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Abstract

A matrix is called acyclic if replacing the diagonal entries with 0, and the nonzero
diagonal entries with 1, yields the adjacency matrix of a forest. In this paper we show
that the null space and the rank of an acyclic matrix with 0 in the diagonal is obtained
from the null space and the rank of the adjacency matrix of the forest by multipliying
by nonsingular diagonal matrices. We combine these with an algorithm for finding a
sparsest basis of the null space of a forest to provide an optimal time algorithm for
finding a sparsest basis of the null space of acyclic matrices with 0 in the diagonal.

1 Introduction

Throughout this article, all graphs are assumed to be finite, undirected, and without loops
and multiple edges. The vertex set of a graph G is denoted by V(G) and its edge set by E(G).
The (i, j)—entry of a matrix M is denoted M; ;. Unless specified for a particular example, we
assume our matrices are defined over an arbitrary field F. Following the notation in [10], we
denote by Mp(G) the set of all matrices M over F with rows and columns indexed by V(G),
so that for every two distinct vertices u,v € V(G), the M,,, # 0 if and only if {u,v} € E(G).
Notice that the diagonal entries are allowed to be nonzero. A matrix M over F is said to
be acyclic if M € Mg(F) for a forest F. If the forest I is a tree, then M is said to be
tree-patterned. See Figure 1 for an example.

Given a graph G, the adjacency matrix of G, denoted by A(G), is the only (0, 1)—matrix
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Figure 1: A tree T' and a matrix M € Mg(T), where the labels of the vertices are in

alphabetical order (i.e., vertex ¢ correspond to the first row and column of M, vertex r to
the second, and so on).

in Myp(G) with zero diagonal. For T' in Figure 1 we have

0100000
1010010
0101000

AT)=]1 0010100 ]|,
0001000
0100001
0000010

where rows and columns are in alphabetical order (i.e., the first row and column correspond
to vertex ¢, the second to r, and so on).
In [10], the following lemma was proved.

Lemma 1.1. Let M be an acyclic matrixz over a field F. Then there exist a finite-dimensional
field extension E of F and a diagonal matriz D over E such that D=*M D is symmetric.

Due to a previous version of Lemma 1.1 (which first appeared in [13]), most of the study
of acyclic matrices was done on symmetric matrices. The matrices considered in this article
do not need to be symmetric. This is done because the proofs work almost identically, and in
this way there is no need to calculate the necessary diagonal matrix over the field extension.

The fundamental spaces of a matrix M are its null space, Aufll (M), and its rank,
Rank (M). The structure of the fundamental spaces of graph-patterned matrices has been
studied in depth for symmetric tree-patterned matrices allowing nonzero entries in the
diagonal, see for instance [3, 11, 12, 14]. While most of the focus on these articles has
been on the dimension of the null space, the important problem of finding a basis for it has
not been studied.

Given M € My (G), the null support of M, denoted Supp(M), is the set of vertices of G
that have nonzero entries in at least one vector from Aull (M). In other words, v € Supp(M)
if there is a vector & € Null (M) with x, # 0, where z, is the coordinate of Z corresponding to
vertex v. For the adjacency matrix A(T") of the tree T" in Figure 1, Aull (A(T')) is generated
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by (1,0,-1,0,1,0,0), and thus we have Supp(A(T)) = {q, s,u}. Similarly, Nul (M), for M
in Figure 1, is generated by (1,0,3,0,—9/5,0,0)%, and Supp(M) = {q, s,u}. Notice that in
this case Supp(M) and Supp(A(T)) coincide. In Section 2 we show that this is the case for
every tree (and for every forest). In [6] the null support of adjacency matrices of forests has
been studied in depth. The authors provided a decomposition for any forest into an S-forest
(a forest that has a unique maximum independent set), and an N-forest (a forest that has a
unique maximum matching). They showed that all the information of the null space of A(F)
can be obtained from the S-forests and N-forests related to F'. It was implicitly shown that
Null (A(F)) coincides with the intersection of all the maximum independent sets of F'. In [7]
the authors studied sparsest (i.e., has the fewest nonzeros) {—1,0, 1} basis for the null space
of a forest, and provided an algorithm that finds such a basis in optimal time (i.e., in linear
time with respect to the number of nonzero entries of the basis). The problem of finding a
sparsest basis of the null space of a matrix is important for numerical applications. Finding
such a basis in general is known to be NP-complete [2] and even hard to approximate [5].

Let Mpo(G) be the set of matrices in Mp(G) with zero in the diagonal. In Section 2
we show that given a forest F', the null space of any matrix in Mg (F) can be obtained
by multiplying the null space of F' by a suitable nonsingular diagonal matrix. This allows
the use of the tools developed in [6, 7| for the study of the null space of said matrices. In
particular, we use the results of [7] to give an optimal time algorithm for finding a sparsest
basis for the null space of the matrix. In Section 3 we prove that the rank of any matrix
in My o(F') can be found by multiplying the rank of F' by a suitable nonsingular diagonal
matrix.

Square matrices with zero diagonal are also known as hollow matrices. They are usual
in chemistry (see [9]), via the notion of distance matrix. Grood et al, see [4], studied the
minimum possible rank among all the symmetric matrices with zero diagonal.

2 On the null space

The null space of a graph is the direct sum of the null spaces of its connected components.
In a similar fashion, the null space of a matrix M € Mp(G) is the direct sum of the null
spaces of M over the connected components of G. Because of this, we restrict our study the
null space of matrices over trees.

Lemma 2.1, which is fundamental for our results, first appeared in [10] as Theorem 8(7).

Lemma 2.1. [10] Let F be a forest, and M € Mgo(F). If {v,w} € Supp(M), then {v,w} ¢

Let T be a tree, M € Mg o(T'), and v be a vertex of T'. For each vertex w € T', let vPw
be the unique directed path from v to w in T'. In this sense vPw and wPv are different,
because we care about the direction. We define the v-scalation of M as the nonsingular
diagonal matrix given by

(M) l_[ue.Supp(M)7 Mtjul HUESupp(M), Mt,u if w1 = wa,

wiwy = (u,t)evPw (t,u)evPwy
0 otherwise.
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For matrix M in Figure 1, we have

M,q) _
DM =1
DS]‘;LQ) _1
’ 3
DD =2(-1) = -
’ 3 3
Mg 1, 11
Dy :g(—l)g =-3
1, 1 5
DWMa) —_Z(_ )25 = _Z
Dq()],‘;Lq) _%
Dt =
thus, the ¢-scalation is
10 0 0 000
0+ 0 0 000
00 -2 0 000
DMO =100 0 - 000
00 0 0-200
00 0 0 030
00 0 0 00 3
Similarly, the s-scalation is
-3 0000 0 0
0 -1000 0 0
0 0100 0 0
DAM) 0 000 0 0
0 0003 0 0
0 0000 -1 0
0 0000 0 -1
and the u-scalation is
-2 0000 0 O
0 -2 000 0 O
0 0200 0 O
pMw=1 0 0020 0 0
0 0001 0 0
0 0000-2 0
0 0000 o0 -2

S
)
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Notice that

1 1
0 0
3 ~1
DM, 0 — 0
_% 1
0 0
0 0
1 -3 1
0 0 0
3 3 ~1
DMl 0 = 0 |=-3] 0
-2 -3 1
0 0 0
0 0 0
o) [ ;
3 2 —1
DM 0| = 0 |=-2 0
_9 _9 5 1
5 5
0 0 0
0 0 0

What we are seeing is that in our example DM 7 is in Al (A(T)) for every a € Supp(M)
and every ¥ € ANull (M). We are going to show that this is the case in general, but first we
present a useful lemma, that follows from the definition of D) and Lemma 2.1.

Lemma 2.2. Let T be a tree, M € Mgo(F), u,v € V(T), vPu= (v =19,01,...,u1,u) and
vPus = (v =g, v1,...,us,u,ug) two directed paths in T. The following statements are true.

1. If uy, ug € Supp(M),
D(M,’U) _ D(M,U)M—l M.

u2,u2 Uu,Ul u, U1 u,u2

2. If uy € Supp(M), us & Supp(M),

D(M,v) _ D(M,U)M—l

ug,u2 ul,ul u,u1’
5. If uy & Supp(M), uz € Supp(M),

D(M,”U) — D(M’U)Mugu,z'

u2,u2 uy,ul

4. If ur, u,us & Supp(M),
DWMw) — (M)

u2,u2 ul,ul "
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5. If u € Supp(M),
D(M v) D(M ”U)Mul uM_

U2 ,UQ uy,u] u2,u"

As a direct consequence of Lemma 2.2, the matrices D% and (D(M’”)y1 can be
obtained in linear time over the number of vertices, as at most one multiplication must
be done at each vertex.

Theorem 2.3. Given a tree T, a matriz M € My o(T) and a vertex v € Supp(M), a vector
T is in ANull (M) if and only if DM ds in Aull (A(T)).

Proof. Suppose @ = (z1,...,x,) € Null (M), and let v € Supp(M).
We want to show A(T)DM)7 = (. Consider (A(T)D(M’”)f)u. If %, =0 for all w ~ u,
then

w~u

Otherwise, let (wy,u) € vPu. If x,, # 0, then applying Lemma 2.2 we get:

(A(T)DZ)y = Do,y T, + Z Doy

w~U,
wH#wW1

= le,wlxun + Z l'wDun,wl (Mu w1Mu w)

w~U,
wHw1

-1
= leawlMu ;W1 Mu7w1xw1 _I— Z :L‘wMuw

w~u,
wHw1

= Doy ML (MZT),

u, W1
= 0.

If z,,, =0, and z,, # 0 for some w ~ u, Lemma 2.2 implies:

(AD)DD) = 3 Dut

w~u,
wHw1

= E wawl,wlMu,w

w~u,
wHwW1

= Dw17w1(Mf)u
=0

Therefore A(T)DM?) 3 = 0.
For the reciprocal, similar arguments working with D~! instead of D yield the result. [
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If we consider a forest instead of a tree, then a diagonal matrix can be obtained by
choosing a vertex in each connected component, and working in a similar fashion. Let I’ be
a forest, and U C V/(F) such that U has at most one vertex in each connected component
of F. We define the U-scalation of M as the nonsingular diagonal matrix with

D&%U) — H D(M,v)

w,w
velU

where D%U) =1 if v and w belong to different connected components of F.

In order to generalize Theorem 2.3 we need a set U with elements in every component
with a vertex in Supp(M). Given a forest F' with connected components 71, ..., Tk, a set
U C Supp(M) is supp-transversal of M if U NV (T;) # 0 whenever Supp(M) NV (T;) # 0. We
have the following.

Corollary 2.4. Given a forest F' and a matriz M € Mygo(F), a vector T is in Null (M) if
and only if DYUE s in Null (A(F)) for every set U supp-transversal of M.

Corollary 2.5. Let F' be a forest, and M, N € Mg o(F). For every set Uy supp-transversal
of M and every set Uy supp-transversal of N, & € Null (M) if and only if DMUD(DN-.U2)) =17
15 in the null space of N.

Corollary 2.6. Given a forest F', and a pair of matrices M, N € Mg o(F), a vertex v is in
Supp(M) if and only if v it is in Supp(N).

Proof. 1f v € Supp(M), there is some & € Null (M) with Z, # 0. Thus, by Corollary 2.5,
the vector DUMv)(DWw2))=17 ig in Aull(N) for some v; € Supp(M), vy € Supp(N). But
(DU (DWw2))=LE ) o£ 0 because D1 and D™W2) are nonsingular diagonal matrices.
Therefore, v € Supp(N). O

Corollary 2.6 implies that the null support of matrices in My (F) depend only on F.
Thus, we can talk about the null support of a forest F', Supp(F), as the null support of
matrices in Mg o(F).

The next two corollaries are given to illustrate the strength of Corollary 2.5, and the
relation between the structure of a forest ' and the null space of the matrices in Mg o(F).
In [6], the concept of the S-set of a tree T was introduced. It is the subgraph induced
by Supp(T) U N (Supp(T)) (where N (Supp(T')) denotes the neighborhood of Supp(7T')) and is
denoted Fg(7T'). In other words, Fs(7T) is the subgraph induced by the vertices in the null
support and the neighbors of the vertices in the null support. One of the main results from
6] is the fact that the null space of a tree T" is the same as the null space of Fg(T), extended
with 0 to match the dimensions. The same holds true for matrices in Mg (7). And, using
direct sum, the same holds true for forests.

In order to relate the null space of Fg(F') to the null space of a matrix M € Mg o(F), we
introduce the following notation. Given a matrix M € Mg o(F'), and G an induced subgraph
of F', we denote by M[G] the matrix obtained by deleting the rows and columns of vertices
not in G. We do the same for vectors, Z[G] denotes the vector obtained from Z by deleting
the coordinates corresponding to vertices not in G.
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Corollary 2.7. Let F be a forest, M € My o(F) and ¥ € F¥'. Then T € Null (M) if and
only if:

o Z[Fs(F)] € Nl (M [Fs(F))), and
o Z[V(F)\ Fs(F)] =0.

A helpful result, implicit in [6], is the fact that Supp(T') is the intersection of all maximum
independent sets of T'. Which yields the following.

Corollary 2.8. Let F be a forest, M € Myo(F), and v € V(F). Then v € Supp(M) if and
only if v is in every maximum independent set of F'.

The next corollary, originally proved in [10], follows directly from Corollary 2.5 and the
fact that the dimension of the rank of a tree is twice its matching number (see [1]).

Corollary 2.9. If F is a forest and M € Mpgo(F), then dim Rank (M) = 2m, where m is
the size of a maximum matching in F.

We can use the relation between the null space of a forest F' and the null space of any
matrix M € Mpgo(F) to find a basis for the null space of M. This is done in Algorithm 1.
Finding the forest F' given the matrix M takes linear time, because it can be obtained by
replacing the entries by 1, and the matrix has at most 2(n — 1) nonzero entries (the edges
of the forest). As DWU) does not change the support of a vector, a sparsest basis for
the null space of F' provides a sparsest basis for the null space of M once it is multiplied
by (DU~ In [7] the support of a forest was found in linear time with respect to the
number of vertices of the forest, and, once the support was found, a {—1,0, 1} and sparsest
basis for the null space of a forest was obtained in linear time with respect to the number of
nonzero entries of the basis.

Using the support, finding DY) and (D™-U))~! takes linear time on the number of
vertices, as for each vertex only one operation needs to be done. Afterwards, multiplying the
elements of the basis found using the algorithm from [7] by (Dq(,],\q/,[’U))*1 takes one operation
per each nonzero entry in the vectors of the basis of the forest. Hence a sparsest basis for
the null space of M can be found in linear time with respect to the maximum between the
number of vertices and the number of nonzero entries in the vectors of a sparsest basis. We
call such time optimal, as just writing a basis down takes at least linear time on the number
of nonzero entries it has.
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Algorithm 1: for finding a sparsest basis of the null space of an acyclic matrix
with 0 in the diagonal.

1. INPUT: M, an acyclic matrix with 0 in the diagonal.

2. Find F such that M € Mgy o(F).

3. Apply the algorithms from [7] to find a sparsest basis, Br of A(F) and Supp(F).
4. Find the connected components of F'.

5. For each T; connected component of F' with Supp(A(T;)) # 0 chose v; € Supp(A(T;)),
and let U be the set of the chosen v;.

6. Calculate (D™:U))=1. To do this, root each T; at v;, and prooceed inductively as

follows. First, let (D! (o, U)) = 1. Next, take a vertex w € T; such that
(D(M7U))p(w (w) has been deﬁned where p(w) be is the parent of w. If

p(w) € Supp(A(T)), let (D M) oo = M pu) (DY) 20, o) If p(w) & Supp(A(T))
and w € Supp(A(T})), let (DMU))~1 M_( ) (DM, U))p w) ) 1

w,p(w) & Supp(A(T;)), let (DM U)) M_(w) (DM, ))p(l Jp(w)- Once this process
stops, if (DMY)) L was not deﬁned let (DALD)TL = M o) DM iy = 1

7. Calculate By, = (DMY) =18,
8. OUTPUT By

Algorithm 1 expands the set of matrices for which a sparsest basis of the null space can
be found in optimal time. For an example, see Appendix A.

3 On the rank

In the previous section we proved that given a forest F' and M € My o(F), Null (M) is a
nonsingular diagonal multiplication of Aul (A(F)). In this section show that Rank (M) is a
nonsingular diagonal multiplication of Rank (A(F')). In order to do so, first we find a basis
for the rank of M.

Let v & Supp(M), we define its supported-neighborhood vector, s, as

§v(M) == Z Mv,wgwa

weSupp(M)NN (v)

where €, denotes the vector with 1 in coordinate w and 0 elsewhere. For the matrix in
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Figure 1 we have

1 0 2
0 0 0
0 1 —2
S(M)y=2| 0 [+(-2)] 0 | = 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
1 0 —7
s(My=(-7) o [+] 0 |= 0
0 1 1
0 0 0
0 0 0
0
0
0
5, (M) =5,(M)=| 0
0
0
0

In [8] it was shown that

= | {@nsAm)\ {0}

v Supp(F')

is a basis for the rank of the adjacency matrix of F'. We show the same result for M €

Mo (F).
Lemma 3.1. If F is a forest and M € Mg o(F), then

B(M):= |J {&.5 )} {0}
v Supp(M)

is a basis for the rank of M.

Proof. 1t is easy to see that all columns of M can be written as linear combinations of

BM) = | (@500} (0.

v Supp(M)

Hence Rank (M) C Span(B(M)).
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But dim(Aul (M)) = dim(Nuwll (A(F'))) by Theorem 2.3. Thus
dim (Rank (M) = dim(Rank (A(F))) = |B(F)| = | B(M).

Therefore B(M) = | {&,,5,(M)} \ {0} is a basis for the rank of M. O
)

v Supp(M

Again, we work on a tree instead of a forest, because the rank is the direct sum of the
ranks of the connected components.

Let T be a tree, M € Myo(T) and v a vertex of T. For each vertex w let 7(v,w) be
second vertex in vPw, where v is the first vertex of the path. We define the v-normalization
of M as the nonsingular diagonal matrix with

1 if wy =wy =,
C(M’U) = Mv,w(v,wl) if W1 = W2 7é v,
0

w1,w2

otherwise.

For the matrix in Figure 1 we have

_ o O O

SO R OO oo

cCoocor oo
|
cCUo oo oo
S i B e e B e

C(M’t) _

W o OO o oo

M)

COO0O0OO0OO T OO0 OW OO0 O W
COO0O0OTO OCOODOOWD OO0~ O
COO0OOTOO OCO0O WO
COoOO0OVNOO0OO OO0, OOO
CONOOO0OO COUMNOOOD o o o
OO0 O00 OCWO OO

W oo oo oo
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|
S OO OO OO
OO OO O Ut o
o OO o oto o
|
S OO orto OO
S O Ut OO o
S TN OO oo
_ o O O o oo

We define the rank-normalization of M, RM, as the product of C™:?) over all vertices
v & Supp(M).
RM= [ c™™.

v Supp(M)
For the matrix in Figure 1 we have
—315 0 0 0 0 0 0
0 —105 0 O 0 0 0
0 0 105 O 0 0 0
RM = 0 0 03 0 0 0
0 0 0 0 175 0 0
0 0 0 0 0 =75 0
0 0 0 0 0 0 —45
Lemma 3.2. If T is a tree and M € Mgyo(T), then RM Rank (A(T)) = Rank (M).

Proof. Let v & Supp(M). We have
RM5,(A(T)= Y RMg,

wESupp(M)NN (v)

_ Z C(M,v) H C(M,u)é»w

wESupp(M)NN (v) ugSupp(M),
uFv

But if w € Supp(M) N N(v) and u & Supp(M) with u # v, then 7(u, w) = 7(u,v). Notice
that CMWe,, = M (u, 7 (u,v))é,. Hence

RMS,(A(T) = > ~— c™) I c™we,

weESupp(M)NN (v) UQSHI;E(M%

= Z CMw) H M (u, m(u,v))ey
weSupp(M)NN (v) u€5u;;€(M)7

= [ Murwo)y > c™e,
uéju};;ﬁz(M), wESupp(M)NN (v)
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On the other hand, if w € N(v), CMVé&,, = M(v,w)é,. Therefore

RM5,(A(T) = [ Mu,x(u,v)) > cWvg,

“gSuIz(M)v wESupp(M)NN (v)
= [ Murwo) > Mouwe,
U€5u§£(M)7 wESupp(M)NN (v)
= JI M(um(uv)5,M).
u@Supp(M),
UFEV

Hence Span(RM35,(A(T))) = Span(5,(M)). Tt is easy to see that Span(RMé,) = Span(e,).
Therefore RM Rank (A(T)) = Rank (M). O

If instead we consider a forest, then a diagonal matrix can be obtained by having C’i(u%v) =
1 when v and w are in different connected components. Hence, we have the following.

Corollary 3.3. Given a tree F' and a matriz M € My o(F), RM Rank (A(F)) = Rank (M).
The following result is a direct application, because RM is nonsingular.

Corollary 3.4. Let F be a forest, and M, N € Mg o(F). The vector & is in Rank (M) if and
only if the vector RN (RM)~'Z is in Rank(N).

4 Conclusion

There is a strong relation between the rank and the null space of a tree-patterned (acyclic)
matrix with diagonal 0, and its underlying tree (forest). It would be interesting to study
what happens when nonzero diagonal entries are allowed, or when a different graph is used.
We conjecture that there will still be a strong relation, but it will not be as straightforward.
For example, we conjecture that having nonzero diagonal entries only in the neighbors of
Supp(F’) should have no effect in the null space of the matrix.
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A Example of Algorithm 1

Consider the following matrix, with coefficients in R,

02 0 00 0 O 00 3 0O0O0O0
50 -1 00 0 0 00 0 O0O0O0O
04 0-60 8 0 -160 0 0000
o0 2 04 0 0 00 0 O0O0O0O
0o o 30 0 0 00 0 0O0O0O
00 -3 00 0 —4 00 0 O0O0O0O
M= 00 0 00 -2 0 00 0 O0O0O0O
o0 5 00 0 0 06 0 0O0O0O
o0 0 00 0 0 70 0 0O0O0O
1 0 0 00 0 O 00 013 700
0o o0 00 0 O 00 -6 0O0O0O0
00 o0 00 0 O 00 -5 00420
00 o0 00 0 O 00 0 0305
o0 0 00 0 O 00 0 0020

Replacing every nonzero entry of M with a 1 we obtain the adjacency matrix

e}

O OO O OO OO o oo+ Oo
SO OO DD DODIDDDODDODDOO O O
OO DD DD OO RO RO OO
O OO DD DD DD OO OO RO OO
OO DOD OO DO OO OO oo OO Oo
OO DD DD OO ODOO +HOO
S OO DD OO OO OO oo
S OO OO H OO O oo OO
S DO DD DO HIDODDODDODDODO OO
SO PR OO OOoO oo oo
O O OO OO OO o oo oo
O PR OO R OO o oo
— O R OO OO OO oo o oo
O R OO OO oo oo oo

of T, the tree in Figure 2, where vertex v; corresponds to row and column i. Thus, M €
Mg(T).

We proceed to apply the algorithms from [7] to obtain Supp(T') and a sparsest basis for
the null space of A(T). We first obtain a maximum matching of 7" by matching a leaf
to its neighbor, removing both vertices and repeating the process, until there are no edges
remaining (see Figure 2). Next, we obtain Supp(T') by taking every vertex that is not incident
to an edge in the maximum matching, and every vertex that can be reached from them by an
even length path alternating between edges not in the matching and edges in the matching.
In this way we get Supp(T') = {v1, v3, v, U7, Vg, V11, V12, V14} (see Figure 2).
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U1

V12

V13

Us U7 %) V14

Figure 2: A tree T, with a maximum matching represented by decorated edges, and where
vertices in Supp(T") are represented with squares, and vertices not in Supp(T) are represented
with circles.

We now proceed to look for a sparsest basis for the null space of A(T). We start by
removing vertices that are neither in Supp(T’) nor adjacent to a vertex in Supp(7). In the
case of our example, there is no such vertex. Next, we need to root each connected component
at some vertex in Supp(T). We do so with v;. To obtain the basis we are going to obtain a
different maximum matching. To do this we are going to give two weights to our remaining
vertices, wt. and wt,. We begin by giving each leaf ¢, weight wt.(¢) = 1. Let C(v) denote
the set of children of v (i.e., the set of vertices adjacent to v that are further from the root
than v). A non-leaf vertex v is assigned wt. once every vertex in C(v) has been assigned a
wte. For a vertex v not in Supp(T'), wte(v) = min{wt.(w) | w € C(v)}. On the other hand,
for a vertex v in Supp(T'), wte(v) = 1+ 3°,cc(,) Whe(w). After this process the weights we
have are

Wte(v5) = Wte(v7) = Wte(vg) = wte(vy1) = Wte(v14) = 1
Wte(vg) = Wte(vg) = Wte(vg) = Wte(v13) = 1

wtc(vg) =4

wte(v12) =2

Wte(vg) =4

wte(v1p) =1

wte(v1) =6,

(see Figure 3). Once we have assigned a weight wt. to the root, we start assigning wt,,
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Figure 3: The tree T from Figure 2 with the assignment of wt..

moving down through the tree again. If v is the root, we keep wt.(v) = wt,(v). For a vertex
w, let p,, be its parent. Le., p,, = v if and only if w € C'(v). Once wt,(p,,) has been assigned,
we are ready to assign wt, to w. For w not in Supp(T'), if wt,(py) — wte(w) < wte(w), then
wtp(w) = wty(pw) — wte(w), and the edge in the matching containing w is replaced with
the edge {w,p,} (this replacement is the reason why we assign the weights). Otherwise,
wt,(w) = wte(w). For w in Supp(T), wt,(w) = wte(w) + wte(py). Once the process is done
for T', the values for wt, are

wte(vy) =6

Wt (ve) =2

wte(v1p) =1

wtc(v3) =6

wte(v12) =3

Wte(vg) = Wte(vg) = wte(vg) = wte(v13) = 1

Wte(v5) = Wte(v7) = Wte(vg) = wte(v11) = wte(v14) = 2,

and the edge {vy,v3} in the matching is changed for the edge {vi,v2} (see Figure 4). To
obtain the basis, we form vectors as follows. Take a vertex v that is in none of the edges
of the matching. Start by placing a 1 in the coordinate of vertex v, i.e., @, = 1. If the
edge {u,w} is in the matching, Z, has not been assigned yet, and 7, # 0 for some vertex
v adjacent to w, then let 7, = —&,. Once this process stops, let ,, = 0 for every vertex
w whose coordinate was not assigned. In this way, we form a vector ¥ starting with vs, by
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Figure 4: The tree T from Figure 2 with the assignment of wt,,, where the maximum matching
was changed.

setting
Ty =1
Ty, = Ty = Ly, = Tyy = —1
xvn = 17

and Z,, = 0 for all remaining coordinates. Similarly, starting with v15, we form vector ¢ with

.
Yvro

S
Y11

1
?jvm =—1

and 7, = 0 for all remaining coordinates. Thus,
BT = {(_17 07 17 Oa _17 07 _17 07 _17 07 17 07 07 O)Ta (07 07 07 Oa 07 07 07 Oa 07 07 _17 17 Oa _1)T}

is a sparsest basis for the null space of A(T).
Now, for each connected component with at least one vertex in Supp(A(T)), we need to
choose a vertex in Supp(A(T")). As we have just one connected component, we let vy be the
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vertex. Applying the properties given in Lemma 2.2, we obtain

D =1
(Mop) _ L (Mo1) _
V2,02 5 V10,10 11
1 7 13
M,Ul _ M,Ul _ M/Ul _
D1(1:57U3 )= 5 D1(J12,Ulg _ﬁ D1()11,v13 _ﬁ
1 7
M) _ M)
D1()4,v41) - E Dfnsmii _g
pey _ _ 2 (01) 35
v5,U5 5 vl 33
1 1
M) _ M)
D1(16,v61) _E D”gs,vsl) - 2_5
pwy _ 4 M) _ _ 6
vnvT 15 V9,09 25
and
1 0 0 0 0 0 0 0 O 0 0 0 0 O
0 5 0 0 0O 0 0 0 O 0 0 O 0 O
0 0 =5 0 0 0 0 0 O 0 0 O 0 O
0 0 0 —10 0 0 0 0 O 0 0 O 0 o0
0 0 0 0 —g 0 0 0 O 0 0 O 0 o0
0 0 0 0 0 15 0 0 O 0 0 0 0 O
(D(Mﬂn))*l 0 0 0 0 0 0 —% 0 O 0 0 0 0 O
0 0 0 0 0 0 0 —25 O 0 0 O 0 O ’
0 0 0 0 0 0 0 0 —% 0O 0 0 0 O
0 0 0 0 0 0 0 0 0O 11 0 O 0 O
0 0 0 0 0 0 0 0 0 0 % 0O 0 O
0 0 0 0 0 0 0 0 0O 0 0 1—71 0 O
0 0 0 0 0 0 0 0 0O 0 0 O 3—73 0
0 0 0 0 0 0 0 0 O 0 0 0 O %
and

By =(DM)) By

:{( 1,0,-5,0,2,0,% 0,2, 0,1 0,0,0)" }

11 11 33 T
(0,0,0,0,0,0,0,0,0,0, — 33, &,0, —32)

is a sparsest basis for Aul (M).

References

[1] Jean H. Bevis, Gayla S. Domke, and Valerie A. Miller, Ranks of trees and grid graphs,
J. of Combinatorial Math. and Combinatorial Computing 18 (1995) 109-119.

56



[11]

[12]

[13]

[14]

Jaume et al./ American Journal of Combinatorics 2 (2023) 39-58

Thomas F. Coleman and Alex Pothen, The null space problem I: Complexity, SIAM
Journal on Algebraic Discrete Methods 7.4 (1986) 527-537.

Miroslav Fiedler, Figenvectors of acyclic matrices, Czechoslovak Mathematical Journal
25.4 (1975) 607-618.

Cheryl Grood, Johannes Harmse, Leslie Hogben, Thomas J. Hunter, Bonnie Jacob,
Andrew Klimas, and Sharon McCathern, Minimum rank with zero diagonal, Electronic

Journal of Linear Algebra, Volume 27 (2014) 458-477.

Lee-Ad Gottlieb and Tyler Neylon, Matriz sparsification and the sparse null space
problem, Algorithmica 76.2 (2016) 426-444.

Daniel A. Jaume and Gonzalo Molina, Null decomposition of trees, Discrete Math. 341
(2018) 835-850.

Daniel A. Jaume, Gonzalo Molina, Adridn Pastine, and Martin Safe, A {1,0,1}- and
sparsest basis for the null space of a forest in optimal time, Linear Algebra and its
Applications, 549 (2018) 53-66.

Daniel A. Jaume, Gonzalo Molina, and Rodrigo Sota, Trees with a unique mazimum
independent set and their linear properties, Revista de la Uniéon Mateméatica Argentina,
63(1) (2022) 223-238.

Zlatko Mihali¢, Darko Veljan, Dragan Ami¢, Sonja Nikoli¢, Dejan Plavsi¢, and Nenad
Trinajsti¢, The distance matriz in chemistry, Journal of Mathematical Chemistry 11
(1992): 223-258.

Ali Mohammadian, Trees and acyclic matrices over arbitrary fields, Linear and
Multilinear Algebra 64.3 (2016) 466-476.

Peter Nylen, Null space structure of tree-patterned matrices, Linear algebra and its
applications 279.1-3 (1998) 153-161.

Seymour V. Parter, On the eigenvalues and eigenvectors of a class of matrices, Journal
of the Society for Industrial and Applied Mathematics 8.2 (1960) 376-388.

Seymour V. Parter and J. WT Youngs. The symmetrization of matrices by diagonal
matrices, J. Math. anal. and Appls. 4 (1962).

Gerry Wiener, Spectral multiplicity and splitting results for a class of qualitative
matrices, Linear Algebra and its Applications 61 (1984) 15-29.

o7



Jaume et al./ American Journal of Combinatorics 2 (2023) 39-58

Contact Information

Daniel A. Jaume Departamento de Matematicas
djaume@unsl.edu.ar.edu Universidad Nacional de San Luis
Ejército de los Andes 950. San Luis, Argentina CP 5700

Adrian Pastine Departamento de Matematicas
agpastine@unsl.edu.ar.edu Universidad Nacional de San Luis
Ejército de los Andes 950. San Luis, Argentina CP 5700

58



