Math. 128 Problem set 1.

Graphology: Graphs with maximum eigenvalue 2.

January 31, 2002, due Feb.12

You are going to have to take on trust that the results of this exercise set
will play an important role in the course, even though no Lie algebra ideas enter
into the results discussed here. For that very reason, I decided to assign this as
the first problem set; since the problems do not depend on any prior knowledge
of Lie algebras. In about a month you will see where these results come into
use.

For this problem set we call on two notions, that of a graph and its adjacency
matrix, and the Perron-Frobenius theorem from linear algebra.
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1 Graphs.

An undirected graph I' = (N, E) consists of a set N (for us finite) and a
subset E of the set of subsets of N of cardinality two. We call elements of N
“nodes” or “vertices” and the elements of E “edges”. If e = {i,j} € E we
say that the “edge” e joins the vertices i and j or that “i and j are adjacent”.
Notice that in this definition our edges are “undirected”: {i,j} = {j, ¢}, and we
do not allow self-loops. An example of a graph is the “cycle” Aﬁl) with £+ 1
vertices, so N = {0,1,2,...,¢} with 0 adjacent to £ and to 1, with 1 adjacent
to 0 and to 2 etc.

The adjacency matrix A of a graph T is the (symmetric) 0 — 1 matrix
whose rows and columns are indexed by the elements of N and whose ¢, j-th
entry A;; =1 if ¢ is adjacent to j and zero otherwise.



For example, the adjacency matrix of the graph Agl) is

0101
1 010
0101
1010

We can think of A as follows: Let V' be the vector space with basis given by
the nodes, so we can think of the i-th coordinate of a vector z € V as assigning
the value z; to the node ¢. Then y = Az assigns to ¢ the sum of the values z;
summed over all nodes j adjacent to .

A path of length r is a sequence of nodes z;,, Z;,, - . ., £;, where each node
is adjacent to the next. So, for example, the number of paths of length 2 joining
i to j is the i, j-th entry in A% and similarly, the number of paths of length r
joining i to j is the 4, j-th entry in A". The graph is said to be connected if
there is a path (of some length) joining every pair of vertices. In terms of the
adjacency matrix, this means that for every 7 and j there is some r such that
the 4, j entry of A" is non-zero. In terms of the theory of non-negative matrices
(see below) this says that the matrix A is irreducible.

Notice that if 1 denotes the column vector all of whose entries are 1, then 1
is an eigenvector of the adjacency matrix of Agl), with eigenvalue 2, and all the
entries of 1 are positive. In view of the Perron-Frobenius theorem to be stated
below, this implies that 2 is the maximum eigenvalue of this matrix.

We modify the notion of the adjacency matrix as follows: We start with a
connected graph I' as before, but modify its adjacency matrix by replacing some
of the ones that occur by positive integers a;;. If, in this replacement a;; > 1,
we redraw the graph so that there is an arrow with a;; lines pointing towards

the node i. For example, the graph labeled Agl) in Table Aff 1 corresponds to

the matrix
0 2
2 0

which clearly has G) as an positive eigenvector with eigenvalue 2.

Similarly, diagram A§2) in Table Aff 2 corresponds to the matrix
0 4
10

. 2 . s . .
which has (1) as eigenvector with eigenvalue 2. In the diagrams, the coefficient

next to a node gives the coordinates of the eigenvector with eigenvalue 2, and it
is immediate to check from the diagram that this is indeed an eigenvector with
eigenvalue 2. For example, the 2 next to a node with an arrow pointing toward
it in Cél) satisfies 2-2=2-1+ 2 etc.

Amazingly, it will follow from the Perron Frobenius theorem to be stated
and proved below, that these are the only possible connected diagrams with
maximal eigenvector two.



All the graphs so far have zeros along the diagonal. If we relax this condi-
tion, and allow for any non-negative integer on the diagonal, then the only new
possibilities are those given in Figure 4.

Let us call a matrix symmetrizable if A;; # 0 = A;; # 0. The content of
this problem set will be to show that the lists in the Figures 1-4 exhaust all ir-
reducible matrices with non-negative integer matrices, which are symmetrizable
and have maximum eigenvalue 2.

2 Perron-Frobenius.

We say that a real matrix T is non-negative (or positive) if all the entries
of T are non-negative (or positive). We write T > 0 or T > 0. We will use
these definitions primarily for square (n x n) matrices and for column vectors
= (n x 1) matrices. We let

Q:={z€eR":2>0, z#0}
8o () is the non-negative “orthant” excluding the origin. Also let
C:={z>0:|=z| =1}

So C' is the intersection of the orthant with the unit sphere.

A non-negative matrix square 7' is called primitive if there is a k such that
all the entries of T* are positive. It is called irreducible if for any i,j there
is a k = k(i,j) such that (T*);; > 0. For example, as mentioned above, the
adjacency matrix of a connected graph is irreducible.

If T is irreducible then I 4+ T is primitive.

In this section we will assume that T is non-negative and irreducible.

Theorem 1 Perron-Frobenius.

1. T has a positive (Teal) eigenvalue \pax such that all other eigenvalues of
T satisfy
IAl < Amax-

2. Furthermore Amax has algebraic and geometric multiplicity one, and has
an eigenvector x with x > 0.

3. Any non-negative eigenvector is a multiple of x.
4. More generally, if y > 0, y # 0 is a vector and u is a number such that
Ty < py

then
y > 07 and 12 2 Ama,x

with p = Amax if and only if y is a multiple of x.
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Figure 1: Aff 1.
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5. If0<S<T, S#T then every eigenvalue o of S satisfies |o| < Amax-

6. In particular, all the diagonal minors T(; obtained from T by deleting
the i-th row and column have eigenvalues all of which have absolute value
< Amax-

I will present a concise proof of this theorem (for those of you who have not
seen it in a linear algebra course) at the end of this handout. Let me make
one clarification as to the as to the last two assertions of the theorem. The
matrix T(;) is usually thought of as an (n — 1) x (n — 1) matrix obtained by
“striking out” the i-th row and column. But we can also consider the matrix T;
obtained from T by replacing the i-th row and column by all zeros. If z is and
n-vector which is an eigenvector of T;, then the n — 1 vector y obtained from z
by omitting the (0) i-th entry of z is then an eigenvector of 7{;) with the same
eigenvalue. Conversely, if y is an eigenvector of T(;) then inserting 0 at the i-th
position will give an n-vector which is an eigenvector of T; with with the same
eigenvalue as that of y.

More generally, suppose that S is obtained from T by replacing a certain
number of rows and the corresponding columns by all zeros. Then we may apply
item 5) of the theorem to this n X n matrix, S, or the “compressed version” of
S obtained by eliminating all these rows and columns.

We will want to apply this to the following special case. A subgraph I
of a graph I is the graph obtained by eliminating some nodes, and all edges
emanating from these nodes. Thus, if A is the adjacency matrix of I' and A’
is the adjacency matrix of A, then A’ is obtained from A by striking out some
rows and their corresponding columns. Thus if I is irreducible, so that we may
apply the Perron Frobenius theorem to A, and if I" is a proper subgraph (so
we have actually deleted some rows and columns of A to obtain A’), then the
maximum eigenvalue of A’ is strictly less than the maximum eigenvalue of A’
is strictly less than the maximum eigenvalue of A. Similarly, if an entry A;; is
> 1, the matrix A’ obtained from A by decreasing this entry while still keeping
it positive will have a strictly smaller maximal eigenvalue.

3 Problems.

Using Perron-Frobenius, these problems will show that that the (generalized)
graphs occurring in Figures 1 - 4 are the only irreducible graphs with maximal
eigenvector 2.

Here is how to get started. We have already checked that Ag2) has maximal
eigenvector 2. Any graph B which has an entry > 4 must contain Ag‘)) as a
“subgraph”, by the condition A4;; # 0 = A;; # 0. The graph Agz) can not be a
proper subgraph of B, because this will imply that the maximal eigenvalue of B
is strictly > 2. This implies that Ag2) is the only graph whose matrix contains
a 4. Similarly, Agl) is the only graph for which there is a pair 4, j with both A;;
and Aji > 1.



We have verified that A¢,£ > 2 has 2 as maximal eigenvalue. This implies
that no other graph with maximal eigenvalue 2 can contain a cycle, and that
the straight line graph with no double or triple edges or branches has maximal
eigenvector < 2 an so is not a candidate.

1. Write out the matrices corresponding to Ggl) and to Df) and verify that
the given vectors are eigenvectors with eigenvalue 2. Conclude that these are
the only graphs with a triple edge.

2. Write out the matrices corresponding to F4(1) and Eé2) and verify that the
given vectors are eigenvectors with eigenvalue 2. Conclude that these are the
only graphs with a double edge which does not terminate at an end point of the
graph. In other words, any graph with maximal eigenvalue 2 and which has a
double edge must have one of the property that one of the nodes of the double
edge is not adjacent to any other node.

3. Write out the matrix corresponding to D‘(ll). This is a graph with five nodes,
a “star” with the four branches emanating from the center node and connecting
to four end nodes. Verify that the given vector is an eigenvector with eigenvalue
2. Conclude that this is the only graph with maximal eigenvalue 2 which has
four or more branches emanating from any node (and with no loops).

4. Verify that the maximal eigenvalue of szl) is 2, and conclude that these
are the only graphs with maximal eigenvalue 2 which has two or more branch
points (that is a node with more than two adjacent nodes). Also conclude that
a graph with a branch node connecting to two end nodes and no other branch
nodes, loops, or double edges has maximal eigenvalue strictly less than 2.

5. Write out the matrix corresponding to Eél). Even without writing out the
matrix, notice that the given vector is an eigenvector with eigenvalue 2, since
the sum of the values at the adjacent nodes is twice the value at any given node.
This graph has three branches (emanating from the central node) and each of
the branches has two nodes not counting the central node. Conclude that this is
the only graph with maximal eigenvalue 2 with a branching node that has two
or more nodes on each branch (not counting the branching node). So any other
graph with a branch has at least one branch with only one additional node on
it if the graph has maximal eigenvalue 2.

6. The graph E§1) has a branch nodes with one additional node on one of
the branches and three additional node on the two others. Verify that E§1) has
maximal eigenvalue 2, and conclude that any graph other than Eé.l) and E§1)
with a branch node and with maximal eigenvalue 2, has at most one additional
node on one of its branches and at most two additional nodes on a second of its
branches.



7. Verify that Eél) has maximal eigenvalue 2, and conclude that outside of

the three E§1) graphs, £ = 6,7,8 any graph with maximal eigenvalue 2, and a
branch point, must have two of the branches with only additional node on each,
and the other end of the graph must be a double edge or a loop. Conclude that
these possibilities are exhausted y Bgl), Agill and LD,.

8. The matrix of Lg is (2). So this is the only graph with maximal eigenvalue 2
with two (or more) loops emanating from a single node. Draw the graph LD-
which has three nodes, write out its matrix. Verify that its maximal eigenvalue
is 2. Conclude that any other graph with loops and with maximal eigenvalue 2
has its loop(s) emanating from an end node. The possibility of a loop at each
end is accounted for by Ly, £ > 1.

We are thus left to consider graphs with no branches and either double edges
at both ends or a double edge at one end and a (single) loop at the other end.
In the case of a double edge at both ends, there are there possibilities as to the
placement of the arrows. They can both face in, as in Clgl) they can both face
out, as in Dgi)lor one can face in and the other out as in Ag). We have thus
accounted for all graphs with maximal eigenvalue 2 and with double edges at
both ends. If there is a double edge at one end and a loop at the other, there
are two possibilities, the arrow can face in as in LCy or can face out as in LBy,
and both these possibilities occur.

This completes the classification of the connected (generalized) irreducible
symmetrizable graphs with maximal eigenvalue 2. I hope to explain how this
classification is used in about a month. I probably will not develop enough
algebraic theory to explain the mysterious notation.

4 Proof of Perron Frobenius.

Let
P:=(I+1T)"!

Recall that @@ denotes the positive orthant minus {0} and that C' denotes the
intersection of the unit sphere with the positive orthant. For any z € @ let
Tz):
L(z) :=max{s:s2 <Tz}= min ﬂ
1<i<n,z; #0 25
By definition L(rz) = L(z) for any r > 0, so L(z) depends only on the ray
through z. If 2 <y, z # y we have Pz < Py. Also PT =TP. Soif sz < Tz
then
sPz < PTz=TPz

so
L(Pz) > L(z).



Furthermore, if L(z)z # Tz then L(2)Pz < TPz. So L(Pz) > L(z) unless z is
an eigenvector of T. Consider the image of C' under P. It is compact (being
the image of a compact set under a continuous map) and all of the elements of
P(C) have all their components strictly positive (since P is positive). Hence
the function L is continuous on P(C). Thus L achieves a maximum value, Lpyax
on P(C). Since L(z) < L(Pz) this is in fact the maximum value of L on all of
@, and since L(Pz) > L(z) unless z is an eigenvector of T', we conclude that
L.y is achieved at an eigenvector, call it 2 of of T and & > 0 with Ly ax the
eigenvalue. Since Tz > 0 and Tx = Lyaxx we have Lyay > 0.

We will now show that this is in fact the maximum eigenvalue in the sense
of the theorem. So let y be any eigenvector with eigenvalue A, and let |y| denote
the vector whose components are |y;|, the absolute values of the components of
y. We have |y| € @Q and from

Ty =Xy

and the triangle inequality we conclude that
[Ally] < Tyl

Hence |A| < L(|y|) € Lmax- So we may use the notation
Amax = Lmax

since we have proved that
Al € Amax-

We have proved item 1 in the theorem.
Suppose that 0 < S < T. Then sz < Sz and Sz < Tz implies that sz < Tz
s0 Ls(z) < Lr(z) for all z and hence

Liax (S) < Liax (T) .

We may apply the same argument to 7't to conclude that it also has a positive
maximum eigenvalue. Let us call it . (We shall soon show that 7 = Apax-)
This means that there is a vector w > 0 such that

wi T = u.

We have
wiTz = nw":z: = )\maxwfw
implying that 17 = Amax since whz > 0.
Now suppose that y € @ and Ty < py. Then
Amaxwly = 0Ty < pw'ly

implying that Amax < #, again using the fact that all the components of w
are positive and some component of y is positive so wiy > 0. In particular, if
Ty = py then then p = Apax-

10



Furthermore, if y € Q and Ty < py then g > 0 and
O<Py=(I+T)" 'ly<(1+p)" 'y

S0
y > 0.

This proves the first two assertions in item 4. If g = Apax then wt (Ty—Apayxy) =
0 but Ty — Apaxy < 0 and so w!(Ty — Anaxy) = 0 implies that Ty = Apaxy.
Then he last assertion will then follow from item 2) once we prove it, since we
have shown that y must be an eigenvector with eigenvalue Apax.

Suppose that 0 < S <T and Sz =02z, 2 #0. Then

T|z[ > Slz| 2 |o]|2|

SO
|0| < Linax(T) = Amaxs

as we have already seen. But if |o| = Amax then L(|2|) = Lmax(T) so |z| > 0 and

|z| is also an eigenvector of T' with the same eigenvalue. But then (T'—S)|z| =0

and this is impossible unless S = T since |z| > 0. Replacing the i-th row and

column of T by zeros give an S > 0 with S < T since the irreducibility of T'

precludes all the entries in a row being zero. This proves items 5) and 6).
From linear algebra we know that

d
oy det(M = T) = Z det(A\I — T3))

and each of the matrices Amax! — T(;) has strictly positive determinant by what
we have just proved. This shows that the derivative of the characteristic poly-
nomial of T is not zero at Amax, and therefore the algebraic multiplicity and
hence the geometric multiplicity of Amax is one. This proves 2) and hence the
remaining assertions. QED
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