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Abstract
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1. Introduction and background

A graph G = (V, E) consists of a finite set of vertices V and a set of edges E.
A simple graph has no loops or multiple edges and therefore its edge set consists
of distinct pairs. A weighted graph is a graph in which each edge is assigned a
weight, which is a positive number. An unweighted graph, or simply a graph, is
thus a weighted graph with each of the edges bearing weight 1.

Let G be a connected, weighted graph on n vertices. The distance between ver-
tices i and j is defined to be the minimum weight of all paths from i to j, where
the weight of a path is just the sum of the weights of the edges on the path. The
distance matrix D of G is an n X n matrix with zeros along the diagonal and with its
(i, j)-entry equal to the distance between vertices i and ;.

Distance matrices of graphs, particularly trees, have been investigated to a
great extent in the literature. An early, remarkable result in this context concerns
the determinant of the distance matrix of a tree: Graham and Pollack [3] showed
that if 7 is a tree on n vertices with distance matrix D, then the determinant of
D is (=1)""Y(n — 1)2"2, and thus is a function of only the number of vertices;
that paper also discusses the inertia of D. (Recall that for symmetric matrix M, its
inertia is the triple of integers (n4 (M), no(M), n_(M)), where ny (M), no(M), and
n_(M) denote the number of positive eigenvalues of M, the multiplicity of O as
an eigenvalue of M, and the number of negative eigenvalues of M, respectively.)
In subsequent work, Graham and Lovasz [4] obtained a formula for D~ among
other results. In Section 2 we extend Graham’s and Lovasz’s formula for D~! to
the case of a weighted tree. We also obtain an extension of the Graham and Pollack
determinantal and inertial formulae to the weighted case. In Section 3 we further
extend these results to distance matrices arising from unweighted unicyclic graphs.

Suppose that we have a weighted graph G = (V, E) with n vertices and m edges,
and that we assign an orientation to each edge of G. The associated (vertex-edge)
incidence matrix Q of G is the n x m matrix defined as follows. The rows and the
columns of Q are indexed by V and E respectively. The (i, j)-entry of Q is O if the
ith vertex and the jth edge are not incident and it is »/w(j) (respectively, —/w(}))
if the ith vertex and the jth edge are incident, and the edge originates (respectively,
terminates) at the ith vertex, where w(j) denotes the weight of the jth edge. The
Laplacian matrix L of G is defined as L = Q Q7, and is independent of the orienta-
tion assigned to G. For basic properties of the Laplacian matrix see [1,7]. We note
that in our results involving weighted trees, we will make use of the incidence matrix
and the Laplacian matrix that arise by replacing each edge weight of the tree by its
reciprocal.

In Section 4 we investigate a perturbation problem for distance matrices arising
from weighted trees. Let D be a distance matrix arising from a weighted tree and
let L be a Laplacian matrix of any weighted graph G. For € > 0, we consider per-
turbations of D! of the form e D~! — L and show that matrices of this form are
invertible and have a nonnegative inverse.
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Recall that if # and v are vectors in R", then the £-distance between u and
v is defined as |lu — v|; = > i |u; — v;|. In Section 5 we obtain a formula for
the determinant of the ¢;-distance matrix of a set of points in a rectangular grid.
If xi1, ..., x, are distinct points in R2, then their ¢ 1-distance matrix D = [d; ;] is
an n x n matrix with d;; =0,i =1,2,...,n,and d; j = ||x; — x|y, if i # j. If
m + k — 1 points are chosen from an m x k rectangular grid and if the points do not
contain a closed path, then a formula for the determinant of D is obtained.

2. Distance matrix of a tree

In this section we extend some well known results on the distance matrix D of an
unweighted tree 7. The first result is due to Graham and Lovasz [4], who obtained
a formula for D~!. The latter two results are due to Graham and Pollack [3], who
showed that if 7 has n vertices, then the determinant of D is (—1)*~1(n — 1)2"~2,
and that D has just one positive eigenvalue. In this section, we extend these results
to the case of weighted trees.

Theorem 2.1. Let T be a weighted tree on n vertices with edge weights oy, . . ., dp—1
and let D be the corresponding distance matrix. Let L denote the Laplacian matrix
for the weighting of T that arises by replacing each edge weight by its reciprocal.

For eachi =1, ...,n, let d; be the degree of the vertex i, let §; =2 — d;, and set
8T =1[81,...,8n]. Then
-1 ! ! T
D :——L+—7185 . 2.1
2 2300

Proof. We use induction on n. For n =2, we have D = |:0? 061i|, L =
1

L [ - 1}, and§ = [i}, and the formula for D~! follows readily. Now suppose

o | —1 1
we have a weighted tree on n vertices 1, 2, ..., n, and form a new weighted tree T
on vertices 1,...,n + 1 by adding in a pendant vertex n + 1, adjacent to vertex n

with edge weight o, Let D, L, and é be the appropriate quantities for 7" and let D,
L, and § be the corresponding quantities for 7. Letting e, be the nth standard unit
basis vector in R”" and 1 be the all ones vector in R”, we have

B L+ éene,TZ —éen _ 5 — ey
L= , 6= ,
_1,T ‘ 1 1

oy N

_ D ‘ Dep, + a1
D = .
e'D + a,17 ' 0

and




196 R. Bapat et al. / Linear Algebra and its Applications 401 (2005) 193-209

Leto,_| = Z:’;ll o; and 0, = ) !_, ;, and note that

B I e e
2370 o 2 20,
L ene + 26 (SST — Se; — e, 8T + ene;) ‘ T En + 21 5 —ep)
B ﬁe;{—i-ﬁ((sﬂr—e}) | —ﬁ-l-z%”
—%L + ﬁ (88T — SeT — e,,(ST) — 2‘21’—“”'”6”6} 2%" %en
- 8"+ ey | ~Taon

From the induction hypothesis, D™'1 = 26 8T18 = L8 so that D§ = 0y,—11.

Also from the induction hypothesis, D~ L + 20 SST We thus find that
1— Qe
——L+—45"
2 203,
-1 a T 1 T T On—1 T 1 On—
B D™ — 20"(;’”71 88 — 2o, (Sen + e,6 ) ~ w0, nCn ‘ E(S + Tu 0, N
o 1 T Oon—-1 T Op—1
25,0 + Zano, én ' T 2a,0,

Next, we note that

o D ‘ De,, + a,1 I ‘ 2 ‘ a1 | [1 ‘ en
D = = 9’
L,TDJraan | o } LZ | 1} L,,lT | —2a,,] [0 |1

so that

LTI ‘ —e, 1T D ‘ a1l 171 ‘ 0
D = .
|:O ‘ 1 :| |:ot,,1T ‘ —Zan:| |:—eE ‘ l:|

Now a standard computation shows that

D | a7 _(D+%11T)‘1 2=Lp=11
aan _2al’l B On— IITD 1 _ On—1

20, 20,0y

-1 _ on 1
_ D 20,01 88 ‘ 20'11
- 1T ’ _ ot |
20y, 20,0y

so that

-1 _ T 1
— {1 ‘ —e,li| D7l — s ‘ 768 [ 1 ‘ o}
0 1 LT | =L | [—ef [ 1

20,0y,
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-1 _ a, T _ 1 T T) _ On—1 T 1 On—1
D 20,051 88 20, (sen + 6"8 ) 20,0y, enéy 20, s+ 20,0y, €n
- 1 oT On—1 T On—1
E(S + Zapoy €n | " 2w,0,

as desired. [

Remark 2.2. For an unweighted tree on n > 3 vertices, the (i, j)-element of D!
is zero if and only if i # j, one of the vertices i and j has degree 2, and i and j
are not adjacent. To see this, observe that the (7, j)-element of D! is zero if and
only if (2 —d;)(2 —dj) = (n — 1)¢;;, so that our conditions are clearly sufficient.
Conversely, if i and j are adjacent, then ¢;; = —1 so that (n — 1)¢;; = —(n — 1).
But 2 -d;)(2—d;j) 2 1[2— (n — )] = —(n — 3) and the (i, j)-element of D!
is nonzero. Finally, if i = j, we see that since n > 3, (2 — d)2 = (n — 1)d has no
admissible positive integer solution for d.

In particular, each row of D~! corresponding to a vertex of degree 2 has 3 nonzero
entries: a —1 on the diagonal and % in each spot corresponding to an adjacent vertex.

In order to discuss the determinant and inertia properties of distance matrices
of weighted trees (and later, of unicyclic graphs), we begin by considering the fol-
lowing somewhat larger class of weighted graphs. Let G be a weighted graph, and
suppose that we have a collection of weighted trees By, ..., Br. We construct a
new graph G from G and the trees By, ..., B by adding, for eachi =1, ...k,
a weighted edge between some vertex of B; and some vertex of G. We say that
the new graph G is constructed by adding the weighted branches By, ..., By to G.
Evidently both the weighted trees and the unicyclic graphs can be constructed in this
fashion.

Theorem 2.3. Let G be a connected weighted graph on n vertices with distance
matrix D, and suppose that D1 = d1. Form G from G by adding weighted branches
to G on a total of m new vertices, with positive weights oy, ...,y on the new
edges. Let D be the distance matrix for G. Then for each x € R, det(D +xJ) =
(=2)™ det(D) ([T/Ly o) (1 4+ % + 95 S0 ;). Further, no(D) = no(D) and if,
in addition, D is nonsingular, then n, (D) = n+(5).

Proof. We prove the statement regarding det(D + xJ) by induction on m. For
the case that m = 0, note that the eigenvalues of D can be writtenasd = A; > Ay >
-+ = Ay, while the eigenvalues of D + xJ are d +nx and Aj, ..., A,. It now
follows that det(D +xJ) =d (1 + %) Ay Ay = det(D) (1 + %), as desired.
Suppose now the statement holds for some m > 0 and that G is formed as described
by adding branches on m 4 1 new vertices to G. Without loss of generality, assume
that vertex n + m + 1 is pendant, adjacent to vertex n + m, and that the weight of
the corresponding pendant edge is o,+1. Then
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B I ‘ 01D +xJ ‘ a1 1 ‘ nim
D+xJ = - T ,
el | 1 Lamen1T | =201 [ (0| 1
where é is the distance matrix for the weighted graph on n + m vertices formed
from G by deleting vertex n-+m+ 1. Thus, det(D+ xJ) = (—2am+1)

det(D + xJ + 25 J) = (=2041)(—=2)" det(D) ([T o) (1 + 2 (x + 25) +
T pa oci), the first equality following from Schur’s formula, and the second from

an application of the induction hypothesis. We now find readily that det(D + xJ) =
(=21 detD) (T e ) (14+ 2 + 45 X1 ).

In order to deduce_that no(D) = ny(D), we prove by induction on m that for any
x = 0,n9(D) =_no(D + xJ). Note that the case m = 0 is straightforward, since the
eigenvalues of D + xJ consist of the Perron value d + nx, along with the remaining
non-Perr(El eigenvalues of D. Next, suppose that the result holds for some m > 0,
and that G is formed from G by adding branches on m + 1 new vertices, with ver-
tex n 4+ m + 1 pendant, and adjacent to vertex n 4+ m with an edge of weight o+
between them. As above we see that D + xJ is congruent to the matrix

ﬁ+x] ‘ 411
M = ,

T
O5m—§—11 ' —20t41

where D is as described above. Evidently no(M) = no(D + xJ). Observe that the

v
vector |:_:| (partitioned conformably with M) is a null vector for M if and only if v
u

is a null vector for D + (x + &ps1/2)J and u = vT1/2. It follows then that the null
vectors of M are in one to one correspondence with those of D + (x + amt1/2)J.
Applying the induction hypothesis, we find that n¢ (5 + (x +amr1/2) J) =no(D),
from which we conclude that ng(D + xJ) = no(M) = no(D).

Next suppose that D is nonsingular; we will prove the statement on n4 (D) by
induction on m, and note that the case m = 0 is plain. Suppose that the statement
holds for some m > 0, and that G is formed from G by adding branches on m + 1
new vertices, with vertex n + m + 1 pendant, and adjacent to vertex n 4+ m with an
edge of weight «,, | between them. As above we see that D is congruent to

|: 5 ‘ Um+1 1 j|

o5m—+—11T ‘ =20t 41

where D is as described above. From interlacing, we find that n (5) < n+(5) and
n_ (5) < n_(D); since det (5) and det(D) have opposite signs, it follows that in

fact ny (D) =n (D). Applying the induction hypothesis, we find that n, (D) =
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Theorem 2.3 yields the following generalization of results of Graham and Pollack
[3] for unweighted trees.

Theorem 2.4. Let T be a weighted tree on n vertices with edge weights oy, ...,
op—1. Let D be the distance matrix of T. Then for any real number x,

n—1 n—1
det(D + xJ) = (=" 1222 (]‘[ ozi) <2x + Za,) .

i=1

Further, the inertia of D is (n (D), no(D),n_(D)) = (1,0,n — 1).

Proof. Observe that we may construct any tree on n vertices with weights oy, ...,
o1 by beginning with a single edge of weight o1 (whose 2 x 2 distance matrix has
constant row sum «/, determinant —a ;2 and eigenvalues «) and then adding in
branches on n — 2 new vertices as described in Theorem 2.3. The results now follow
from that theorem. [

Corollary 2.5. If D is as in Theorem 2.4, then

n—1 n—1
det(D) = (—1)* 1272 (]_[ ai) (Z a,~) .
i=1

i=1

3. Distance matrix of a unicyclic graph

Recall that a graph is unicyclic if it is connected and has a single cycle. In this
section we obtain results concerning the inertia and determinant for the distance
matrix of an unweighted unicyclic graph. Many of our results in this section are
stated separately for the cases that the length of the cycle is odd or even.

We begin by investigating the distance matrix for an unweighted cycle of odd
length. Here we assume without loss of generality that the vertices of the cycle of
length 2k + 1 are labelled so that for eachi = 1, ..., 2k + 1, vertex i is adjacent to
vertices i + 1 and i — 1 (where these indices are taken modulo 2k + 1). As part of
our investigation, we make use of the cyclic permutation matrix C (of order 2k + 1)
having C; ;41 = 1 fori = 1,...2k + 1 (again taking indices modulo 2k + 1).

Theorem 3.1. Let D be the distance matrix for the cycle on 2k + 1 vertices. Then
2k 4+ 1

k(k+1)

Proof. Since

elD=10,1,2,...,k— 1k kk—1,...,2, 1],
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D=l k—1,k—2,...,1,0,1,2,....k — 1k,
oD =k ko k—1,...,2,1,0,1, ...,k =2k~ 1],
we find that
(ed 1 +efn+2e)) D=2k, 2k +1,..., 2k + 1].
It follows that
(Ck elay +21> D=Qk+1)J—1,
and hence

I=(Qk+1)J—1)"! (c" Lok 4 21) D

2k +1 ko ok+l
=|-I1+——7J)(C C 21D
< My > (ct et

2%k +1
(- L g O
k(k 4+ 1)

Corollary 3.2. The distance matrix for a cycle on 2k + 1 vertices has just one
positive eigenvalue.

Proof. Evidently the eigenvalues for D~! are m and

2kj 2(k+1)j
—2 — | cos T +cos—m |,
2k + 1 2k + 1

j=1,...,2k, and only the first eigenvalue is positive. [J

Remark 3.3. It is straightforward to see that C¥ + C¥*! is the adjacency matrix
for a cycle of length 2k + 1, where foreachi =1, ..., 2k + 1, vertex i is adjacent
to vertices i + k and i — k (taking those indices modulo 2k + 1). It follows read-
ily that the matrix 21 + C¥ 4+ C**! is permutationally similar to 21 + C + CT, so
that det (27 + C* 4+ C**1) = det (21 + C + CT). A simple proof by induction on k
shows thatdet (21 + C + CT) = 4.

Next we give formulae for the determinant and inertia for the distance matrix of
an unweighted unicyclic graph having a cycle of odd length.

Theorem 3.4. Let G be a unicyclic graph with 2k + 1 + m vertices and cycle length
2k 4+ 1. Let D be the distance matrix of G. Then det(D) = (=2)" [k(k +1)+
@m], while the inertia ofB is given by (n+(5), no(D), n_(ﬁ)) =(1,0,2k +

m).
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Proof. Let D be the distance matrix for the cycle on 2k + 1 vertices, and observe
that D1 = k(k + 1)1. In particular, the hypothesis of Theorem 2.3 applies to D, and
D is constructed from D as described in that theorem.

From Theorem 3.1 we find that the eigenvalues of D consist of the Perron value
k(k + 1), along with the reciprocals of the eigenvalues of —21 — C¥ — C**+! whose
eigenvectors are orthogonal to 1. By Remark 3.3, det(—2/ — C* — C¥*1) = —4 and
clearly —4 is the eigenvalue of —27 — C¥ — C**! corresponding to 1, so that the
remaining eigenvalues have product 1. Hence det(D) = k(k + 1). Applying Theo-

rem 2.3, it now follows readily that det(D) = (—2)" [k(k + 1)+ ZI‘T“m]

From Corollary 3.2 we have n (D) = 1, and again applying Theorem 2.3, we
find that (n4.(D), no(D),n_(D)) = (1,0,2k +m). O

Next we develop parallel results for the distance matrix of an unweighted unicy-
clic graph having a cycle of even length. We begin by analyzing the distance matrix
for an unweighted cycle of even length.

Remark 3.5. The distance matrix for the 2k-cycle is the circulant

D =circ([0,1,2,...,k,k—1,...,2,1]).

In particular, for any x > 0, D + xJ has Perron value k2 + 2kx with Perron vector
1. Further, for each j = 1, ..., 2k — 1, consider the 2kth root of unity x = emi/k,
It is straightforward to see that x generates a non-Perron eigenvalue of D + xJ as
follows:

k k
Dot Y =0y
t=1 t=1

k k
t=1

=1

= Rkt L=x*  a=xHx

L—x  (1=x)?

If j is even, then x* = 1, so we get a 0 eigenvalue. If ; is odd, we get x* = —1, so

the eigenvalue becomes
kx X
2| - +

[ I—x  (—-x?

X (khy 4 k2 kx)

=T 5= X — KX
(1—x)?
(1—x)?

[—(k + Dk kM 1] :

(k+2—kx)i|
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4 —
= iy (174 7)

4 _
=W(X—2+X)

8 wj
=—————|1—cos—
= — .

11— x| k

In particular, we see that for any x > 0, D 4 xJ has one positive eigenvalue, and
nullity £ — 1.

The following result will be useful in discussing the inertia of the distance matrix
for a unicyclic graph.

Lemma 3.6. Ler G be a connected graph with distance matrix Dy and suppose that
forall x > 0, Do + xJ has a single positive eigenvalue (namely the Perron value).
Form G, from G by adding in unweighted branches at various vertices of Gg, on a
total of m new vertices. If Dy, is the corresponding distance matrix, then Dy, + xJ
has just one positive eigenvalue for any x > 0.

Proof. We proceed by induction on m, and note that the case m = 0 is just the
hypothesis on Dg. Note that for some i, we have that

. Dy, +xJ Dpei + (x + 1)1
D1 +xJ = |:eiTDm + (x+ D1T X )
1 0
Let M = N . Then we see that
i

M(Dypsy 4+ x))MT = [D’" +xJ 1 ] — A,

17 -2
so that D,,11 + xJ and A have the same inertia. Note also that A has a positive
eigenvalue A if and only if D,,, + (x + 241-_/\> J has A as a positive eigenvalue, which,

by the induction hypothesis, must be the Perron value. Note that, necessarily, such a
A is a simple eigenvalue of A since any Perron value is simple. Suppose that there
are two positive eigenvalues A| and A, with 1| > A, so that A; is the Perron value of

D,, + (x + ﬁ) J,i =1, 2. Then, letting p denote the Perron value, we have

1 1
Al = D J D J ) =X,
: p( '"+<x+2+x1> ><p( m+<x+2+?»2) ) ’

the inequality being strict since A; > A, which is a contradiction. Hence A can
have only one positive eigenvalue so that D1 + xJ has just one positive
eigenvalue. [l
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We now determine the inertia for the distance matrix of an unweighted unicyclic
graph having a cycle of even length.

Theorem 3.7. Let G be a unicyclic graph on 2k + m vertices with an even cycle of
length 2k. Let D be the distance matrix of G. Then the inertia of D is (n4 (D), no(D),
n_(D))=(,k—1,k+m).

Proof. By Lemma 3.6 and the Remark 3.5, we find that ny (D) = 1. Also, applying
Remark 3.5 and Theorem 2.3, we find that no(D) = k — 1. Consequently, n_(D) =
k + m and the result follows. [

4. Inverse distance matrix perturbed by a Laplacian
We begin with a preliminary result.

Lemma 4.1. Let T be a weighted tree with n vertices, and suppose that each edge of
T has been assigned an orientation. Let D be the distance matrix of T, and let L and
Q denote the Laplacian matrix and incidence matrix, respectively, for the weighting
of T that arises by replacing each edge weight by its reciprocal. Denote the degree
of vertexi by d;i, leté; =2 —d;j,i=1,...,n, and let 8T = [61,..., Sn]T. Then the
following assertions hold:

(i) LD =81 —21, DL = 18T — 21.
(i) 0TDQ = —21I.
(i) (0" — L)' = 1D 41 (Z;:ﬂ a,-) J

Proof. (i) As in Theorem 2.1, we denote the edge weights of 7 by «y, ..., o,—1.
It follows from Theorem 2.1 that —%LD + %MTD =1 and hence LD =

n—1
i=1 Yi

_L__55TD —21. Also, as seen in the proof of Theorem 2.1, D§ = (Z;’;ll ai> 1
i=1 %

and thus LD = 817 — 21. The proof of the second part is similar.

(i1) By (i), Q0"D = 8§17 — 27 and, since Q has zero column sums, QQTDQ =
—2Q. The result follows since Q has full column rank and thus admits a left-inverse.
We remark that the assertion made in (ii) is well-known in the unweighted case, see
[6].

(iii) The result follows immediately from (i) and the fact (see Theorem 2.1) that
p 1= O

n—1
i=1 "1

Motivated by the above results, we conducted certain numerical experiments con-
cerning (D! — L)~!, in which L was replaced by the Laplacian of an arbitrary
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connected graph, while D continued to be the distance matrix of a weighted tree.
The results were interesting as well as unexpected and are presented in a sequence,
culminating in Theorems 4.5 and 4.6.

Let D be the distance matrix of a weighted tree with at least two vertices. We will
use the well-known fact that D, and any principal submatrix of D of order at least
2, has exactly one positive eigenvalue, while the remaining eigenvalues are negative.
A square matrix is said to be an N-matrix if all its principal minors are negative. A
signature matrix is a diagonal matrix with +1 on the diagonal.

Lemma 4.2. Let S be ann x n symmetric, positive semidefinite matrix with S1 = 0.
Let D be the distance matrix of a weighted tree on n vertices. Then D™ — S is

nonsingular and has 1 positive and n — 1 negative eigenvalues.

Proof. Using the notation and the conclusion of Theorem 2.1,

_1 1 1 T
2 2o @
If (D~' — S)x = 0 for some vector x, then, using the preceding equation,
1 1
17 ——L+—188T—S x=0
2 2 Z:Z;l 4]
and thus
1Ts6Tx = 0.

Since 178 = 21 — 2(n — 1) = 2, then 8Tx = 0. Thus (—%L - S) x =0. Since L
and § are positive semidefinite, it follows that Lx = 0 and hence x must be a scalar
multiple of 1. Now since 8Tx =0 and 178 #+ 0, we have that x = 0. Thus the mat-
rix D' — S is nonsingular. Similarly, for any 7 > 0, (D~ —¢S) is nonsingular
and must have the same inertia for all # > 0. Since D~! has 1 positive and n — 1 ne-
gative eigenvalues, it follows that D~! — S has 1 positive and n — 1 negative eigen-
values. [

Lemma 4.3. Let S be ann x n symmetric, positive semidefinite matrix with S1 = 0.
Let D be the distance matrix of a weighted tree on n vertices. Then (i) For any o > 0,

al — S2DS? is positive definite. (ii) S3DS7 is negative semidefinite.
D! s
Proof. Evaluating the determinant of g ! in two different ways, we see
2 o
that

—1 1 1 —1 S
det(D™") det <a1 - SZDS2> — det(al)det( D' = 2 ). 4.1)
(07
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By Lemma 4.2, D! — éS has 1 positive and n — 1 negative eigenvalues and thus
det(D™') and det (D! — g) have the same sign. It follows from (4.1) that det

(oel — S%DS%) > (. Since D has inertia (1,0,n — 1), S%DS% has at most one

1 1
positive eigenvalue. Thus o/ — S2 D S? has at most 1 negative eigenvalue. However,

since det (OtI —§1DS %) >0,al — S 2 DS ? has no negative eigenvalue and hence

- . . . . . 1ol

it is positive definite. This proves (i). To prove (ii), first note that S2DS?2 has at
L 1ol e

most 1 nonnegative eigenvalue. If §2 DS2 has a positive eigenvalue, then we get a

1 1
contradiction to (i) for small @ > 0. Thus S2 DS2 has all eigenvalues nonpositive
and hence is negative semidefinite. [J

Lemma 4.4. Let S be an n x n symmetric, positive semidefinite matrix with S1 =
0 and suppose rank(S) =n — 1. Let D be the distance matrix of a weighted tree
on n vertices and let p > 1 be an integer. Then any proper principal submatrix of

DI — DS)? is negative definite.

Proof. We have

p
-1 _ —1 r r(DP
D1 = DS)? =D (1) (DS) (r>

r=0
4 p
_ —1 1\ r—1
=D+ (=1 S(DS) (r>
r=1
=D — 53783,

where
z (e netY (P
Z=pI+) (=1~ (SiDS§> (r>
r=2

By Lemma 4.3, S 1DS? is negative semidefinite and hence Z is positive definite.
Thus S2ZS? is positive semidefinite. Note that rank S2787 = rank S7Z2Z7 8% =
rank S% AR rank S% =rank S = n — 1. (Here we used the facts that rank X X' =
rank X, for any X and that the rank is invariant under multiplication by a nonsingular
matrix.) Since S is positive semidefinite and S1 = 0, it follows that S %1 =0, and
thus S 3 zZS 2 1 = 0. Then all cofactors of S 5 zZS 3 are equal, and, in particular, any

principal submatrix of $275S7 of order n — 1 is nonsingular. Denote by A(i, i) the
submatrix of A obtained by deleting row and column i. By the interlacing property,
D=L, i) has at most one nonnegative eigenvalue. However, since d;; = 0, DL, 1)
is singular and thus it has only nonpositive eigenvalues. Thus D~ (i, i) is negative

semidefinite. Since, in view of a preceding remark, S2 ZS2 (i, i) is positive definite, it
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follows that (D‘l — S%ZS%) (G,i)=D71G, i) — S%ZS% (i, i) is negative definite
and the proof is complete. [J

Theorem 4.5. Let S be an n x n symmetric, positive semidefinite matrix with S1 =
0 and suppose rank(S) = n — 1. Let D be the distance matrix of a weighted tree on
n vertices and let p > 1 be an integer. Then (I —tDS)™PD > 0, forallt > 0.

Proof. As in the proof of Lemma 4.4 we may write D~'(I —¢tDS)? = D~! —

15228 %, where Z is positive definite. It follows by Lemmas 4.2 and 4.4 that for
t>0,U; = —D~'(I —tDS)? has a negative determinant and any proper principal
minor of U; is positive. Thus Ufl is an N-matrix and there exists a signature matrix
R; (see Lemma 2 of [8]) such that R, Ut_1 R; < 0. By a continuity argument, R; must
in fact be the same for all ¢+ > 0. Since for sufficiently small r > 0, U,_l, being close
to —D, is negative, it follows that R, = [ for all # > 0. Thus —(/ —tDS)™’D <0
and the proof is complete. [J

We now prove an application of our results to Laplacians; the first part of the
result is motivated by (iii), Lemma 4.1.

Theorem 4.6. Let G be a weighted, connected, graph on n vertices and let L be
the Laplacian of G. Let D be the distance matrix of a weighted tree on n verti-

ces. Then (i) (D_1 — Z)fl is an entrywise positive matrix, and (i) each entry of
F(e) = (eD™! — Z)_l is decreasing in € > 0.

Proof. Since L is symmetric, positive semidefinite of rank n — 1 and satisfies L1=
0, (i) follows from the case p = 1 of Theorem 4.5. To prove (ii), note that the deriv-
ative of F(e) with respect to € is given by

Fl(e) = — (aD*l — Z)_l DD — 1)~

[ -yt
— 2 (D‘l - E)_l,

where S = 2(L/e) — (L/€) D (L/¢). We claim that S satisfies the hypotheses of
Theorem 4.5. Note that

§=2(L/e)— (LJe) D (L/e) = (L/e)} (21 (Lo} D(Z/e)%> (L)t

~ 1 ~ 1
By (i) of Lemma 4.3, 21 — (L/e)2 D (L/e)2 is positive definite. Therefore, S is
positive semidefinite. Furthermore, as in the proof of Lemma 4.4,
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rank § = rank (2 (Z/e) - (Z/e) D(Z/e))
— rank (£ /)’ (21 _(I/e)tp (z/e)%) (L/e)?

- (z/e)% (21 _ (Z/e)% D (Z/e)%>

Nl—

= rank (Z/e)
= rank (Z/e)

=n-—1.

Thus the claim is proved. Hence by Theorem 4.5, F’(¢) < 0. Thus F(¢) is decreasing
in € > 0 and the proof of (ii) is complete. [

5. Determinants of £;-distance matrices

We begin by recalling from the introduction that if xp, ..., x, is a set of dis-
tinct points in R?, then the £;-distance matrix D for these n points is given by the
n x nmatrix D = (d; ;) withd;; =0;i = 1,2,...,n,andd; ; = |x; — xj|1,ifi #
Jj. Furthermore, it is convenient to keep in mind the rectangular grid to which the
points xp, ..., x, belong. For this purpose, we introduce the following notation. If
0] <:--<opand 1] <--- < 1, then we denote by RG (o1, ...,0m; Tl ..., Tk)
the m x k rectangular grid {01, ..., 0} X {71, ..., Tk}. The notation RG will be
used when the numbers are clear from the context.

Next, following Dyn, Light and Cheney [2], a path (this variation of a path is
usually called a “lattice path”) is a finite ordered set in RG, [y1, ..., y,] such that the
line segment joining consecutive points are of positive length and are alternately hor-
izontal and vertical. Repetitions of points is permitted. (Strictly speaking, such a path
should be called a “walk”, but we continue to use the term “path” to keep the termi-
nology consistent with [2].) The number r is then the length of the path. A path is said
to be closed if r is even, if y, #* y; and if the line segment joining y; and y, is perpen-
dicular to the line segment joining y, and y,_;. We now prove a preliminary result.

Lemma 5.1. Let Z = X UY beasubsetof RG = RG(o1,...,0m; T, ..., Tk) CON-
taining m + k points such that Y = {y1, ..., y»} and [y1, ..., y] is a closed path.
Fori=1,2,....r;letZ' =2 \ {yi}, and let D' be the £,-distance matrix of VAR
Then forany i, j € {1, ..., r}, det(D') = det(D/).

Proof. It is easily verified that for any u € R2, D ke (=D Yu — yrll1 = 0. Thus

e = yille =Y (= DFu = yelli.

k=2
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In D!, add (—1)* times the column (respectively, row) corresponding to yj to the
column (respectively, row) corresponding to y», k = 3, ..., r. The resulting matrix
is clearly D?. Since the determinant is unchanged by these operations, we con-
clude that det(D!) = det(Dz). We can similarly prove that det(D') = det(D'*),
i =2,...,r — 1 and the proof is complete. []

A set of m 4+ k — 1 points in RG not containing a closed path correspond to a
basic feasible solution in a transportation problem, see, for example, [5]. We asso-
ciate an (m + k) x mk matrix, denoted Agg, with RG as follows. The columns of
Agg areindexed by {(i, j);i =1,...,m; j =1, ..., k}. Foreach (i, j), the column
corresponding to (i, j) has a 1 at the ith and the (m + j)-th places, and zeros else-
where. Then it is well-known from the theory of the transportation problem, (see [5],
Theorem 1, p. 477), that a set of m + k — 1 points in RG do not contain a closed path
if and only if the corresponding columns of the matrix A g are linearly independent.
This observation and elementary properties of independent subsets immediately lead
to the following result.

Lemma 5.2. Let X ={x1,..., Xmtk—1} and Y = {y1, ..., Ym+k—1} be subsets of
RG = RG(o1,...,0m; T1, ..., Tx) that do not contain a closed path and let y €
Y \ X. Then there exists x € X \ Y such that X \ {x} U {y} does not contain a closed
path.

The following is the main result of this section.

Theorem 5.3. Letxy, ..., Xy+k—1 be asubsetof RG = RG(01,...,0m; Tl, ..., Tk)
that does not contain a closed path and let D be the €-distance matrix of x1, ...,
Xmk—1- Then

m—1 k—1
det(D) = (=125 — oyt — 1) [ it — o) [ [ @1 — )

i=1 i=1

(5.1)

Proof. Let X = {x1,...,xpqr—1}and Y = {y1, ..., Ymtk—1} be subsets of RG =
RG(oy,...,0m; 71, ..., Tx) that do not contain a closed path and let D and D be
their ¢;-distance matrices respectively. We claim that det(D) = det (5) Suppose
det(D) +# det (5) and we assume without loss of generality that, subject to this
condition, |X N Y| is the maximum possible. Let y € Y \ X. Then by Lemma 5.2,
there exists x € X \ Y such that X; = X \ {x} U {y} does not contain a closed path.
Let D’ be the £;-distance matrix of X1. By Lemma 5.1, det(D") = det(D) and hence
det(D’) # det (l~)) However | X| N Y| > |X N Y|, which is a contradiction. Thus we
conclude that det(D) = det (5) and the claim is proved. Now let Z be the set of m +
k — 1 points (o1, 71), (01, T2), ..., (01, Tk), (02, 71), (03, T1), ..., (O, T1) and let
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D" be the £;-distance matrix of Z. By the preceding conclusion, det(D) = det(D").
Note that D” is the distance matrix of a path with m + k — 1 vertices and with edge-
weights oy — 01,03 — 02, ...,0pm — Op—1, T2 — T1, T3 — T2, ..., Tx — Tx—1. By Cor-
ollary 2.5, det(D") is given by (5.1) and the proof is complete. [

For relevance of the /-distance matrix considered in this section, in the context
of numerical analysis, see [9,10].

Acknowledgements

The authors are grateful to the referees, whose comments resulted in improve-
ments to this paper.

References

[1] R.B. Bapat, The Laplacian matrix of a graph, Math. Student 65 (1996) 214-223.

[2] N. Dyn, W.A. Light, E:W. Cheney, Interpolation by piecewise-linear radial basis functions I, J.
Approx. Theory 59 (1989) 202-223.

[3] R.L. Graham, H.O. Pollack, On the addressing problem for loop switching, Bell System Tech. J. 50
(1971) 2495-2519.

[4] R.L. Graham, L. Lovész, Distance matrix polynomials of trees, Adv. Math. 29 (1) (1978) 60-88.

[5] Edward J. Kaplan, Mathematical Programming and Games, John Wiley, 1982.

[6] R. Merris, The distance spectrum of a tree, J. Graph Theory 14 (3) (1990) 365-369.

[7] R. Merris, Laplacian matrices of graphs: a survey, Linear Algebra Appl. 197/198 (1994) 143-176.

[8] T. Parthasarathy, G. Ravindran, N-matrices, Linear Algebra Appl. 139 (1990) 8§9-102.

[9] L. Reid, X. Sun, Distance matrices and ridge function interpolation, Can. J. Math. 45 (6) (1993)
1313-1323.

[10] X. Sun, Solvability of multivariate interpolation by radial or related functions, J. Approx. Theory 72

(3) (1993) 252-267.



	On distance matrices and Laplacians
	Introduction and background
	Distance matrix of a tree
	Distance matrix of a unicyclic graph
	Inverse distance matrix perturbed by a Laplacian
	Determinants of 1-distance matrices
	Acknowledgements
	References


