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Abstract. We investigate the spectral properties of matrices associated with comb
graphs. We show that the adjacency matrices and adjacency matrix Laplacians of the
sequences of graphs show a spectral similarity relationship in the sense of work by
L. Malozemov and A. Teplyaev (Self-similarity, operators and dynamics, Math. Phys.
Anal. Geometry 6 (2003),201-218), and hence these sequences of graphs show a spectral
decimation property similar to that of the Laplacians of the Sierpinski gasket graph
and other fractal graphs.
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1. Introduction and definitions. Many examples are known of sequences of graphs
for which associated matrices of members of the sequence, such as the graph Laplacians,
have eigenvalues which are related to each other by iteration of a polynomial or rational
function, and have a limiting graph whose spectrum is related to the Julia set of the
function.

In the context of fractal graphs this is known as spectral decimation, and was
first observed for the Sierpinski gasket graph in [9] and given a rigorous mathematical
treatment in [6, 11]. A generalisation of spectral decimation to a much larger class of
self-similar graphs appears in [8], in which an abstract concept of spectral similarity
for operators is developed, leading to a symmetry condition which, if satisfied, ensures
that spectral decimation applies to the Laplacian of the graph. In these cases the graph
is obtained as a union of a sequence of graphs (G),),cn, and there is a rational function
f such that z is an eigenvalue of the Laplacian of G, if and only if (z) is an eigenvalue
of the Laplacian of G, unless z is a member of a so-called exceptional set £, which does
not depend on n. This allows us to find eigenvalues by iteratively solving the equation
f(@) = A

The theory of spectral decimation, including spectral self-similarity, is further
developed, with some more examples, in [2]; for more on spectral decimation on
fractals see the book [12].

In [3], some examples of graphs, constructed as the Schreier graphs of certain
groups, are shown to have a similar property, with infinite graphs having spectra
related to the Julia set of a simple function.

In this paper we show that the concept of spectral similarity developed in [8] for the
graph Laplacians of fractal graphs also applies to the adjacency matrices and adjacency
matrix Laplacians of the comb graphs described in [1], and hence show that a property
similar to spectral decimation occurs for these graphs. Some relationships involving
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spectra of operators on comb products were shown in [10]; our results provide the link
to spectral similarity and the spectral decimation phenomenon for fractals.

1.1. Comb graphs. We make some definitions, following [1].

DEFINITION 1. Given two graphs G| and G, with a distinguished vertex o € V(G>),
we define the comb product (or comb graph) Gy >, G, as a graph formed by taking a
copy G»,; of G, for every vertex in V(G)) and attaching G, ; to G| by identifying the
distinguished vertex o with vertex i of G.

If we have a single graph G with a distinguished vertex o, we define the homogeneous
comb product G*" as the comb product of n copies of G. It is shown in [1] that the
comb product is associative, so this is well-defined.

1.2. Graphs and matrices.

DEFINITION 2. Given a graph G with vertex set V(G), we can define the following
matrices, all |V (G)| x |V(G)|:

The adjacency matrix A(G) has A;; = 1 if there is an edge between i and j, and 0
otherwise. In a graph with multiple edges 4;; is the number of edges between i and j.
This is used in [1].

The usual graph Laplacian L£(G) has several alternative definitions, for example
in [5, 8], but they are all related by a simple transformation. One definition is that
it is the generator matrix of a continuous time random walk on the graph with all
vertices having a mean holding time 1, so that, assuming d; > 0 for all i, £;; = —1 and
L;j = A;;/d; for all pairs of vertices i # j. (Here d; is the degree of vertex i in G.) The
graph Laplacian is used in the construction of a Laplacian on fractals, see [7].

Another definition is the combinatorial or adjacency matrix Laplacian L(G), as
defined in [8], which is related to the generator matrix of a continuous time random
walk where the mean holding time of vertex i depends on the vertex degree, so that,
assuming d; > 0 for all i, L;; = d; and L;; = —A;; for all pairs of vertices i # .

In the case of a regular graph, such as the Schreier graphs in [3], all the above
matrices are simple transformations of each other and their eigenvalues will differ
by only a linear transformation. However, as discussed in [4], for non-regular graphs
(including comb graphs) the matrices and hence the behaviour of the eigenvalues may
be significantly different.

2. Relationships between eigenvalues. We start by calculating the relationship
between eigenvalues of matrices B and D satisfying a particular relationship, which
will apply to the adjacency matrices of comb graphs.

For a square matrix C with rows and columns indexed by V¢, let C be the matrix
with rows and columns indexed by V¢ \ {0} obtained by removing the row and column
corresponding to o from C. We label the characteristic polynomial of a square matrix
C as xc(2).

THEOREM 1. Let us have an ry x ry matrix B, anr, x r, matrix C and anrir, X rir
matrix D. We index the rows and columns of B and C by Vg and V¢ respectively, and
those of D by Vg x V¢, and assume that we have a distinguished element o € V.
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Let B, C and D be such that
Dijy. .k = 8iCix + BitPj,

where P is an ry X ry matrix with rows and columns indexed by V¢ such that Py = 8;461,,
where 8 is the usual Kronecker delta.

Let H be C"" as acted on by D, Hy be C" as acted on by B, U be the inclusion
operator Hy — H with U(e;) = e(;0) and U* the orthogonal projector H — Hy. Then
the matrix D is spectrally similar to B, as defined in Definition 2.1 of [8], with functions
do(z) = 1 and

xc(z2)
xe(@)

$1(2) = —
That is,
U*(D - erll‘z)_l U=(B- ¢1(Z)Ir1)_l

for all z € C for which both sides are well defined, and where we write I, for the identity
matrix on C'.

Proof. We use Lemma 3.3 of [8]. To use this, we set up some notation. Let H
be the orthogonal complement to H, in H, i.e. the space spanned by the unit vectors
e, j 7 o. Then we order Vp x V¢ with elements of the form (i, o) first, ordered by i,
followed by elements of the form (i, j) with j # o, ordered first by i and then by j.

To use Lemma 3.3 of [8] we need to represent D in block form with respect to Ho

and H,, as
S X
X Q)

S — ZIr] - X/(Q - ZIrl(rzfl))ilX =B- ¢1(Z)Ir1 s (1)

and show that

where I, (,—1) is the identity on H;.
We first consider S, Ho — Ho. We have

Sil = D(i,o),(l,o) = 8ilcua + BilPoov
but P,, =1, s0 S;; = 6;C,, + By and hence
S=B+ (Coo)lrl .

We now consider X, Ho — H,; and X, H, — Ho. Again using the formula for
entries of D,

C; i=1
Xiij1 = Diij..o) = { 010 otherwise,
and
_ Cor i=1
Xiwr = Dio.ap = { 0 ’ otherwise.
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Finally
_ | Gi i=1
Quj.ak = { 0 otherwise,

and so, given our ordering of Vg x V¢, Qs a block matrix with blocks on the diagonal
each identical to C and zeros elsewhere. Hence

. (C—zl,1) i=1l
(Q =zl (1,-1)) 1)(i,j),(l,k) = { 0 U otherwise,
and so
. _1 .
X(0 — zI, 1y, = | 2kevevio Col(C = 20n1) )i Cro i=1
(X(Q = 2L (»-1) X {0 otherwise,

So the left hand side of (1) becomes

B+ (Coa)ll‘l - ZIrl - ( Z CO]((C - erg—l)l)jkcko) I)‘]

J-keVe\{o}

and so Lemma 3.3 of [8] shows that D is spectrally similar to B with ¢y(z) = 1 and

$1(z)=z— Coo + ( Z Coy((C — erz—l)_l)jkcko) -

JikeVc\{o}
To show that ¢;(z) = _% we define a matrix K(z) with rows and columns
indexed by V¢ and
1 ] = k =0
(K@)x=140 j = o or k = o but not both
(C = zL,_)) i otherwise
Then
det(K(2) = (xe(2) ™!
and so
det(C — =1,)K(2) = X2
xe(2)

Using the definition of K(z), if j # 0 and k # o then

(C—zL )K= Y (C—zL1);y(C = zL)) e

qeVe\{o}
= Ojk-
If j # o then
((C - erz)K(Z))jo = Z qu(K(Z))qo
q€Vce
= Cpo-
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If k # o then

((C - ZI)‘Q)K(Z))ak = Z Coq(K(Z))qk

qeVe

Y Cogl(C =zl ) D

geVe\fo}

Finally

((C - ZIrZ)K(Z))oo = Z (C - erg)oq(K(Z))qo

qeVe
= (C - erz)(m
=Cy — z.

Putting the above together and considering which terms in the determinant are
non-zero,

det((C - ZIrz)K(Z)) =Cp—z— Z Cro Z C{)j((é - ZIrz—l)il)jk

keVc\{o} JjeVe\{o}
=Chpo—z— Z Coj((é - ZIrz—l)il)jkao
J.keVe\{o}
= —¢1(2).
Hence
4
pi() = — XD
xe(2)
as claimed. O

COROLLARY 2. Under the conditions of Theorem 1, wu is an eigenvalue of D if and
only if f(u) is an eigenvalue of B, with the same multiplicity, unless y is an eigenvalue
of C.

Here C is, again, the matrix, with rows and columns indexed by V¢ \ {0}, obtained
by removing the row and column corresponding to o from C, and f(z) = —;(?—8.

Proof. This follows from Theorem 1 by applying Theorem 3.6 of [8]. O

Following [8], the set £, consisting of the eigenvalues of C, where spectral similarity
gives no information, is called the exceptional set.

The following theorem is essentially an alternative method of proving Corollary 2
without giving the precise result on spectral similarity, but gives additional information
about the exceptional set.

THEOREM 3. We assume the same conditions as for Theorem 1. Then if x is an
eigenvector of B with eigenvalue ) and y is an eigenvector of C + AP with eigenvalue u,
then we can construct an eigenvector of D with eigenvalue .

Proof. We let x; ;) = x;y;.

https://doi.org/10.1017/50017089508004540 Published online by Cambridge University Press


https://doi.org/10.1017/S0017089508004540

76 JONATHAN JORDAN

Letj # o. Then

(Dx/)(i,j)

> Cuxii

ke V(_'

Xi Y (C+ APy (because Pjy =0)
keVe
= UXiYj

Now

(DX)io) = Y, CorXivi + Y Bixiyo

keVe leVp
= Z CoicXivic + Yo Z Biix
ke Ve le Ve
= Z CoiXxiyk + yorx;  (because Bx = Ax)
ke VC
= ) (C+AP)ixiyc  (by the definition of P)
ke V(
= UXi)o
Putting these together,
Dx' = px'. O

We now consider sequences of matrices in which consecutive pairs satisfy the
conditions of Theorem 1.

THEOREM 4. Assume we have an r x r matrix M with rows and columns indexed by
Vi, and let P be the r x r matrix with rows and columns indexed by Vy; and such that
Pji. = 8j,8ko. Then we define a sequence of matrices (M (”))neN, with rows and columns
indexed by V},, by
° M(l) =M

(n) (n—1)
M o = 0aMu + My Pi.
Then, obtaining M from M in the same way as we obtained C from C above, M"Y is

spectrally similar to M™, with function f(z) = —;”—z‘,) Also  is an eigenvalue of MV
e

if it is an eigenvalue of M + AP, for X an eigenvalue of M.

Proof. This comes immediately from Theorems 1 and 3, with B= M® C =M
and D = M"+D, dJ

We note that the property of the sequence (M"),cn required for Theorem 4 is
the property used in [1] to show that the adjacency matrices of comb graphs can be
decomposed into a sum of monotone independent random variables.

We now use our theorems to obtain two results concerning (G>"),.en, the sequence
of homogeneous comb products based on an initial graph G.

COROLLARY 5. Letting A" be the adjacency matrix of G™", | is an eigenvalue of
A"V if and only if  is an eigenvalue of A(G) + AP with ) an eigenvalue of A", and
A"V s spectrally similar to A™.
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Proof. 1t is shown in [1] that this sequence satisfies the conditions of Theorem 4,
with M = A(G), the adjacency matrix of the initial graph. O

COROLLARY 6. Letting L™ be the adjacency matrix Laplacian of G®", u is an
eigenvalue of LY if and only if n is an eigenvalue of L(G) + AP with \ an eigenvalue
of L, and LY is spectrally similar to L.

Proof. To establish this, we need to show that the sequence of adjacency matrix
Laplacians satisfies the conditions of Theorem 4. To do this we proceed inductively,
and calculate

SaMj + MYV Py ©)

There are three cases:
e If (i,j) = (I, k) this is

8;iMjy + Mz(zﬂil)Pji =M; + M};Fl)Pj/‘

which is Mj if j # 0 and Mj + M~V if j = o, which by the definition of the comb

product is the degree of (i, j) in G>" and hence equal to M((;:lj)'),(l, 5

e [fi# [ then 2 becomes Ml(.lnfl)ij, whichis —1ifand onlyif j=k =0 andi~/in
GP=D ie. if and only if (i, j) ~ (/, k) in G>".

e Ifi=/and # k then (2) equals M}, which is —1 if and only if j ~ & in the initial
graph G.

Hence in all cases (2) is equal to M((f]).)y(,’ 5> a8 required. ]

Because the condition that p is an eigenvalue of A(G) 4+ AP (or L(G) + AP) can
be related to the rational function f from Corollary 2, Corollaries 5 and 6 show that a
variant of spectral decimation exists for the adjacency matrices and adjacency matrix
Laplacians of homogeneous comb products, regardless of the initial graph G.

Putting our results together, we obtain the following description of the spectra
of the adjacency matrices and adjacency matrix Laplacians of homogeneous comb

products:
THEOREM 7. Let k(ll), cee )\5\1,) (where N is the number of vertices of G) be the
eigenvalues of the adjacency matrix of G, and, forn > 1, let )»YZH), e, A%,ﬂ) be the N"t!

values (up to multiplicity ) which are eigenvalues of A(G) + A/(-")for somej e {l,...,N"}.
Then the spectrum of the adjacency matrix A(G®") consists of the values
(n) (n)
Ay Ay

Similarly, let vgl), cee, vg\y be the eigenvalues of the adjacency matrix Laplacian of
G, and let v§"+l), e, v](\’fnﬂ) be the N"+! values (up to multiplicity ) which are eigenvalues

of L(G) + v;")for someje{l,...,N"}.
Then the spectrum of the adjacency matrix Laplacian L(G™") consists of the values

(n) ()
Ve, Dy

Proof. This follows from Corollaries 5 and 6. O
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3. Localisation and high multiplicity. The Laplacians associated with self-similar
fractal graphs [7] in many cases show high multiplicity of eigenvalues associated with
localised eigenfunctions, i.e. eigenfunctions which are non-zero only on some subset
of the graph.

We show that this can also happen for comb graphs.

LEMMA 8. If there is a non-trivial symmetry of the graph G which fixes a distinguished
vertex o, then we can find an eigenfunction x of the adjacency matrix such that x, = 0.
This result also applies to the graph and adjacency matrix Laplacians.

Proof. Let o be such a symmetry. As o is non-trivial we can find an eigenfunction
of A(G), X', which is not fixed by o. Then o x’ is another eigenfunction, with the same
eigenvalue, and so x = x’ — o X’ is an eigenfunction which is 0 on vertices fixed by o,
including o.

This also applies to the graph and adjacency matrix Laplacians. ]

This allows us to construct localised eigenfunctions:

COROLLARY 9. If G satisfies the conditions of Lemma 8, then the adjacency matrix
of a homogeneous comb product G®" has an eigenvalue A with at least | V(G)|"~" linearly
independent eigenfunctions each localised on at most |V (G)| — 1 vertices.

Again, this result also applies to the graph and adjacency matrix Laplacians.

Proof. This is based on the structure of the graph G>”, which consists of | V(G)|"~V
copies of G attached to G>""~1 at the distinguished vertex o, vertex (i, j) being naturally
identified with vertex j in copy i of G.

So we can take any one of these copies of G, [ say, and construct an eigenfunction
v with yg ;) = x; (where x; is the eigenfunction constructed for G in Lemma 8, with
eigenvalue A), and y ;) = 0if i # /, and hence non-zero on at most |V(G)| — 1 vertices.
The structure of the graph and the definition of the matrices ensure that this is
indeed an eigenfunction with eigenvalue A. As there are |V(G)|""~! possible values
of I, there are |V(G)|"~V linearly independent eigenfunctions constructed by this
method. O

Note that, for the adjacency matrix and adjacency matrix Laplacian, we can now
find other eigenvalues with high multiplicity and localised eigenfunctions by applying
Corollaries 5 and 6.

4. Examples.

4.1. Adjacency matrix examples.

EXAMPLE 1. We let the initial graph G be the complete graph on three vertices,
with adjacency matrix

01 1
AG=|1 0 1
110

Then the eigenvalues of 4A(G) are —1, —1 and 2 and if A is an eigenvalue of
A(G>"=D) then by Corollary 5 it generates eigenvalues of A(G>") which are eigenvalues
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of
A 11
A+ P=1|1 0 1],
1 10
the eigenvalues of which are given by 4 = —1 and the solutions of the equation
2
no—p—2
Sy =""E2 <
w—1

So we can generate eigenvalues of any A(G™") by starting with the eigenvalues of
A(G) and iteratively solving the equation /(1) = A.

One property of this example is that an eigenvalue u = —1 is generated by any
A. Hence the multiplicity of —1 as an eigenvalue of 4(G™") is at least the number
of eigenvalues of A(G>"~1), which is 3*~!. Furthermore this ensures that the roots
of (i) = —1 have multiplicity 3”2 as eigenvalues of 4(G™"), etc. This generates
eigenvalues with high multiplicity.

This eigenvalue —1 is an eigenvalue of the matrix 4 formed by removing the row
and column corresponding to o from A4, and hence a member of the exceptional set for
the spectral similarity. This association between the eigenvalues with high multiplicity
and the exceptional set also occurs in the fractal graphs case in [8].

ExamMPLE 2. For a more complex example showing eigenvalues with high
multiplicity, we consider an initial graph G with adjacency matrix

01000
1010 1
AG=]0 101 0
001 0 1
010710

Then the eigenvalues of A(G) are 0 and :I:—ijzczm and if X is an eigenvalue of
A(G™"=D) then by Corollary 5 it generates eigenvalues of A(G™>") which are eigenvalues

of
A1 0 0 O
1 01 01
A+ P=]10 1 0 1 0],
0 01 01
01010

the eigenvalues of which are given by u = 0 and the solutions of the equation

: W —5u +2u
S =t =
So we can generate eigenvalues of any 4(G™") by starting with the eigenvalues of
A(G) and iteratively solving the equation f () = A.
The behaviour is now similar to that of the previous example. The eigenvalue
u = 0 is generated by any A and is a member of the exceptional set for the spectral
similarity, generating eigenvalues with high multiplicity.
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4.2. The adjacency matrix Laplacian.

ExAMPLE 3. We consider the adjacency matrix Laplacian of the graph in the second
example above. The initial matrix L(G) is

1 -1 0 0 0
-1 3 -1 0 -1
o -1 2 -1 0
o o0 -1 2 -1
o -1 0 -1 2

and we are interested in the eigenvalues of

I+» -1 0 0 O
-1 3 -1 0 -1
0 -1 2 -1 0
0 o -1 2 -1
0 -1 0 -1 2

L(G) + AP =

which are given by the equation
W — 10t 4+ 34p® — 461> 4+ 200 = A(u* — 9’ + 26u> — 261 + 4).

Here 2 is an eigenvalue of L(G) + AP for any A, and the remaining eigenvalues are
given by the solutions of g(u) = A, where
w’ —10p* 4 34u3 — 46> + 201
ut —9ud +26u% —26u + 4

g(n) =

Again there are eigenvalues of high multiplicity, and the eigenvalue 2 is a member
of the exceptional set for the spectral similarity.

4.3. Examples without high multiplicity.

EXAMPLE 4. A simple example starts with the graph G being the complete graph
on two vertices, with adjacency matrix

0 1
aw=(" 1),
This example does not satisfy the symmetry condition of Lemma 8.
In this case eigenvalues of A(G) + AP are given by solutions to

A= pu’—1.

There are no values which are solutions to this for all A, no values which are
eigenvalues of both 4 and A4, and there are no eigenvalues of A(G™”) with high
multiplicity: the eigenvalues of 4(G™") can be generated by starting with the eigenvalues
of A(G), —1 and 1, and iteratively solving the equation s(u) = A, where

2

—1

h() = 2,
w
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giving 2" distinct eigenvalues of A(G>"). The only value in the exceptional set is u = 0,
for which 4(w) is undefined; it does not occur as an eigenvalue.

EXAMPLE 5. For a more complex example not satisfying the symmetry condition
of Lemma 8, we consider a graph G with

01000
1010 1
AG =010 11
00100
01100

In this case eigenvalues of A(G) + AP are given by solutions to
At =4 = 2p 4 1) =’ 4+ 5u + 2% = 3.

Again, there are no values which are solutions to this for all A, no values which
are eigenvalues of both 4 and A4, and there are no eigenvalues of A4(G™>") with high
multiplicity: the eigenvalues of A(G¥") can be generated by starting with the 5 distinct
eigenvalues of A(G) and iteratively solving the equation 4(u) = A, where

giving 5" distinct eigenvalues of 4(G™"). The values in the exceptional set (roots of
u* —4u? —2pu 4+ 1 =0, for which () is undefined) do not occur as eigenvalues.
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