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Abstract. In a recent paper the authors proposed a lower bound on 1 — \;, where \;,
A; # 1, is an eigenvalue of a transition matrix 7" of an ergodic Markov chain. The bound,
which involved the group inverse of I — T', was derived from a more general bound, due to
Bauer, Deutsch, and Stoer, on the eigenvalues of a stochastic matrix other than its constant
row sum. Here we adapt the bound to give a lower bound on the algebraic connectivity of
an undirected graph, but principally consider the case of equality in the bound when the
graph is a weighted tree. It is shown that the bound is sharp only for certain Type I trees.
Our proof involves characterizing the case of equality in an upper estimate for certain inner
products due to A. Paz.

1. INTRODUCTION

Let G be a weighted undirected graph on n vertices and let L be its Laplacian
so that L is a positive semidefinite M-matrix. Let 0 = A1 < Ay < ... < A, be the
eigenvalues of L. Fiedler [6] has shown that v := Ay > 0 if and only if G is connected
and, since increasing the number of edges in G cannot decrease the value v, he has
termed v the algebraic connectivity of G.

Now let L# be the group generalized inverse? of L. For the case in which G is
an unweighted graph, that is, G is a weighted graph whose edges have the uniform
weight of 1, an upper bound on v in terms of the dominant diagonal entry of L#

! Research supported in part by a University of Regina Grad Studies Special Project Grant
and NSERC Grant No. OGP138251.

2 Research supported by NSF Grant No. DMS-9306357.
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4 For background material on generalized inverses of matrices see Ben-Israel and Greville
[2] and Campbell and Meyer [4].
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was given in Kirkland, Neumann, and Shader [8]. Moreover the case of equality
in the bound was characterized and, for the case in which G is a tree, a graph-
theoretic interpretation for the entries of L# was provided. This graph-theoretic
interpretation has since been extended to the case in which G is a weighted tree
in Kirkland, Neumann, and Shader [9]. In Kirkland, Neumann, and Shader [11] a
certain lower bound was given, in terms of the group inverse of a singular M-matrix
associated with the transition matrix of an ergodic Markov chain, for the nonzero
eigenvalues of that M-matrix. This lower bound, which is an immediate consequence
of a spectral bound due to Bauer, Deutsch, and Stoer [1] (see Theorem BDS below)
can be easily adapted to yield a lower bound for v. The main purpose of this paper
is to consider the equality case of this lower bound for weighted graphs G that are
trees.
The spectral bound due to Bauer, Deutsch, and Stoer is as follows:

Theorem BDS (Bauer, Eckart Deutsch, and Stoer [1], see also Seneta [14, p. 63,
Theorem 2.10]). Suppose that B = (b; ;) is an n X n matrix with constant row sums
b and assume that p is an eigenvalue of B other than b. Then

1 n
. < - -y
(1 1) ‘,u| S5 15,175;2”2; |bz,s bLs
sS=

Let e(™ be the n-dimensional vector of all 1’s. As L#e(™ = 0 because L and L#
have identical nullspaces and as the nonzero eigenvalues of L# are the reciprocals
of the nonzero eigenvalues of L (see, for example, [2] and [4]), the following is an
immediate consequence of Theorem BDS:

Observation 1.1. Let G be a weighted connected graph on n vertices with Lapla-
cian matrix L and algebraic connectivity v. Set

1
== #_#
(12) 2(9) =5 lg;e;gnZ;ILZ,S Lyl
Then
1
(1.3) <
Z(9)

Let us now describe the paper in more detail. In Theorem 2.3 we shall show that
for weighted trees, equality in (1.3) holds if and only if G is a Type I tree of a certain
kind. (Recall that a Type I tree is one in which an eigenvector of L corresponding to
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v has a zero entry, see, e.g., Fiedler [7].) Viewing an unweighted graph as a weighted
graph with all weights on the edges equal to 1, we shall show as a corollary to this
theorem that for an unweighted graph G equality in (1.3) holds if and only if G is
a star. In another corollary we shall show precisely which weighted trees admit a
re-weighting for which equality now holds in (1.3). In the course of the proof of
Theorem BDS use is made of the following estimate which follows from Lemma 2.4
in Seneta [14], but which Seneta attributes to Paz in a somewhat different form:

Lemma PS (Paz [13, Chp. IIa], Seneta [14, p. 63]). Let z = (z1,...,2n) be
an arbitrary row vector of complex numbers. Then for any real vector 6 # 0 with

6Te(m) =0,

(1.4) |2T8| <

DN | =

— 2] 1611
\max [z — | 3],

)

Our proof of the main theorem requires knowledge of the case of equality in Lemma
PS. We therefore open Section 2 by characterizing equality in this lemma.

2. MAIN RESULTS
We begin by characterizing the case of equality in the inequality (1.4).

Theorem 2.1. Let § € R™ be a vector such that 67e(™ = 0 and let z € C*. Then
equality holds in (1.4), viz.

12768] = ax [z — 2| 191

1
— m
2 1<i,j<n

if and only if z and 0 can be reordered simultaneously such that

01 i a ]
Om
—0m+1 b
(2.1) 0= : and z= : ,
_6m+k b
0 €1
L 0 ] LCn—k—m |

67



and where

(2.2) max |z; —zj| =|la—blandd; >0, i=1,...,k+m.
1<i,j<n

Proof. The sufficiency of the conditions (2.1) and (2.2) is straightforward upon
using the condition that 67e(™) = 0. For the necessity, suppose that equality holds in
(1.4). We shall induct on the number of nonzero entries in d, upon noting first that
the result holds trivially if § has just two nonzero entries. We begin by assuming,

without loss of generality, that 1 > d,,11. Then

B 1 T _51 - 5m+1 T
52
0 Om
-1 0
)= 5m+1 0 —+ *6m+2 =: 5m+1(6§n) — efgll) + S
0 5
9 *6m+k
0
Lol L o

Note that [|8]|1 = 20,41 4 [|0]|1,07e™ = 0, and that 26 = 6,11(21 — 2ms1) + 270.

Now,

1 .
5 (20m41 +|0]]1) max [z —z;] = 273

1<i,j<n

< Omr1lz1 — Zmt1] + |ZTS\
1 R
<3 ez |zi — 2j|(20m+1 + 10]11),

from which we can conclude the following:

(i) [z78] = 5 | max |z — z]| 8]

1<i,j<n
(i) 21 = 2] = max |2 = ]

(iii) The argument of z1 — 2,,11 is the same as that of 2T5.
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From the induction step on § we find that 2z must have the form

C1

LCn—k—m |

where max |z; — z;| = |a — b|. Moreover, if 61 > 041, then u = a. We further
1<i,j<n

claim that the argument of 27§ must now be the same as that of a — b. Note that

R m m+k—1
IO =u( = 6my1) + Y _adi— Y b
i=2 i=m+2
m m—+k—1
+b<5m+1 — 61 — Z@' + Z 5i>
=2 1=m-+2
m
= (u="b)(61 = 6my1) + Y _(a—b)di.
i=2
This shows that 27§ is a positive multiple of a—b. Consequently, |21 — 2m+1| = |a—b

and arg(z1 — zm41) = arg(zTS), so that 21 — 211 = a —b.

If 21 > 241, then we can conclude that z; = a and z,,,+1 = b. On the other hand,
if 61 = 0,41, then we repeat the argument with either d; and d,,42 or d2 and d,,41
to deduce that z; = a and 2,11 = b. Our proof is done. O

To prove our main result we further need the following fact:

Theorem 2.2. Let G be a weighted tree on n vertices with Laplacian matrix L.
Then the maximum of the expression

(n)T (n)T
(2.3) Hei L# — €; L#Hl
can only be attained at a pair of pendant vertices.
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Proof. Without loss of generality, we can assume (2.3) is maximized for some
1<i<n—1andj=n. In[9] it is shown that L# is given by

(L#)11 (L#)12

2.4 L# — ,
24 (L#)2,1 (L#)2,2
where
1 1 (=17 pfeln—1)
(255) (L#)“:M_ZM‘]_gJM—F%a
)T -1
(26) (L#)12 = —lMe("_l) + we(n—l)
; " - ;
(2.7) (LF)a1 = (L)1 5,
and
(nfl)TM (n—1)
#, . _ ¢ €
(2.8) (L#)op = —p )

n

where M is the (n — 1) x (n — 1) matrix whose (4, j)-th entry is given by

(2.9) > %

e€Pi,;

with P; ; denoting the set of edges of G which are on both the path from vertex 4
to vertex n and the path from vertex j to vertex n, and where w(e) is the weight of
edge e € G.

Fix 1 <4 < n — 1 and note that the last entry of the n-vector

_ 1 _
(2.10) eE”)TL# —eWTp# = {egn DTy E(egn 1)TMe(n—1)>e(n—1)T ’

1

- (egnfl)TMe(n_l))}

is negative; a similar argument applied to e%n)TL# — egn)TL# shows that the i-th
entry of eE”)TL# - e%”)TL# is positive.

Suppose now that ¢ is not a pendant vertex of G. Then there is a vertex ¢g which
is adjacent to ¢ such that the path from ¢ to n includes i. Let 6 be the weight of the
edge between i and iy and let S be the set of vertices in G whose path to n includes
the vertex ig. Let the cardinality of S be o and let v} be the row vector with a 1/6
in position k if and only if £ € S and 0 otherwise. It follows that
eI N = egn_l)TM + vgj

)
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and, if £ € S, then

egnil)TMel(Cnil) egnfl)TMegnfl).

Note that in position k, v% is positive only if k¥ € S, in which case the k-th entry of
el M — %(egn_l)TMe("’l))e(”*l)T agrees with the i-th entry of the vector, which is
positive. Hence,

egnfl)TM -

(egnfl)TMe(n—l))e(n—l)T n Ugul

_ 1 _
egn DT pp — E(egn 1)TMe("*l))e(”fl)THl + %,

Consequently,

n 1 - n— g
e L# — T L, > - (65” DM 4 5)
1

+ Hegn—”TM - —(eg"‘”TMe("—”)e(”—UTH
n 1
o o 1
7~ sl VI,

= [TLR — elTLF, 2 > TR - T

As a result we see that if 7 is not a pendant vertex, then Hegn)TL# — esbn)TL# Hl is
not maximal and, arguing similarly on n, this shows that n too must be pendant. O

In order to state our main result we require the following result due to Fiedler
[7].5 Let G be a weighted tree on n vertices with Laplacian matrix L. Let v be the
algebraic connectivity and let y be any corresponding eigenvector. Then exactly one
of the following situations holds:

i) Some entry of y is zero. Then there is a unique vertex k such that y, = 0 and k
is adjacent to a vertex m with y,, # 0. Further, the entries of y are either increasing,
decreasing or identically 0 along any path in G which starts at k.

ii) No entry of y is zero. Then there is a unique pair of vertices ¢ and j such that
1 is adjacent to j and y; > 0 and y; < 0. Futher, the entries of y are increasing
along any path which starts at ¢ and does not contain j, while the entries of y are
decreasing along any path which starts at j and does not contain .

A weighted tree is of Type I if (i) holds and it is of Type II if (ii) holds. In
the former case, we call the unique vertex k the characteristic verter and, in the
latter case, the unique pair of vertices 7 and j are called the characteristic vertices.

5 We remark that strictly speaking that paper only deals with unweighted trees, but the
results extends to the weighted case.
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The identification of the characteristic vertices is independent of the choice of the
eigenvector y as shown by Merris [12].

At a vertex uw of G, a branch at u is a connected component which is obtained
by deleting vertex u and all edges incident to u. Let u be a vertex of G and let B
denote a branch of the tree at u. Associated with B is a positive matrix formed
from the vertices of B as follows: if v; and v; are on B, then the entry in row ¢ and

column j of the matrix is ﬁ, where Py, ., is the set of edges which are
6E’Pvi‘vj

on both the path from v; to v and on the path from v; to u. For each branch of
G at u we compute the Perron value of the associated positive matrix; if a branch
yields the maximal Perron value over all branches at u, then the branch is called a
Perron branch at u. In Kirkland, Neumann, and Shader [10] it is shown that G is a
Type I tree if and only if there are at least two Perron branches at the characteristic
vertex; in that case v is equal to the reciprocal of the maximal Perron value over all
branches at the characteristic vertex.
We are now ready to state our main theorem:

Theorem 2.3. Let G be a weighted tree with Laplacian matrix L. Then equality
holds in (1.3) if and only if G is a Type I tree whose characteristic vertex u has the
property that two of its Perron branches consist of single edges adjacent to pendant
vertices, vy and v, and

n n 2 2
(2.11) max Heg Tr# _ ol )TL#H e (: 7)
1<6,5<n J L w(u,vq) w(u, va)

Proof. We begin with the “necessity” part of the proof. For a vector z € C"

let f(z) := 122}?71 |z; — z;|. Next, for any 1 <4,j < n, let 6Z-T’j =elL# — e?L#, and

suppose that y is an eigenvector of L corresponding to v. We then have that

~fly) = 5 ma s~ w5l = i — vl
B Yy) = o 132@ Yi —Yjl = y Yio — Yjo
1
= 102,509 = SF W) 180,501
1
=5/ W) max 6]
In particular, [|0i,,5,]1 = | ax 10i,51l1, so that, by Theorem 2.2, iy and j, are
ILIRN
pendant vertices of G. Furthermore, |67 ; y| = 2 max |y; — yj| |6ig,50|l1 s0 that
’ 1<t j<n

Theorem 2.1 applies.
Without loss of generality, let us take ig = 1 and jo = n. Then, by Theorem 2.1,
the vector y is constant on the indices where egn)TL# - e%")TL# is positive and
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constant on the indices where e( Tr# (”)TL# is negative. Moreover, if the ki-th
and ko-th entries of egn)TL# — % T 1# are positive and negative, respectively, then

Yy — Yro| = | max lyi — y;l-

It is not difficult to show that the entries of esbn)TL# are strictly decreasing along

(n)T

any path which starts at n, while the entries of e;"’" L# are strictly increasing along

e%n)TL# are strictly

any path which ends at 1. Hence, the entries of eln)TL# -
increasing as we move along the path which starts at n and ends at 1. In particu-
lar, there is at most one vertex on that path for which the corresponding entry in
e(ln)TL# —eMTL# is 0.

As we observed in the proof of Theorem 2.2, following equation (2.10), the first
entry of the vector egn)TL# - e%n)TL# is positive and its last entry is negative, so
that |y1 — yn| = 121?2(” lyi — y;]- Since the entries in y sum to 0, without loss of
generality we can z;séu\rne that y; = max y; >0 and y, = 1r<n_in y; < 0.

RN RN

Suppose now that vertex k is on the path joining vertex 1 with vertex n. Then
from the above we see that there are three possibilities:

() #(”) eMTr#e (n)>0andyk:y1>0
(b) e; (n L#ein) 5{” L#e in) < 0and y, =y, <0.

(c) gn)TL# VeI e = 0 and |y1 — yil, lyn — Ykl < Y1 — Yu-

Also note that there is at most one index k for which (c) holds.

Recall now that if G is a Type I tree, then along any path starting from the
characteristic vertex, the entries in y are either strictly increasing and positive, or
strictly decreasing and negative, or all zero. Since y; > 0 > y,, we conclude that if
G is of Type I, then the characteristic vertex must be on the path from vertex 1 to
vertex n. Similarly, if G is a Type II tree, we find that both characteristic vertices
must be on that path.

Suppose first that G is a Type I tree whose characteristic vertex is k. Then,
yr = 0 and so, necessarily, (c) holds. The entries of y are monotonically increasing

e%n)TL# are also

along a path from k to 1. However, since the entries of egn)TL# -
monotonically increasing on that path, y; must equal y; if vertex j is on the path
and j # k. We conclude that the path must have length 1, that is, k£ is adjacent
to the pendant vertex 1. Similarly, we obtain that k is adjacent to n. Thus we see
that the characteristic vertex k has two Perron branches which consist of single edges

adjacent to the pendant vertices 1 and n. Now from (2.4)—(2.9), we find that

MT 4 ()T #_[ 1 _ 1 }
L L7 = 0...0 ———
“ €n w(l, k) w(l, k)
and hence 5
(MT 4 (T p#) _
1;?%271 Hei L €; L Hl - w(l, k‘)
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Suppose now that G is a Type II tree with characteristic vertices ¢ and j so that
the entries of y are increasing along the path from ¢ to 1 and decreasing along the
path from j to n. But then there is at most one vertex on the path from 1 to n which
(c) can hold and so either y; = y1 or y; = yn, both of which yield contradictions.
Consequently, if G is a Type II tree, equality in (1.3) can not hold. This completes
the proof of the necessity part.

For the “sufficiency” part of the theorem assume that G is a Type I tree whose
characteristic vertex u has the property that two of its Perron branches consist
of single edges adjacent to pendant vertices, v; and we and (2.11) holds. Then

v=1/w(u,v) = %12?2(” Hegn)TL# - eg")TL#]|1. This concludes the proof of the

theorem. 0

We now have the following corollary:

Corollary 2.4. Let G be an unweighted tree with Laplacian matrix L and alge-
braic connectivity v. Then equality holds in (1.3) if and only if G is a star.

Proof. The only unweighted tree whose characteristic vertex is adjacent to a
pendant vertex is a star, so if (1.3) holds, then G is a star. Conversely, it is not
difficult to show that if G is a star then v = 1 and

el LE LA =2

O

We conclude the paper with a corollary concerning when a tree can be weighted
to yield equality in (1.3).

Corollary 2.5. Let G be a tree on n vertices having two pendant vertices which

are adjacent to the same vertex. Then there is a weighting of G yielding equality in
(1.3).

Proof. Without loss of generality we can re-label the vertices of G so that
vertices n and n — 1 are pendant and adjacent to vertex n — 2. Now weight the
edges from n and n — 1 to n — 2 with € > 0 and weight every other edge with 1. We
shall use the results of Theorem 2.3 to show that for a choice of ¢ sufficiently small,
equality holds in (1.3).

Consider the branches of G at vertex n—2. Associated with the branches containing
vertices n and n — 1 we have a Perron value of 1/, while every other branch at n — 2
yields a Perron value which is independent of €. As a result, when ¢ is sufficiently
small, we find that G is a Type I tree with characteristic vertex n — 2 and that the
branches at n — 2 containing n and n — 1 are Perron branches.
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Now let L be the Laplacian matrix of the (newly) weighted tree. It remains to
show that

n n 2
max He( Tr# _ e(- )TL#H = —.
1<ijen J 1 e
As in the proof of Theorem 2.3 we find that
n 1 1
and so 5
n)T
e — ki), = 2

Now suppose that 1 < i < n — 2. Letting M € R(*=1),(n=1) he the matrix whose
i, j-th entry is given by (2.9), we find that for some (n — 1)-vector z whose entries
are positive and independent of £ > 0,

egn_l)TM =27 + 1e("_l)T.

€
Hence,
(n)T T 1 T T zTe() n—1 zTe™
e, L¥ —emT# — [—e(”) 42T — ———em ‘ - - }
ne n ne n
It follows that for € > 0 sufficiently small,
1 T o(n) -1 T o(n)
Heg")TL# _ egbn)TL#Hl _ H_e(n)T LT Te e(n)H L L e
ne n 1 ne n
-1 Te(n) 2) 2
< o n ' el™(n 4+ 2) <2
ne n €

An analogous argument also shows that
T4 _ T p# _ 2
Hei L% —e, 1 L Hl < z
when € > 0 is sufficiently small. Finally, suppose that 1 < 4,5 < n — 2. Then, again,
from (2.9) and the equations leading to it, we have that
n n n— n— 1
e 7z — T = [T e Ve (- 1) |
n

? J

_ %(egnq)T _ egnfl)T>Me(n_1)]

Since there are positive (n — 1)-vectors y and z, independent of £ > 0, such that
eI = T 4 (1/¢)e™= 1) and eg-nfl)TM = 2T + (1/e)e™ V) we find that

7

Hegi)TL# — eg-j)TL#Hl is independent of ¢, so that

e TL# — MTL#|| <

?

2
€
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when € > 0 is sufficiently small. Thus for such ¢ we have that

2
g I e =

and so, by Theorem 2.3, equality holds in (1.3). This completes the proof. O
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