality for Ferrers graphs.

Definition. A Ferrers graph is a bipartite graph with parts X = {xo,...,Xn}
and Y = {yo, ..., Ym} such that

® XoYm and x, Yo are edges, and
* whenever xp Y, is an edge, x;yj isanedge forall 0 <i <pand 0 < j < q.

A Ferrers graph represents the integer partition (dy,, ..., dy,). Thus,
there is a natural correspondence between Ferrers graphs and Ferrers dia-
grams, which also represent integer partitions. For example, the partition
of 8 into (4, 3, 1) is represented both by the Ferrers graph in and
the Ferrers diagram in [Figure 4.2

We first prove a lemma about how adding an edge to a Ferrers graph
changes the number of spanning trees.

Lemma 4.8. Let H be a Ferrers graph without the edge xpy,, where p,q > 1.
Suppose adding x,y, to H forms another Ferrers graph G. Then

(G) _(p+1(g+1)
T(H) rq '
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X0 X1 X2

Yo n Y2 Y3

Figure 4.1 Ferrers graph representing the partition (4, 3, 1).

Yo n Y2 Y3

X0

X1

X2

Figure 4.2 Ferrers diagram representing the partition (4, 3, 1).

Proof. We view the Ferrers graph G as an electrical network. Assume a unit
current enters at x, and leaves at y,. Write N = (p +1)(g + 1). To each edge
x;y;j, assign the resistance R(x;, y;) = 1 and the current

-1/N ifi<p,j<gq,
p/N ifi=p,j<gq,

I(xi, yj) = {q/N ifi<p,j=q,
(l+p+q)/N ifi=p,j=gq,
0 otherwise.

We will check [Kirchhoft’s current law|at x,. We compute

q
p l+p+qg _(p+DE+1)
: I(xp/]/j)ZQ'N+ N = N =1/
j=0
so the current law holds at x,. By a symmetric argument, the current law
also holds at y,;. Next, we will check Kirchhoff’s current law at x;, for i < p.
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We compute
q
1.9
ZI(Xi,yj) =1 -5ty ="
j=0

so the current law holds at x;. By a symmetric argument, the current law
also holds at y;, for j < g. No current flows into or out of x; for i > p or y;
for j > g, so the current law holds at every vertex.

Observe that the only nontrivial cycle in G is x, — y; = x; = y; = xp,
where i < p and j < q. Thus, it suffices to check that [Kirchhoff’s voltage
holds around this cycle. Since every edge has resistance 1,(Ohm’s law
gives V(x;, y;) = R(x;, y;). The voltages around this cycle sum to

so the voltage law holds.
We assigned I(xy, y;) = (1 +p +q)/N, where N = (p + 1)(g + 1), so

N-pq_,_ Pq .
N (p+1D(g+1)

Corollary 4.4/ gives the current between the source x, and the sink y, as
(G) — ©(H) ©(H)
I = =1-—=.
Cp ¥a) = =216 7(G)

Comparing this with Equation [4.2]yields the result. o

holds with equality for Ferrers graphs.
Theorem 4.9. Let G be a Ferrers graph with parts X and Y. Then

1
T(G):W 1—[ dv.

veV(G)

I(xp, yq) = (4.2)

Proof. Label the vertices such that X = {x¢,...,x,}and Y = {yo,..., Ym}-
Fix n and m. We proceed by induction on |E|.

Let Go be the Ferrers graph whose only edges are xoyo, xoy; for1 < j <
m,and x;yo for 1 < i < n. Then Gp has n + m + 1 edges, which is fewer than
any other Ferrers graph with parts X and Y, so we take Gy as the base case.
Since Gy is a tree, 1(Gp) = 1. We find

1 dX() : dyo
_ v < = 1 = ,
IX]- Y] l l d (n+1)(m +1) (Go)
veV(Gp)



38 Electrical networks

so the base case holds. If n = 0 or m = 0, then G is the only Ferrers graph
with parts X and Y, so we are done. Thus, assume n,m > 1.

Let G be a Ferrers graph with more edges than Gy. Remove an edge
from G to form another Ferrers graph H (it can be shown that this is always
possible); say the edge x,y, is removed. Since H is a Ferrers graph, remov-
ing xpy, decreased dy, from p +1 to p and decreased d,, from g +1 to g,

SO
I_I dv:(p+1;;q+1) l_[ n

veV(G) veV(H)

By the induction hypothesis, the right-hand side product equals 7(H). Us-
ing

G
[T do=22 )= 20,
veV(G) T( )
completing the inductive step. m|

4.4 Difference graphs

Chestnut and Fishkind| (2013) study another class of bipartite graphs called
difference graphs.

Definition. A bipartite graph with parts X and Y is a difference graph if there
exist a function ¢ : X UY — R and a threshold a € R such that for all x € X and
y €Y, the graph has edge xy if and only if $(x) + P(y) > a.

They assert that Ehrenborg and van Willigenburg) (2004) proved
for difference graphs, not for Ferrers graphs. This suggests that
Ferrers graphs and difference graphs are equivalent, which is proven in
Hammer et al.|(1990: Theorem 2.3(4)). We give a more direct proof of this
equivalence.

Theorem 4.10. G is a Ferrers graph if and only if G is a connected difference graph.

Proof. (=) Suppose G is a Ferrers graph with parts X = {xo,...,x,} and
Y = {yo,...,Yym}. Then G is connected, since G contains the edges xoo,
xoyjforl <j<m,and x;yo for1 <i < n.

To show that G is a difference graph, define the function ¢ : XUY — R
by ¢(x;) = n—iand ¢(y;) = dy,;. Since G is a Ferrers graph, the neighbors of
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yjarethose x; wherei < d, i 1, so we can establish the chain of equivalences

P(xi) + Pyj) =2 n +1

& n—i+dy].2n+1

& G has edge x;y;.

Thus, G is a difference graph with the function ¢ as defined and the thresh-
olda=n+1.

(<) Suppose G is a connected difference graph with parts X and Y, so
there exists a function ¢ : X UY — R and a threshold a € R as in the
difference graph definition. Label the vertices in X as xq,...,x; and the
vertices in Y as Yo, ..., Ym such that ¢p(xg) > --- > ¢(x,) and P(yp) > -+ >
O (ym). We must check the two conditions in the Ferrers graph definition.

First, we must show that xoy,, and x,yo are edges of G. Since G is
connected, xg is adjacent to at least one y;. Because j = m minimizes ¢(y;),
we have ¢(xg) + ¢(ym) > a, so Xoy, is an edge of G. A similar argument
shows that x, 1 is also an edge of G.

Second, we must show that whenever x,y, is an edge, x;y; is an edge
forall0 <i <pand 0 < j < g. Fixp,q,i,j so that x,y, is an edge,
0<i<p,and 0 < j < q. By our choice of labels, we have ¢(x;) > ¢p(x;,)
and ¢(y;) > ¢(y,). It follows that

P(xi) + P(yj) = plxp) + P(yg) 2 a,

so x;y; is an edge of G. m]

Now together with [Theorem 4.10, shows that
ture T.T|holds with equality for difference graphs. Hammer et al|(1990; The-

orem 2.3) prove the following forbidden graph characterization of the bi-
partite graphs that are also difference graphs.

Proposition 4.11. Let G be a bipartite graph. Then G is a difference graph if and
only if G does not contain Ko U Ky as an induced subgraph.

Thus, would follow in general if it were proved for bipar-
tite graphs containing K, U K as an induced subgraph.

Yet another common name for a difference graph is a chain graph; see
Yannakakis| (1981) for example.






Chapter 5

Results

This chapter contains original results of ours that represent progress to-

wards[Conjecture 1.1} For a summary of our results, refer to Section [1.3]

We will assume that all graphs are connected throughout this chapter,
because if G were disconnected, then 7(G) = 0 and the conjecture clearly
holds.

5.1 Specific classes of graphs

We provide combinatorial proofs of for G having |X| < 2and

for G being an even cycle.
Proposition 5.1. Let G = (V,E) be a bipartite graph with parts X,Y, where
|X| =1. Then
1
G)=— .
T( ) |Y| U(J;IG) dv

Proof. Since G is connected, G must be the complete bipartite graph Kj |y|.
The vertex in X has degree |Y|, and every other vertex has degree 1. Since
G is itself a tree, T(G) = 1, showing the result. O

Proposition 5.2. Let G = (V,E) be a bipartite graph with parts X,Y, where

|X| = 2. Then
1
< == | | :
7(G) < 3V dy
veV(G)
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Proof. Let X = {x1,x2}. Fori = 1,2, let Y; denote the set of vertices in Y
adjacent to only x; in X. Let Y1, denote the set of vertices in Y adjacent to
both x1 and x».

Since G is connected, Y1, cannot be empty. Let T be a spanning tree in
G. Then T must contain all the edges between X and Y; and all the edges
between X and Y;. For exactly one vertex u € Y1y, the tree T contains the
edges x1u and xou. For every other vertex w € Yio, w # u, the tree T
contains exactly one of the edges xjw and x,w.

There are |Y1»| choices for u, and for each of the |Y1»| — 1 other vertices
w € Y7o, there are 2 choices for which of x;w and x,w isin T, so

7(G) = |Yyo| - 227,
We find
2Y|- T(G) = 2(|Y1| + | Ya| + [Ya]) - |Yio| - 21221

= (1Ya] + [Ya2] + |Ya]) - [Yyo| - 222!

= (V1] + [Ya2l)(| Yaz| + |Yal) - 2722l — |vq| - |17 - 2122
< (Y1l + [Ya2)(|Ya2] + | Ya[) - 2172

=[] 4

eV (G)

and then dividing through by 2|Y| gives the result. ]

Conjecture 1.1{holds for all even cycles.
Proposition 5.3. holds for even cycles.

Proof. Let G be an even cycle with 2n vertices, where n > 1. The spanning
trees in G are exactly the subgraphs obtained by deleting one edge in G.
Since G has 2n edges, we have ©(G) = 2n. Moreover [[,d, = 2%" and

1X| - Y| = n?, so for G is equivalent to
2n3 < 2%, (5.1)

We proceed by induction on n. Equation [5.1|holds for n < 2, and we take
n = 2 as the base case. As the inductive hypothesis, assume Equation
holds for some k > 2. Because (k + 1)/k < 3/2 < 2%/3, we have

k+1

2(k+1)3:( 2

3
) K3 < (22/3)3 L2k = 92(k+1)

completing the inductive step. a
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5.2 Connecting graphs by a new edge

We extend |Proposition 1.3|by proving that holds under the
operation of connecting two bipartite graphs by a new edge.

Proposition 5.4. Let G and G’ be bipartite graphs for which holds.
Let X and Y be the parts of G, and let X" and Y’ be the parts of G’. Choose vertices

x€Xand x" € X'.
Define the graph H by V(H) = V(G) U V(G’) and E(H) = E(G) UE(G") U
{xx"}. Then the conjecture holds for H also.

Proof. Suppose that at least one of the parts X, Y, X’, and Y’ contains just
one vertex. Then at least one of G or G’ is a tree; without loss of generality,
say G’ is a tree. We may start from G and build up H by adding the vertex
x" and the edge xx’, and then adding the rest of G’ similarly. The result
follows by applying [Proposition 1.3|at each step.

We may now assume that each of the parts X, Y, X’, Y’ contains at least
two vertices. Then

IX]- 1Y) = (X = DAY = 1) + [X] + Y| -1
>1-1+|X|+1]Y|-1
= X1+ Y|
=|XUY,

and similarly |X’| - Y| > | X" U Y]|. It follows that
[X|-|Y]-1X|- Y| = |XUY']|-|X"UY]. (5.2)

Every spanning tree in H is obtained by connecting a spanning tree in G
and a spanning tree in G’ by xx’. Since this correspondence is bijective,

©(H) = 1(G) - ©1(G"). (5.3)
Since holds for G and G’, we have
1
7(G) £ o= dy,(G),
©) < 3y UEI;IG) o(G)

1
(s —1 T ac)
©) IX’I'IY’IUJV—([G,) o
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Multiplying these inequalities and using Equation

1 ’
T < |X|~|Y|~|X'|~IY'I( ] dU(G))( e ))'

veV(G) veV(G)

Of course d,(H) > d,(G) for every v € V(G), and in particular we have
dy(H) = d+(G) + 1. This holds for the vertices of G’ too, so

1
w(H) < |X|.|Y|.|X'|.|Yf|( 1—[ d”(H))( 1_[ d”(H))

veV(G) veV(G)

1

- dy(H).
XY XY UEIV—(IH) ”

Observe that the parts of H are X U Y’ and X’ U Y. By Inequality[5.2}

1
H d,(H
W) < VTR OT [] d),
veV(H)

showing that holds for H also. ]

5.3 Using spectral techniques

In this section, we approach by analyzing the normalized
Laplacian spectrum. The following lemma is a direct consequence of

orem 3.12|and [Theorem 3.191

Lemma 5.5. Let G be a bipartite graph on n > 3 vertices. Then

Iede 7,
O =Eoen 1_1[ A

Next, we follow a proof in|[Bozkurt|(2012) of the following bound on the
number of spanning trees in a bipartite graph.

Theorem 5.6. Let G be a bipartite graph on n > 2 vertices. Then

[1o do

O = {Ee)

(5.4)

with equality if and only if G is complete bipartite.
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Proof. If n = 2, then G is K; and both sides of Inequality are 1, so the
result holds. Assume n > 3. Using the AM-GM inequality on the statement

of[Lemma 5.5 )
_ n—
Hv dv (Z?:l2 Ai)

EG)\ n-2

7(G) <

with equality exactly when the n — 2 eigenvalues A1, ..., A,_» are equal. By
Theorem 3.13] this condition is equivalent to G being complete bipartite.
By [Proposition 3.7, we have Z;”;z Ai =n—Ag— Ay_1. In every graph,

Ao = 0, and here A,,_1 = 2 (again by [Theorem 3.12). Thus 2?2_12 Ai=n—-2,
and the result follows. |

Because there can be at most |X| - |Y| edges in a bipartite graph with

parts X and Y, if Conjecture 1.1 were true, then would follow.

Specifically, the conjecture’s result improves upon by a factor
of |[E(G)|/(|X] - |Y[), which motivates the following definition.

Definition. Let G be a bipartite graph with parts X and Y. The bipartite density
of G, denoted p(G), is the ratio |[E(G)|/(|X] - |Y]).

Equivalently, G contains p(G) times as many edges as the complete
bipartite graph K|x,y|. The bipartite density, along with the normalized
Laplacian eigenvalues, is involved in the following reformulation of

Proposition 5.7. Let G be a bipartite graph on n > 3 vertices with parts X and

Y. Then holds for G if and only if

n-2
ﬂ Ai < p(G). (5.5)
i=1

Proof. This follows directly from|[Lemma 5.5|and [Conjecture 1.1} m]

Our strategy to approach will be to use the following

sufficient condition for the conjecture to hold.

Lemma 5.8. Let G be a bipartite graph on n > 3 vertices with parts X and Y.
Suppose, for some 1 < k < |(n —1)/2], we have

k
| [ae-2) <p).
i=1

Then holds for G.
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Proof. We use the form of |Conjecture 1.1| provided by |[Proposition 5.7|
IProposition 3.14|gives A,,_1—-; =2 — A;, so that

ﬁ[ e (ﬁ[ Ai) (ﬁ[ A”‘“‘) - (ﬁ Af)( [ m) 69

i= i=1 i=n—k-1

We distinguish three cases.

Case 1: n is even and k = [(n —1)/2] = n/2 — 1. Then the right-hand
side of Equation involves each of the eigenvalues A4, ..., A,—» once, so
the supposition is equivalent to Inequality

Case2: nisoddand k = [(n—1)/2] = (n—1)/2. Then the right-hand side
of Equation 5.6/involves the middle eigenvalue A(,_1)/, twice, and involves
each of the other eigenvalues A1,..., A2 once. By [Proposition 3.14, we
have A(,-1);2 = 1, so the supposition is again equivalent to Inequality[5.5

Case 3: k < [(n —1)/2]. In this case, there are some eigenvalues in the
middle that are not involved in the right-hand side of Equation These
middle eigenvalues are the n — 2k — 2 eigenvalues Axy1,..., Ay—k—2. Their
sum is, from [Proposition 3.7|and [Proposition 3.14}

n—k-2 n-2 k n
ZAi:ZAi_(ZAi+ Z /\i)
i=k+1 i=1 i=1 i=n—k-1

k
= n—Z(/\i-i-Z—/\i)
i=1
=n —2k.
Thus, applying the AM-GM inequality to these middle eigenvalues,

—k=2 n—k-2 y \""2k-2
D1 A
C< [ EEL =
1_[ A < (n T 1. (5.7)
i=k+1

n
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We finally show that Inequality [5.5]is satisfied, since

n-2 k n—k-2 n-2
URINRNIRY
i=1 i=1 i=k+1 i=n—k-1
k n-2
()L
i=1 i=n—k-1

= ﬁ Ai(2 = Ap)

i=1
< p(G),

where we used [Equation 5.7, [Equation 5.6, and the supposition in that
order. O

The preceding lemma gives a way by obtaining upper

bounds on the first k eigenvalues. Because the spectrum is symmetric
(Proposition 3.14), these would also be lower bounds on the last k eigen-
values. In this report, we focus on the smallest nontrivial eigenvalue A;.
Specializing the preceding lemma to k = 1 gives the following lemma.

Lemma 5.9. Let G be a bipartite graph on n > 3 vertices with parts X and Y.
Suppose
A2 - A1) < p(G).

Then holds for G.

For graphs having a cut vertex of degree 2, we have the following upper
bound on Aj.

Proposition 5.10. Let G be a graph having a cut vertex x of degree 2. Write
m = |E(G)|. Then

2m

A < .
4m -5+ V8m?2 — 28m + 25

Proof. Let G1 and G, be the two components obtained from G by removing

the cut vertex x. Write a = vol V(G1) and = vol V(G,), where vol V(G;) =

20ev(G;) 4o(G). Then, define f € R" by

¢ ifve V(Gl),
fo=qc ifveV(Gy),
0 ifv=x.
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where the c;’s are constants that depend only on a and . We will specify
the ¢;’s later. Observe that every edge of G connects two vertices in Gy,
connects two vertices in Gy, or is incident to x. Thus,

2= fiP=c+d.
i~j
Also,
D (fi - fiPdid; =2} + 2638 + (1 - c2)*ap,
i
where each term corresponds to a choice of two parts from the partition

{V(G1), V(G2), {x}} of the vertex set V(G). Substituting this sum and the
previous one into |Proposition 3.16| we obtain the upper bound

2 2
C1+C2

A1 £vol G- 5 5 R
2cia +2c5B + (c1 — c2)*af

(5.8)

We choose

o o N@=pPr(@pP-ap

a—B 1,
o, Na-pPr@pr-ap
a=f

since computations with Mathematica indicate that these choices of the ¢;’s
minimize the upper bound in Equation Choosing these ¢;’s gives the

upper bound
vol G

a+B+ap+(a—p2Z+@p?

Because x is adjacent to some vertex in G; and to some vertex in G,, we
have @, f > 1. The only other constraint on «a, g is that

A <

(5.9)

a+ B =volG —-vol{x} =vol G - 2.

It can be shown that under these constraints, the upper bound in Equa-
tion[5.9]is worst when a = 1 and f = 2m — 3 or vice versa. The result then
follows by substituting these values for a, f into Equation[5.9]and using the
fact that vol G = 2m. m]
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Figure 5.1 Upperboundon A1(2 — A7) for2 < |E(G)| < 50.

shows the upper bound on A1(2 — A1) given by
This upper bound is decreasing in |[E(G)| and approaches 0.5

from above as |[E(G)| — oo.

We establish as a lemma that for graphs with few edges,
is settled by the results of Garrett and Klee (2014). This lemma will let us

give a better upper bound on A1(2 — A;), since this bound gets better as

|E(G)| increases (see [Figure 5.1).
Lemma 5.11. holds for bipartite graphs with at most 12 edges.

Proof. Let G be a bipartite graph. If G has at most 11 vertices, then the
conjecture holds by Thus, we may assume G has at least 12
vertices, so it has at least 11 edges. It remains to check two cases:

Case 1: G has 11 edges and 12 vertices, or G has 12 edges and 13 vertices.
Then G is a tree, so the conjecture holds for G by [Corollary 1.4

Case 2: G has 12 edges and 12 vertices. Then G can be obtained from an
even cycle by the operation in [Proposition 1.3| Since the conjecture holds
for even cycles by [Proposition 5.3, the conjecture holds for G also. m]

Our main result proves [Conjecture 1.1| for sufficiently dense graphs
containing a cut vertex of degree 2.

Theorem 5.12. Let G be a bipartite graph. Suppose that p(G) > 0.544 and that
G contains a cut vertex x of degree 2. Then holds for G.
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Proof. Let G1 and G; be the two components obtained from G by removing
the cut vertex x. We check two cases:

Case 1: G has at most 14 edges. Then each of G; and G; has at most
12 edges, so by the conjecture holds for each G;. Since we
can reconstruct G from the G;’s using the operations in [Proposition 1.3/and
[Proposition 5.4} the conjecture holds for G also.

Case 2: G has at least 15 edges. The upper bound on A; given by
[Proposition 5.10is A; < 30/(55 + V1405) ~ 0.324. This gives

A1(2 - A1) < 0.544 < p(G),

which is sufficient to prove the conjecture by ]

The preceding result proves for graphs that are globally
dense (have high p(G)) but also locally sparse (contain a cut vertex). These

conditions suggest that the deviation from equality in the conjecture does
not depend on the graph’s density in a straightforward manner. This obser-

vation is consistent with equality for Ferrers graphs (Iheorem 4.9), because
Ferrers graphs can range in density from trees to complete bipartite graphs.

5.4 Using electrical network analysis

Let G be a bipartite graph. We also adopt the setup from Section 4.2} so we
view G as representing an electrical network in which every edge has unit
resistance.

We are interested in a lower bound for the effective resistance ry, in
terms of the degrees d, and dy. Recall as examples |Proposition 4.6| and
IProposition 4.7, which apply to graphs in general. We establish a lower
bound for bipartite graphs that, in some cases, improves on the mentioned
bounds.

The following technical lemma will be helpful.

Lemma5.13. Let G bea bipartite graph with parts X and Y. Then |E(G)| > dy+d,
for every edge xy of G, assuming that G\xy is connected.

Proof. We know G\xy is connected and does not contain the edge xv, so it
contains d, — 1 edges incident to x, another d;, — 1 edges incident to y, and
at least one more edge. We have identified d, + d, — 1 edges in G\xy, so
adding xy back gives

|E(G)| > dx +4d,. ]
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Proposition 5.14. Let G be a bipartite graph with parts X and Y. View G as
representing an electrical network in which every edge has unit resistance. Then

_1\-1
Tey = |1+ ! + ! + ! 1
*y = dy—1 dy-1 [E(G)-dy—dy+1
for every edge xy of G, assuming that G\xy is connected.

Proof. Write m = |E(G)|. Fix an edge xy of G, assuming x € X and y € Y.
Short X\{x} by collapsing it into a vertex x1, and short Y\{y} by collapsing
itintoa vertex y;. Let G’ denote the graph obtained, so V(G) = {x, v, x1, y1}.

In the graph G’, the number of edges between x and vy is 1, that between
x and y1 is dy — 1, and that between y and x; is d, — 1. Since G’ is bipartite,
all of them — d, — dy + 1 remaining edges are between x; and y1, and there
is at least one remaining edge by

We can thus replace the edges between x and y; by an edge with re-
sistance 1/(dy — 1), replace the edges between y and x; by an edge with
resistance 1/(d, — 1), and replace the edges between x1 and y; by an edge
with resistance 1/(m — dy — d,, + 1). The result follows from directly com-
puting the effective resistance in the shorted network, and then applying
the short-cut principle| m]

Using this bound, we give a sufficient condition for the ratio 7(G)/ [ ], 4o
to not increase when an edge xy is deleted from G.

Theorem 5.15. Let G be a bipartite graph with parts X and Y. Suppose xy is an
edge of G such that d(G) - d,,(G) > |E(G)|, and assume that G\xy is connected.

Then
WGlry) __7(©)
[T, do(G\xy) = [1,do(G)

Proof. Write m = |E(G)|. For convenience, let

_1\-1
b=(1+ L + ! + L 1
B de—1 dy-1 m—dy—d,+1

denote the lower bound in [Proposition 5.14} so from [Proposition 5.14}, we
have r,, > b. By|Proposition 4.5

7(G) - ©(G\xy) -
(G) -
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which rearranges to
M < 1-— b
7(G)

The result would follow from

odo(G\xy) _ (dx - Dy - 1)
T [Medo(G) dxd, '

which we now verify. We compute

(dx - 1)(dy - 1) _ (dx - 1)(dy - 1)(dxdy - m)
-1+b=
dyd, dedy (dydy(m — dy —dy +2) — m)

1-0b

(5.10)

Here the numerator is nonnegative because we supposed that d.d, > m.
The denominator is positive because

dydy(m —dy —dy+2)—m =dydy(m —dy —dy, +1) + (dxdy —m),

inwhichm—d,—d,+1 > 0by[Lemma5.13|and d,d, > m by the supposition.
It follows that
(de =1)(dy = 1)

>
7 dy 1+b >0,
which verifies Inequality and completes the proof. |

The following corollary gives a degree condition such that the conjecture
holds under the operation of removing an edge.

Corollary 5.16. Let G be a bipartite graph for which holds. Suppose
xy is an edge of G such that d(G) - d,(G) > |E(G)|. Then the conjecture holds

for G\xy also.

Proof. If G\xy is connected, then the result directly follows from
rem 5.15 and [Conjecture 1.1} Otherwise, the result still holds because
Conjecture 1.1}holds for disconnected graphs. |

Here is an example of how the preceding corollary can be used to show

that|Conjecture 1.1}holds for certain bipartite graphs.

Proposition 5.17. Let K’ be the graph obtained by removing a matching from the

complete bipartite graph K\x y|. Then [Conjecture 1.1|holds for K.
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Proof. Write K = Kx|,|y|- Since K is a Ferrers graph, |Conjecture 1.1/ holds
for K by [Theorem 4.9} For all x € X and y € Y, we have d,(K) - d,(K) =

Y] - 1X] = |E(K)].

Remove the edges of the matching one by one. Right before each edge
xiy; is removed from the intermediate graph K;, we still have d,,(K;) -
dy,(Ki) = |[E(K)|, because no edge incident to x; or y; has been removed

before. Thus, [Corollary 5.16| applies when each edge is removed, which

gives the result. O

This result establishes |[Conjecture 1.1/for a new class of graphs. Indeed,
whenever the matching removed contains more than one edge,

implies that K’ cannot be a Ferrers graph.






Chapter 6

Conclusion

6.1 Discussion

In this report, we approached Ehrenborg’s conjecture (Conjecture 1.1) along
three different routes: combinatorial proofs, spectral techniques, and elec-
trical network analysis. We discuss each route in turn.

6.1.1 Combinatorial proofs

In Section 5.1} we gave combinatorial proofs for G having |X| < 2 and for G
being an even cycle. These proofs rely on how straightforward it is to count
spanning trees in such graphs. For graphs in general, Kirchhoff’s theorem
(Theorem 3.18) reduces the problem of counting spanning trees to that of
computing a determinant. However, except for special classes of graphs, it
is rare that the number of spanning trees is easy to compare to the product
of vertex degrees, as is required to resolve [Conjecture 1.1, That said, it
would be interesting to see combinatorial proofs for other specific classes
of bipartite graphs.

We gave another combinatorial proof in Section[5.2] When two bipartite
graphs G and G’ are connected by an edge to form a graph H, there is the
simple relation 7(H) = 7(G) - ©(G’). This relation let us extend a result of
Garrett and Klee (2014) by proving that Ehrenborg’s conjecture holds under
the operation of connecting two graphs by a new edge.
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6.1.2 Spectral techniques

We found a sufficient condition for Ehrenborg’s conjecture in Section
using techniques from spectral graph theory. This condition involved the
smallest nontrivial eigenvalue A1 and the bipartite density p(G). In order
to exploit a variational characterization due to Chung| (1997), we supposed
that the graph G contains a cut vertex of degree 2. This vertex served as
a bottleneck, letting us obtain a good upper bound on A; and eventually
prove|Conjecture 1.1l when p(G) is sufficiently large.

As[Lemma 5.8} we state a sufficient condition for Ehrenborg’s conjecture
that involves the k smallest eigenvalues. However, as Butler| (2008 Section
5.5) points out, the middle eigenvalues A,, ..., A,_3 are much less well-
understood than A; and A,_;. In particular, suppose we write down a
variational characterization of A,, in analogy with the characterizations of
A1 (Propositions[3.15and 3.16). But those characterizations of A1 were easy
to work with because they involved the eigenvector D'/21 corresponding to
Ao, while an analogous characterization of 1, would need to depend on the
eigenvector corresponding to A;.

There are ways to control all the eigenvalues at once. One example is the
technique of eigenvalue interlacing, surveyed in Haemers| (1995). However,
because the number of spanning trees involves the product of all n — 1

nontrivial eigenvalues of L (Iheorem 3.18) or £ (Iheorem 3.19), even a

small difference between a bound and the actual eigenvalue can render the

bound too weak to establish

6.1.3 Electrical network analysis

Section [5.4] saw us apply the theory of electrical networks towards
Using the [short-cut principle] we obtained a lower bound on the
effective resistance of each edge, which is related via [Proposition 4.5/to the
proportion of spanning trees containing that edge.

Unfortunately, even with our lower bound, requires the
strict degree condition dy(G) - d,(G) > |E(G)| in order to guarantee that
removing the edge xy does not increase the ratio ©(G)/ [, dv. One way
forward would be to improve our lower bound.

It might be fruitful to investigate a formula, derived in Ghosh et al.
(2008: Section 2.4), for the effective resistance in terms of the Moore—Penrose
pseudoinverse L* of L. Relatedly, the pseudoinverse £* has a neat expres-
sion when the graph is bipartite (van Dooren and Ho, 2005; Theorem 1).
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6.2 Future work

6.2.1 Cartesian product

IProposition 5.4 is an example of the strategy of showing the conjecture
holds under operations that combine two bipartite graphs. Another such
operation is the Cartesian product of two graphs G and G’, which produces a
new graph denoted GOG’. The Cartesian product seems promising because
it enjoys the following properties:

(i) (Sabidussi, 1957: Lemma 2.6) The Cartesian product GOG’ is bipartite
if and only if G and G’ are bipartite.

(ii) (Sabidussi,1960: Corollary 2.15) Every connected graph G has a factor-
ization with respect to the Cartesian product into prime factors, which
are graphs that cannot be expressed as a nontrivial Cartesian product.
Moreover, this factorization is unique up to isomorphisms.

(iii) (Fiedler, 1973 Property 3.4) Let G be a graph on n vertices and let G’
be a graph on m vertices. Including multiplicities, the nm eigenvalues
of L(GOG’) are the values of 1;(G)-u;j(G')for0 < i <nand0 < j < m.

For example, Wu and Chung| (2014) apply the eigenvalue relation in

property (iii) to count spanning trees in certain regular graphs.

6.2.2 Laplacian eigenvalues

The proof of [Theorem 5.12| uses an upper bound on the eigenvalue A; of
L. Order the vertices by their degrees so that d; < dp < --- < d,. It can be

shown using [I'heorem 3.18| that Conjecture 1.1|is equivalent to

—_

n— n

n
Ui < m 1:1[ d;. (6.1)

This suggests approaching the conjecture by finding an upper bound on the
eigenvalues u; of L.

Based on a result of Brouwer and Haemers (2008), it is shown by [Farber
and Kaminer|(2011) that for 1 <i < n -1, we have y; < d; +i—1 except for
one graph. This gives

1

Il
—_

_

n-1

i< | |di+i-1). (6.2)

=1

N

Il
—_

i
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Checking some bipartite graphs reveals that the upper bound in Inequal-
ity |6.2| can be many orders of magnitude larger than that in Inequality
Perhaps one can improve the result of Brouwer and Haemers (2008) for the
case of bipartite graphs.

6.2.3 Local graph operations

We can rewrite|Conjecture 1.1|as

7(G) < 1
[Todo(G) ~ IX|-[Y]

Since the conjecture holds with equality for Ferrers graphs (Theorem 4.9),

it can be reformulated as follows.

Conjecture 6.1. Let G be a connected bipartite graph with parts X and Y. Then

"G _ _ TGy
Hv dv(G) B Hv dU(GF)

for any Ferrers graph Gr with parts X and Y.

Fix parts X and Y, and let 8 denote the set of all connected bipartite
graphs with parts X and Y. The reformulation in suggests
finding a graph operation whose effect on ©(G)/ [], d-(G) we understand
well. We now state the properties that we want such a graph operation to
have.

Proposition 6.2. would be implied by the existence of a map
f : B — B with the following properties:

(i) applying f to any G € B does not decrease ©(G)/ [, do(G), and

(if) starting from any G € B, one can obtain a Ferrers graph by applying f zero
or more times.

The operation of adding an edge certainly satisfies property (ii), so one
might hope that it satisfies property (i) as well. For some evidence in this
direction, consider what happens when we repeat the proof of
using the ry, bound from[Proposition 4.7/instead of our bound fromPropo-|
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Proposition 6.3. Let G bea connected bipartite graph with parts X and Y. Suppose
xy is an edge of G. Then

T(G\xy) < 7(G)

(@x =)y —1) = dedy 1" (63)
where we assume that G\xy is connected.
Proof. From [Proposition 4.7, we have
s dy+dy -2
YT odedy -1
Using [Proposition 4.5}
7(G\x dy+d, -2 (de—-1)d, -1
(T(\G)y) =iy sds ;xdyy— 1 : xdxd)y(—yl ) .

Imagine if [Proposition 6.3| held with the small change that the right-
hand side of Inequalityis 1(G)/(dxdy) instead of 1(G)/(dxdy, — 1). Then
the operation of adding an edge would indeed satisfy property (i) of[Propo-
establishing However, adding an edge does not
satisfy property (i). As a counterexample, consider the graph H in
ure 6.1]

y

Figure 6.1 The counterexample graph Hy.

We compute

tH\ry) 4 15 (M)
Hz; dv(HZ\xy) 54 216 Hv dv(HZ) ’

verifying that H; is a counterexample. Note that neither H, nor Hp\xy are
Ferrers graphs.

Having seen that adding an edge does not satisfy [Proposition 6.2}, we
define two graph operations that might.
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Definition. Let G € 8. Suppose G is not complete bipartite, so there exists a
vertex x € X whose neighborhood is not all of Y. Define the spread graph, denoted
spread(G, x), as the graph obtained from G by connecting x to every vertex in'Y.

Definition. Let G € B. Suppose G is not a Ferrers graph, so G contains Ko U K»
as an induced subgraph by |Proposition 4.11, Equivalently, there exist vertices
x1,x2 € X and y1,y2 € Y such that x1 ~ xp and y1 ~ Yo, but x1 + yp and
x2 * Yy1. Define the cross graph, denoted cross(G, x1y1,x2Y2), as the graph
obtained from G by adding the edges x1y and x21.

Starting from any connected bipartite graph G, repeatedly applying
the spread operation will result in a complete bipartite graph (which is a
Ferrers graph). Similarly, starting from G and repeatedly applying the cross
operation will result in a Ferrers graph. Thus, both of these operations have
property (ii) in [Proposition 6.2l We conjecture that these operations have
property (i) as well.

Conjecture 6.4. Let G be a connected bipartite graph with parts X and Y. If G’
is a graph obtained from G via a spread operation, then
WG _ (@)
[To do(G) ™ [To do(G) -

Conjecture 6.5. Let G be a connected bipartite graph with parts X and Y. If G’
is a graph obtained from G via a cross operation, then

7(G) < (G)
[T, do(G) ™ [1odo(G')

We have obtained empirical data in support of Conjectures[6.4and [6.5by
randomly generating bipartite graphs using the Python package NetworkX
(Hagberg etal.,2008). Because neither of our conjectures directly implies the
other, we believe our conjectures indicate two distinct approaches towards

confirming (Conjecture 1.1/in general.
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