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The algebraic connectivity a(G) of a graph G is an important parameter, defined as
the second smallest eigenvalue of the Laplacian matrix of G. If T is a tree, a(T) is
closely related to the Perron values (spectral radius) of so-called bottleneck matrices
of subtrees of T'. In this setting we introduce a new parameter called the combinatorial
Perron value p.. This value is a lower bound on the Perron value of such subtrees;
typically p. is a good approximation to p. We compute exact values of p. for certain
special subtrees. Moreover, some results concerning p. when the tree is modified are
established, and it is shown that, among trees with given distance vector (from the
root), p. is maximized for caterpillars.
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1. Introduction

Let G = (V,E) be a graph and L(G) its Laplacian matrix, i.e., L(G) = D — A
where A is the adjacency matrix and D the diagonal matrix of vertex degrees.
L(G) is positive semidefinite and singular. The algebraic connectivity a(G) of G
is the second smallest eigenvalue of L(G), and it is denoted by a(G). This is an
important parameter, and its properties have been investigated intensively, see a
brief discussion of some literature below.

In this paper we focus on trees. Let 1" be a given tree. We study the so-called
bottleneck matrices associated with the Laplacian matrix L(T'). These arise by choos-
ing a vertex v € T and deleting the corresponding row and column of L(T"). The
resulting matrix L is invertible, and its inverse L' is a direct sum of smaller ma-
trices M; associated with the subtrees of T'\ {v} (the components). These matrices
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M; are called bottleneck matrices. The spectral radius of such bottleneck matrices
determine a(G), see [10, 16] and below. The main goal of this paper is to investi-
gate properties of bottleneck matrices, and introduce and study some combinatorial
parameters that give estimates for the spectral radius of bottleneck matrices.

For a general graph G the algebraic connectivity a(G) reflects the connectivity
of G, and a(G) > 0 if and only if G is connected [7]. The importance of this
invariant parameter stems from inequalities that relates the vertex connectivity
(the minimum number of vertices whose removal results in a disconnected graph)
and edge connectivity (the minimum number of edges whose removal results is a
disconnected graph) [9]. Some graphs for which the algebraic connectivity attains
the vertex connectivity are characterized for instance in [12]. Some studies concering
expanders and isoperimetric numbers are related with graphs with large algebraic
connectivity [3, 13]. Moreover, some research on how the algebraic connectivity of
a weighted tree behaves when the tree is perturbed by removing one of its branches
and replacing by another can be found in [11]. For more references concerning
algebraic connectivity, see [1, 4-6, 16].

In [7] Fiedler introduced a remarkable result that describes some of the structure
of the eigenvectors associated with a(G) and allows to classify the trees into two
types, denoted simply Type I and II. In fact, if z is an eigenvector associated with
a(T), now called a Fiedler vector, then exactly one of the following two cases can
occur:

(i) No entry of z is zero. In this case there is a unique pair of vertices v; and v;
such that they are adjacent and z; > 0, z; < 0. Furthermore, the entries of
z are increasing along any path in 7" which starts at v; and does not contain
vj;, and the entries of z are decreasing along any path in 7" which starts at v;
and does not contain v;. Such a tree is called a Type II tree, and the vertices
v; and v; are called characteristic vertices.

(ii) At least one entry of z is zero. Then the subgraph of T induced by the set of
vertices corresponding to zeros in z is connected. Moreover, there is a unique
vertex v, such that z. = 0 and v, is adjacent to at least one vertex vy with
zs # 0. The entries are either increasing, decreasing or identically zero along
any path T starting at v,. Such a tree is called a Type I tree and the vertex
v, 1s called characteristic verter.

The characteristic set of a tree is the set of its characteristic vertices. One can show
that the previous classification is independent of the choice of eigenvector (in case
the eigenspace of a(G) has higher dimension than 1). There is a close connection
between bottleneck matrices and the characterization of Type I and II trees and the
algebraic connectivity ([10]). In fact, 7" is a Type I tree with characteristic vertex
v if and only if T has two or more branches at v, for which the spectral radius is
maximum (among the branches); such branches are called Perron branches at v;.
In this case, the algebraic connectivity is the reciprocal of the spectral radius of the
bottleneck matrix of any of its Perron branches. Moreover, T is a Type II tree with
(adjacent) characteristic vertices v; and v; if and only if there exists v, 0 < v < 1,
such that p(M; —~vJ) = p(Ma — (1 — 7)J), where M; is the bottleneck matrix for
the branch at v; containing v; and Ms is the bottleneck matrix for the branch at v;
containing v;. Let J be the all ones matrix. Then the algebraic connectivity can be
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obtained by

1 1
W)= 00— 0) ~ o0 — (=)

These results, and the close connections to bottleneck matrices, motivated the
present study of properties of such matrices. For more on algebraic connectivity
of trees and related results, see [1, 2, 8, 10-12].

A main goal of this paper is to introduce the notion of combinatorial Perron value,
and investigate its properties. The motivation for this new concept lies in the struc-
ture of Fiedler vectors. As mentioned above, and loosely speaking, the components
of a Fieldler vector are increasing (in absolute value) when one moves away from the
characteristic vertex, or vertices. We think of the characteristic vertices as a kind of
“center” of the tree. This seems to suggest that the components of a Fiedler vector
give some kind of measure of distance from the center, and therefore one may ask:

o Can the (combinatorial) distances in the tree be used to approximate the
Fiedler vector, or to approximate the Perron value?

This idea and question lead to the main concept of this paper. For a rooted tree T,
with root vertex r, we define the combinatorial Perron value of T by

_ Ziaiz
Y d

where d; is the number of vertices in the unique path from r to vertex ¢ in T', and o;
is the sum of those d; for which the vertex i is contained in the path between r and
vertex j. We show how p.(T") relates to the bottleneck matrix of the tree and the
so-called path matrix, and establish several of its properties. In particular, we show
that p.(T), and a related value, both provide good approximations of the Perron
value of the tree (branch). Moreover, we show how p.(T') is affected by certain
modifications of the tree, and prove that p.(7") is maximized for caterpillars, when
distances are fixed. An interesting (future) application of this new concept is to find
approximate characteristic sets of trees (see type (i) and (ii) above) by replacing
the Perron values of branches by the corresponding combinatorial Perron values.
This, and other possible further work is mentioned as concluding remarks in the
final section.

The remaining paper is organized as follows. Section 2 treats bottleneck and path
matrices, shows relationships, and prepares for the introduction of p.(7"). Section
3 defines p.(T'), gives alternative expressions, and proves the exact value of p.(T")
for certain classes of trees. Section 4 shows that p.(T") is a lower bound of the
corresponding Perron value, and also establishes other interesting bounds, along
with numerical examples illustrating the quality of these bounds. A connection
to the discrete Poisson problem is also discussed. Section 5 presents a result on
majorization and Section 6 contains results on how the combinatorial Perron value
is affected by certain modifications of the tree. The extremal property of caterpillars,
mentioned above, is also shown in that section. Finally, some suggestions for further
work are indicated.

Notation. The incidence vector of a set S C U is a vector v whose entries are
labeled with the members of U, that is, v, = 1 if u € S, and v, = 0 otherwise. For
a matrix A = [a;;] define 0(A) =3, - a;j, and let the i’th row sum of A be denoted

pe(T)
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by Ri(A).

2. Bottleneck and path matrices

Let T be a given tree. Following ([4, 11]) a branch T in T is a component subtree
of T'\ {7} where 7 is some vertex in 7. Let 7 be the (unique) vertex in 7' which is
adjacent to 7 in T. We call ¥ and 7 the external root and the (internal) root of T,
respectively. Note that 7 ¢ T'. Note that in [11] one calls 7 the root of the branch 7.
Let n be the number of vertices of a branch T with internal root r. For each vertex
j in T let P;j denote the (unique) rj-path in T'. The bottleneck matriz M = [m;;] of
T is the n x n matrix where m;; is the number of common vertices in the ri-path
P; and the rj-path P;. The Perron value of T' is defined as the Perron value of M,
i.e., the spectral radius p(M) of M.

Another view on the bottleneck matrix M of T is presented next. For simplicity
we denote its vertices by 1,2,...,n. We define the path matriz N, or Ny, of T as
the n x n (0,1)-matrix whose rows and columns correspond to the vertices in T,
and where column j of N is the incidence vector of the path P; for j < n, i.e., it
contains ones in rows corresponding to vertices in Pj, and zeros otherwise. The path
matrix N depends on the ordering of the vertices (but the same ordering is used for
rows and columns). We use a breadth-first ordering of the vertices: first the root r,
then its neighbors, then each of their neighbors etc. The number of vertices in P;
is denoted by d; we call it the distance of vertex j; this is the number of edges in
the unique path between the external root 7 and j in the tree 7. If the underlying
tree T' needs to be indicated, we write d; = d(T', j). The vector d = (d1,ds, ..., dy)
is the distance vector of T'. Then we have the following result.

LEMMA 2.1 The path matriz N is upper triangular with ones in the first row and on
the diagonal. The column sum vector of N is the distance vector d = (dy,ds, ..., dy,)
and it satisfies 1 = dy < do < dg < --- < d,. Finally, N and the bottleneck matrix
M are related by

M = NTN. (1)
In particular, N is invertible and M is positive definite.

Proof. The first statement follows from the discussion above and the fact that
we use breadth-first ordering of vertices. Moreover, the (i,j)’th entry of NTN is
the inner product of the incidence vector of P; and P; and it therefore equals that
number of common vertices, i.e., m;;j. As M = N TN, and the columns of N are
linearly independent, M is positive semidefinite. l

We see from (1) that the bottleneck matrix M has the Cholesky factorization
M = VVT where V = NT. We remark (altough this will not be used here) that M
is a completely positive matrix (as N is nonnegative) and, moreover, that the path
matrix N is totally unimodular, i.e., that each square submatrix has determinant
0 or +1. The distance vector d = (d1,da, ...,dy,) of T will be central in this paper.
Vertices in T are denoted by 1,2,...,n or vi,v9,...,Up.

Ezample 1 Consider the tree (branch) T' with n = 6 in Figure 1 where r is the
(internal) root; the external root 7 is also indicated. The vertices are numbered using
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U2 U3
V4 U5 Vg
Figure 1. The tree T in Example 1.

breadth-first-ordering, and d = (d;,da, ..., ds) = (1,2,2,3,3,3). The path matrix is

r1 1 1 1 1 17
010100
001 011
N=1lo000100
000010
| 00000 1]
For instance, column 4 is the incidence vector of the path Py = v1, v9, v4. l

Two special classes of trees are of particular interest: paths and stars. The star
Sh, with root r = v1, has edges viv; (2 <i < n) and its path matrix N = Ng, is

1 €T
NSn— |: 0 Infl :|’

where e is the all ones vector and I,,_1 the identity matrix of order n — 1. The
distance vector is d = (1,2,2,...,2). Similarly, when T is a path P, = v1,v9,...,v,
with root r = vy, the path matrix N = Np_is

Np,

n

= Una

where U, is the n x n (0, 1)-matrix with ones in its upper triangular part (including
the diagonal). The distance vector is d = (1,2, 3,...,n). These two special trees are
extreme in the sense that the path matrix N has the minimum number of ones in
the case of stars, and the maximum number of ones in the case of paths.

3. Combinatorial Perron values

Let again T be a rooted tree. We use the notation introduced in Section 2. Moreover,
let p(M) or p(T) denote the Perron value (maximum eigenvalue) of the bottleneck
matrix M of T.

We now introduce a new concept which is central in this work. Define

INd|? d'NTNd
c N) = =
PelN) = a2 = T
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which we call the combinatorial Perron value of T. Our discussion below will show
that the combinatorial Perron value is a good approximation to the Perron value
p(M) of M. This also means that the distance vector d is a good starting point for
finding the Perron vector (the eigenvector corresponding to the eigenvalue p(M)).
Thus the distance vector captures much of the information carried by the Perron
vector.

The tree T and its path matrix Np are identified, so we sometimes write p.(T")
for p.(N), and if different trees are considered we write Ny for the path matrix of
T. This is a graph invariant, i.e., reordering of vertices does not affect the value of
pe(N), and, moreover, p.(N) only depends on N (or T" and r), because the distance
vector d is the column sum vector of N, i.e., d = N'e where e is the all ones vector.
Thus, p.(N) is the Rayleigh quotient of the bottleneck matrix M evaluated in the
distance vector d. This immediately implies that p.(7") is a lower bound on the
Perron value p(M); more on this below.

For vertices ¢ and j, if P; contains F;, then we write j =< 7; this means that j is
“below” or after i, seen from the root. This defines a partial order on the vertex set
V. As M = NTN = [m;j], we obtain some alternative expressions for p.(T") (where
the summation is from 1 to n):

Y mdid; Y02
> >

where o; = 3, d;. In fact, d'NTNd =d"'Md=Y",d} + 23 ic;mijdid; as M is
symmetric and ‘my; = d; (i < n). Moreover, the ith row of the path matrix NNV is the
incidence vector of the set {j : j < i}, so | Nd||? = 2D dj)? =Y, 0%

For the extreme cases when the tree T is a star or a path it is possible to obtain
an explicit expression for the combinatorial Perron value. For a path this expression
is a quadratic polynomial in n.

pe(N)

(3)

ProrosiTiON 3.1 Let P, and S, denote the path and the star with n vertices,
respectively. Then

pe(Pp) = (2n? 4+ 2n + 1) /5, n
Pc(Sn) =n-+ 22:3

Proof. We obtain for the path P,
INd|)? =3 op,
2
= Z?:l (ZZ:z k)
= (4n® + 10n* + 10n3 + 5n% + n)/30.

Moreover, d = (1,2,...,n), ||d||*> = n(2n + 1)(n + 1)/6 and by dividing these ex-
pressions we obtain

[vd|®
el

pe(P,) = = (2n® +2n +1)/5.

For the star S,, d = (1,2,2,...,2), so ||d||*> = 4n — 3 and || Nd|? = 4n? — 3 and
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therefore p.(S,) =n+ (3n — 3)/(4n — 3). 0

The Perron value of a path P, (i.e., the Perron value of its bottleneck matrix) is
known, see [2], and it is given by

)~

1
P)==(1-
p(Pn) = 5 (1 —cos(g =

This is derived from the general connection between the Perron values of branches of
a tree and the algebraic connectivity of the tree, see [10]. In fact, an odd path is a tree
of Type I, where the middle vertex has two Perron branches, and their bottleneck
matrix has spectral radius equal to the inverse of the algebraic connectivity. Using
the same approach one may compute the Perron value of the bottleneck matrix of
a star Sy, see [2], and it is

p(Sp) = (1/2)(n+ 14 /n? +2n — 3).

Ezample 2 In Figure 2 we compare the Perron value p(7') and the combinatorial
Perron value p.(T"), when 7' is a star or a path for some values of n = |V|. Note
that p. is very close to the Perron value. This is also our general experience from
extensive computational experiments, we return to this later. 0

n=4 n=>5 n==~06 n="17 n=9
p(Sn) | 4.7913 | 5.8284 | 6.8541 7.873 9.8990
pe(Sn) | 4.6923 | 5.7059 | 6.7143 7.72 9.7272
p(P,) | 82909 | 12.3435 | 17.2069 | 22.8808 | 36.6604
pe(Pr) 8.2 12.2 17 22.6 36.2

Figure 2. Perron value and p. for stars and paths

Figure 3 shows the relative difference of Perron and combinatorial Perron values
for paths, i.e., 100(p(Py) — pe(Prn))/p(Pn) %, for different values of n. So, we see that
this relative difference is about 1.3% for n at least 10.

A tree T having at most one vertex of degree greater than two is called a gen-
eralized star, or a star-like tree. We call this vertex the central vertex. Both stars
and paths are special cases of a generalized star. We restrict the attention to the
generalized star with p paths, each of length k, and where the internal root is the
central vertex. This tree is denoted by S, . So, k = 1 corresponds to a star, and
p = 1 corresponds to a single path. The next result computes p.(Sp ). Similarly,
one may compute the combinatorial Perron value of all generalized stars, but the
expressions become more complicated, so we omit this here.

PROPOSITION 3.2 The combinatorial Perron value of the generalized star Sy, is
given by

_ e —E&2) +(P€r—p+1)?
Pc(sp,k) = 515;7(]2k+1;(k(-€1)/6p—p+1 (5)

where n = (4k% + 10k* + 10k3 + 5k + k) /30 and &, = k(k +1)/2.

Proof. The distance vector of Sy is d = (1,2,...,2,3,...,3,...,k,..., k) where
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Figure 3. Relative difference, p and p. for paths.

the number ¢ appears p times (2 <i < k). So

ldlI> = p>j 2= (—1)
pk(2k +1)(k+1)/6 —p + 1.

Next, let Np, and d be the path matrix and the distance vector in P, so by the
calculations in Proposition 3.1, |[Np,d(Pyg,-)||> = (4k° + 10k* + 10k® + 5k2 + k) /30.
Then, by comparing S, ;. to p paths P we get

|Ns,, d|?> = pox—p&E+o?
= plm— &)+ & —p+ 1)~

The expression for p.(S, ) follows from this.

4. Perron value bounds

Let S; ={j:j =2 i} and R;(N) = |Si| (i <n). So, R;(N) is the number of vertices
below v;, and also the ith row sum in the path matrix V. Define 5; = ijijvj ;.
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Let K = NNT. Then the (i, j)th entry of K is |S; N S;|. Recall that o(A) denotes
the sum of all entries in a matrix A. Then

,OC(N) = . (6)

In fact, as d = N7e, one gets |[Nd||? = d' NTNd = e’ NNTNNTe = eTK?e =
o(K?). Similarly, d'd = eT Ke = 0(K), and (6) follows.

A very simple and rough upper bound on p.(N) is o(N), the number of ones in
N, as shown next.

PROPOSITION 4.1
pe(N) <3 dj = o(N). (7)
j=1

Proof. From the Cauchy-Schwarz inequality we obtain

n

INd|* =) (rowi(N) - d)* < ) [[row; (N)[|?]1d]?
i=1

i=1
where row;(N) denotes the ith row of N. But as N = [a;;] is a (0, 1)-matrix
D_lrowiMIP =3 > jafi=3 D aij=3 > aj=0N)=) d;
i=1 i=1 j=1 i=1 j=1 j=1i=1 j=1
Therefore

INdIP _ (V)] _

N
pelN) =T = " = W)

[

Using similar techniques one may find a better upper bound on p.(N), as a convex
combination of the numbers 3; (j < n): pe(N) < (3, 5jd?)/(2j df) This is done
using the Cauchy-Schwarz inequality for the subvector dg, of d corresponding to
the support S; in each row of N. The simple bound o(N) = >, d; in (7) contains
combinatorial information, the sum of the distances. We should say that bounds on
pe(N) are not of computational interest, since it is easy to compute p.(N) anyway.

We now introduce an interesting bound for the Perron value p(7"). This bound
is easily computed from the parameters, and has an interpretation in terms of the
discrete Poisson problem, as briefly discussed next. The bottleneck matrix M sat-
isfies (see [10, 16]) M = L~! where L is obtained from the Laplacian matrix of T
by adding 1 in position (1,1); this corresponds to the root 7 (which is not a part
of T'). Associated with L we have the discrete Poisson problem Lu = f where f is
the given data (parameter), f € R™. The Poisson problem is one of basic equations
in partial differential equations ([17]). By using the standard approach of discretiz-
ing the domain of the (unknown) function u, the continuous Laplace operator is
replaced by the discrete Laplace operator, and this corresponds to the Laplacian
matrix, with modifications based on the boundary of the region. In our setting the
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“boundary” of the tree 1" consists only of the external root 7. Thus, the matrix L
also equals the Laplacian matrix of the larger tree T after deleting the row and
column corresponding to 7. This modification makes the matrix L invertible, so the
solution u of the discrete Poisson problem Lu = f is therefore unique. Now, let d as
usual be the distance vector of T'. Consider the discrete Poisson problem with data
d, i.e.,

Lu =d. (8)

The unique solution will be denoted by u*(d), and may be computed from the
bottleneck matrix as u*(d) = L™'d = Md = N*Nd. Define

oy @) _ )
W =" = ar

(9)

Thus, 7(N) measures the size of the solution of the Poisson problem relative to
the data, where the data is the distance vector d. The component u*(d), of u*(d)
corresponding to vertex v is ), p 0y (where oy, = ), ., dy); this may be regarded
as the length/weight of the path P,, using vertex weights o,,. In fact, the measure
m(N) has a close connection to the combinatorial Perron value and also to the
Perron value.

Define, for the bottleneck matrix M = [m;;], its ¢; matrix norm ||M|; =
max; y ; Mij.- The following result relates several of the parameters discussed, and

provide lower and upper bounds on the Perron value p(M) of the bottleneck matrix
M.

THEOREM 4.2 Let T be a tree and M = [my;] its bottleneck matrix. Then
pe(N) < m(N) < p(M) < || M]]s. (10)

Proof. Since u*(d) = N'Nd we obtain from the Cauchy-Schwarz inequality

pe(N) = |INd|*/||d]]*
=d'N'Nd/|d|?
= d'u*(d)/|d||?
< lldllflw(d)ll/ldlf?

= [lu(d)]|/[l]]
=7(N).

Next

m(N) = [[u*(@)l/l|d]| = [[Md]|/]|d]| < sup [Mz|[/||z]] = p(M).

Finally, any matrix norm gives an upper bound for the spectral radius, and therefore

p(M) < [[M|: = mlaXZmij-
j

10
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0 [ p(N) [ 7(N) | o) | Exe. | M | 5, do
10 21.4 21.6 21.9 1.4 26 32
20 36.4 37.0 37.8 2.1 47 73
30 54.0 55.0 56.2 2.1 69 110
50 88.6 90.5 93.4 3.1 118 234
100 | 125.6 | 129.2 | 133.2 3.0 174 410
150 | 287.7 | 294.6 | 304.0 3.1 397 898

Figure 4. Random trees, comparison of bounds in Theorem 4.2.

The importance of Theorem 4.2 is that one obtains easily computable bounds on
the Perron value, and, moreover, that these bounds are obtained from the distances
in the tree T'. Moreover, one may consider the distance vector d as an approximation
to the Perron vector. The quality of the bounds of Theorem 4.2 are suggested by
the result of generating some random trees, see the table in Figure 4. Each row
corresponds to a random tree, and n is the number of vertices. The bounds p.(NN)
and 7(N) and the Perron value p(M) are given (with one decimal). The relative
error, Err = 100 - (p(M) — w(N))/p(M )%, is also indicated, as well as the rough
upper bound ), d, on p.(N). Extensive testing confirms that these lower bounds
are very good.

COROLLARY 4.3 For any tree T the following inequalities hold

pe(N) < m(N) < p(M) < n(n+1)/2. (11)

Proof. Theorem 4.2 gives p.(N) < 7(N) < p(M) < ||M]|1 so we only need to
show

M|y < n(n+1)/2.

Let ¢ be such that >, m;; = [[M[1, where m;; = [P; N P;|. Then vertex ¢ must be a
pendant vertex, otherwise there is an adjacent vertex [ with d; = d; + 1, and then
|P, N P;j| > |P; N Pj| = myj for each j, and with strict inequality holds for [ (and
other vertices below [, not that when i = j = [, my; = my; +1). This contradicts the
choice of 7, so we conclude that i is a pendant vertex. Let k = d;. Therefore

[Mlr =325 mij
= ZSEP,; Mis +ZS€Pi Mis
<(A424--4+k)+n-k)(k-1)
=(1/2)k(k+1)+(n—k)(k—-1)
=nk —n— (1/2)k* + (3/2)k.

Simple analysis shows that final expression, viewed as a quadratic polynomial in &
is increasing in k, and it is maximized for k = n (clearly, & < n must hold). We
conclude that [|[M|]; < (1/2)n(n + 1) as desired. Hl

11
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5. Caterpillars and a majorization result

A caterpillar C is a tree C = C(ni,ng2,...,n,) consisting of a path P =
v1,V9,...,V, for some k, and, for each i < k, n; > 0 additional vertices attached
to v;. We require ny = 0 (otherwise we could redefine). The path Py is called the
central path, and vy is the internal root of this tree. So C' has n = k + Zle n;
vertices. Stars and paths are special cases of a caterpillar. Let N be the n x n path
matrix of a caterpillar C, and let d be its distance vector,so 1 =dy < do < -+ < d,.
Then the jth column of N¢ consists of d; — 1 leading ones in addition to a 1 in row
J (on the diagonal of N¢).

For any tree T' with distance vector d, it is easy to see that there is a unique (up
to relabeling) caterpillar C' with the same distance vector d, and we let Cy denote
this caterpillar.

The following theorem gives a connection to majorization and shows that the
path matrices of caterpillars are extreme in a certain sense. We use <% to denote
the majorization order ([14]), so we write x <™% y, for vectors x = (71,72, ..., Ty)
and y = (y1,92,...,Yn) Whenever Z;?:l zp < Z§:1 z) (k< n)and 377 x5 =
Z?Zl y;. Here z[; denotes the jth largest component in z. Recall that the row sum
corresponding to vertex i in the path matrix N is |[{j : j =< i}|. Recall that the ¢’th
row sum of a matrix A is denoted by R;(A), and we let R(A) denote the vector with
these numbers as components.

THEOREM 5.1 Let T be a tree with n vertices. Then the following majorization
holds

R(Nt) <™ R(Ng,).
In particular,
> Ri(Np)* <) Ri(Ne,).
i=1 i=1

Proof. Let the distance vector of T' be d = (dy,ds,...,d,), and let R(Np) =

(rI, v ... rD), R(Ng,) = (r$, 7S, ..., rS) . Clearly
n n n
DD SR 9if
i=1 i=1 i=1
Let k < n and choose i1, ...,i; such that rg: = ra; the t’th largest component in

12
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R(Nr), for t < k. Let N = [a;;] be the path matrix of 7. Then

> T[Tt] =i T
= Ef:l E?:l )
=i+ D1 @irg)
=k+ Zf:1 Z?:iﬂrl @iy j
=k+ Z;L:I Zt:tﬁk,z’t<j Qi j
<k+> 7 min{k,d; — 1}

_\k C
= Zi:lri .

This shows the desired majorization. Moreover, this implies that Y 1  g(r]) <
S g(rf) for each convex function g : R — R. In fact, by a well-known theorem
due to Hardy, Littlewood and Pdlya (see Theorem B.2 in Chapter 2 of [14]) the
majorization implies that there exists a doubly stochastic matrix A = [a;;] (that
is, a square matrix with nonnegative entries and all rows and column sums equal
to one) such that R(Nr) = AR(N¢,). Combining this with the convexity of g
(Jensen’s inequality) gives

ZQ(ET) = ZQ(Z a;rs) < Zzaz‘jg(rjc) = Zg(%’c) Zaij = Zg(rjc)-
i i J [} J i J

as Y, a;; = 1 for each j. Applying this for g(x) = 22 we get the final inequality. 0

6. Tree modifications and the combinatorial Perron value

We study how certain different operations on trees influence the combinatorial Per-
ron value.

A natural operation is to extend the tree by adding a vertex and connecting to
some existing vertex. In general, this operation does not decrease the Perron value
p(T), as the maximal eigenvalue of a principal submatrix of a nonnegative matrix A
cannot exceed the maximal eigenvalue of A ([15]). Surprisingly, for the combinatorial
Perron value p.(T'), this is not true: there are examples where adding an edge leads
to smaller value on p.(7T'). This has been observed in our computational experiments
for randomly generated trees, although this seems to occur very seldom, and indicate
a kind of “irregularity” of the combinatorial Perron value.

However, under a certain, rather weak, condition we can show that p. increases
when an edge is added.

THEOREM 6.1 Let T be a tree and w € V(T), and let T' be the tree obtained from
T by adding a vertex w' and the edge ww'. Let k = d(T,w) + 1 and assume that

(2/k) Y oo+ k> || Mz (12)
vEP,

where Py, is the path between the root and w in T. Then pe(T") > p(T).

Proof. Let o0, = o(T,v) for each vertex v € V(T), and let n = |V|. The new

13
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tree T” has n + 1 vertices, V(T") = V(T) U {w'} and d(T',w") = k. Note that
o(T',v) =o(T,v) + k for v € P, and o(T',v) = o(T,v) for v € V(T) \ Py. So

Z’UGV 012) + A

= 1

pc(T/) =

where

A = ZveV(T')(U(TIa v))? - > vev o
=k + Y ep, ((0(T",0))* = 07)
=K+ ep, (00 +7)° = 03)
=k? + ZvePw k(20 + k)

= k2 + 2k ZUGPm Oy + ZUEP“, k2
=2k ZvePw oy + k3

as P, contains k — 1 vertices. Moreover

v 0o
Ze—vdz = pe(T) < |Mrll < (2/k) Y ov+k
veV " veP,

where the first inequality is due to Theorem 4.2 and the second is by assumption.
Observe the following simple fact, for positive real numbers aq,aso, b1, by, that if
a1/by < ag/ba, then ai/by < (a1 + az)/(b1 + b2). We apply this observation with
ay = ZveV Jg, by = ZUEV d?), ag = A and by = k:Q. Then pC(T) = al/bl < ag/bz =
(2/k) > yep, 0v + k as just shown. Therefore

pe(T) < (a1 + az)/ (b1 + ba) = pe(T")

as desired. N

It seems complicated to obtain closed expressions for p.(7T") for trees other than
generalized stars. However, the rational function of d in the definition of p.(7T)
opens up for another kind of analysis, which may be called a “marginal asymptotic
analysis”. We give one such result, and it should be clear how to produce similar
results.

Let T be an arbitrary tree with internal root r and n vertices. Let v € V(T') and
define T'(v;m) as the tree obtained from 7" by adding m new vertices and attaching
each of these to v. Define

pX(T,v) = lim M

m—oo n+m

Since n + m is the number of vertices of T'(v;m), p2°(T,v) gives the asymptotic
value of p.(T'(v;m)), scaled by the number of vertices, when m tends to infinity.
This number gives information on the effect of appending several vertices at vertex
v.

14
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THEOREM 6.2 Let T'(v;m) be as above. Then
o=(T,0) = dy. (14)

Proof. Let k =d, + 1. Also, let V' be the vertex set of T', and d = (dy,da, ..., d,)
its distance vector. Then p.(T'(v;m)) may be written as follows

w k 2 i}
mk® + e, (O + MR + Tign, o _ K+ Vuep, R+ Tugn, &
me—f—Zvd% k2+zu%

Note that the denominator here tends to k2 as m — oo. Moreover,

. Ow+mk)? o2
lim o0 (1 (m + 1)) (K2 + Y pep, P 45,00 %)

= ' (owtmk)?
= ZwePu limyy, 00 m(mtn)

— : (ow/m+k)?
- ZwEPv limyy 00 1+n/m

- ZwGP,J k2
= |Py| - k2.

Therefore we get the limit

(T (v P, - k2
o(To) = tim PE@M) PR o

m—00 n-+m k2

From this theorem, for m large, we obtain the approximation
pe(T(v;m)) = (n+ m)d,

where n +m = |V (T'(v;m)|.

We now turn to the coalescence of two trees. Let Ty and 17 be rooted trees with
disjoint vertex sets. Let v be a vertex in Ty, and let v; denote the internal root in 77.
Let Ty ®, 11 be the coalescence of Ty and 17 with respect to v, i.e., To@®, 11 is the tree
obtained by the union of Ty and T} where the internal root v1 of 11 is identified with
v. Note that [V (To @, Th)| = |[V(To)|+ |V (T1)| — 1. An example of this construction
is shown in Figure 5. We obtain different such trees depending on the choice of the
connecting vertex v. Recall that the distance in a tree T' from its root to a vertex
v is sometimes indicated by d(T,v). Similarly, we write o(T,v) = > <, d(T,w)
where the partial order refers to T'. Let k = d(Tp, v) and define

w=v
or,= Y, d(T,w)+ (k=) ([V(Ty)] - 1)
weV (T )\{v:1}

which only depends on T} and k. We let V = V(T @, T1).

THEOREM 6.3 Let Ty and T be as above and let p and q be distinct vertices in T
with d(Ty,p) = d(To,q) = k for some k, i.e., p and q have the same distance from
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the root. Then

A

Z’UEV d% (15)

pe(To @p Th) = pe(To ®q Th) +

where A = 207, (ZuePp\Pq o(Ty,v) — Zuqu\Pp O‘(To,’U)>. In particular,
pe(To ©p T1) > pe(To ®q T1)

if and only if 3 ,cpr\p, o(To,v) > X yeppp, 0(T0, ).

Proof. To simplify notation, define T, = Ty ®, 11 and T, = Tp By 11, and let
V' be the vertex set of T}, and Tj, with the natural identification of vertices. Since
d(Ty, p) = d(Ty, q), it follows that the distances (from the internal root) are the same
in T}, and T, i.e., the distance functions d(T}, -) and d(7}, -) coincide. In particular,
for each v € V(17),

d(TICHU) = d(Ttbv) =k+ d(Tla U) -1

as d(T1,v1) = 1 where vy is the internal root in T;. Therefore

Yo ATy = > (k+d(T,v) - 1) = 6.

veV (Ty)\{v1} veV(Ty)\{v:i}

Now, o(Tp,v) = o(Tg,v) for all v € P,AP, := (P,\ P;)U(F,\ Pp), as for such v, the
subtrees {w : w < v} are the same in T}, and T,. Moreover, o (T}, v) = o(Tp,v)+07, =
o(Ty,v) + or, for all v € P, \ Py, and o(Tp,v) = o(Tp,v) = o(Ty,v) — ép, for all
veE P\ P,

By summing over all v € V' we get

> vev o (Tp, v)? — > vev 0(Ty, v)?
= ZvePpAPq(U(Tpav)z —0(Ty,v)?)
=2 vep,ap, (0(Tp,v) = o (Ty, v))(0(Tp, v) + (T4, v))
=2 vep\p, 01, (20(To,v) + 01,) + X pep,\ p, (—013) (20 (To, v) + 01,)
=267, > _yep\p, 0(To,v) = 201, 3o ep\ p, 0(T0,v)
+03, (|1Pp \ Pyl — |Pg \ Ppl)
= 207, (Zvepp\Pq o(To,v) — Zvepq\Pp o (To, U))
=A

as | Py \ Py| = |P,; \ Pp| because d(Ty,p) = d(Tp, q). The theorem now follows. d

Based on the previous theorem we may define a useful operation on a tree (using
the same notation as in the theorem). A switching is to replace the tree Ty &, 11 by
the tree Ty @4 T7. Loosely speaking, this corresponds to “moving” the subtree T3
from a vertex p to a vertex ¢. In particular, a switching preserves all distances from
the root, and the change in p. is described in Theorem 6.3.
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To r TO Dy Tl r

Figure 5. The tree Tp @y 11

The next result uses such switchings to maximize p. for a given distance vector.
Let D,, denote the set of all distance vectors of rooted trees with n vertices, i.e., all
vectors d = (dy,da, . ..,d,) with

1:d1,2:d2:...:di2,3:di2+1=...:dl’ =

3

where 1 = 47 < i3 < i3 < --- and i = n for some k. For a given d € D, let Cy
denote the (unique) caterpillar having distance vector d.

T": T

® =

T’

"y Ny

Figure 6. Proof of Theorem 6.4 and Cy with d = (1,2,2,2,3,3,3,4,4,5).

® =

THEOREM 6.4 Let d € D,. The mazimum of p.(T) over all rooted trees with
distance vector d is attained for the caterpillar Cy, and no other tree attains this
mazrimum.

Proof. Suppose that T is not a caterpillar. We organize the tree T in k > 1 levels,
where level s consists of vertices j with d; = s. The only vertex at level 1 is vy, the
internal root. Let vs and v; be two vertices at level 2 both being adjacent to at least
one vertex at level 3. Then two possible operations can be done:

1mMovin all vertices at leve rom vg TO V¢, an

1) « i g” 11 ti t1 13 f t d

2) the ()pposite, that iS, “moving” all vertices from V¢ over to Vs.
g

Both possibilities satisfy the condition of Theorem 6.3 and therefore must increase
pe(T'). Then, choose the switching to vertex vs. As long as there are at least 2
vertices at level 2 as described above we continue this procedure. After that, only
one vertex at level 2 has adjacent vertices at level 3. Therefore we have a caterpillar
from the root r down to the level 2 considering all vertices except those that are
adjacent to vertices at level 4, if any. Then, if there are vertices adjacent to vertices
at level 4, consider again two vertices at level 3 and do the same procedure until we
get a caterpillar Cy with the same distance vector d as T'. 0
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The construction in the proof of Theorem 6.4 is illustrated in Figure 6 for a
particular tree.

One may also consider the problem of minimizing p. for a given distance vector.
This seems more difficult: the reverse of the operation used for maximization may
be used to reduce p., but this does not directly lead to a global minimizer.

Concluding remarks. We mention some interesting further questions to study
in this area; some work along these lines is in progress. As mentioned in the Intro-
duction, and given that p.(7T") approximates the Perron value of the branch well, it
seems natural to use p.(7T") for studying algebraic connectivity and approximation
of the characteristic set of a tree. Another interesting topic is if upper bounds on
the Perron value, better than ||M]||;, may be found by distance-based techniques
similar to what we used here. Finally, is would be good to establish further results
on how the combinatorial Perron value reflects certain properties of trees.

Acknowledgment. The authors wish to thank two referees for very useful com-
ments that improved the paper significantly, and for suggestions for further work.
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