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Abstract

Fillmore’s theorem is a matrix completion problem that states that
if A is a nonscalar matriz over a field F and v1,...,v, € F so that
M+ ...+, = tr(A) then there is a matriz similar to A with diagonal
(Y1, -+ 7n). Borobia [1] extended Fillmore’s Theorem to the matrices
over the ring of integers and Soto, Julio and Collao [3] studied it with
the nonnegativity hypothesis. In this paper we prove the same result
by modifying the initial proof of Fillmore, a subsequent new algorithm
is proposed and some new information about the final matrixz will be
given.
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1. Introduction

Fillmore stated a theorem in 1969, commonly known as Fillmore’s theorem.
Some years after, Zhan [4] gave another proof to this theorem including
some modifications since the original one has some inaccuracy.

Theorem 1.1. (Fillmore’s theorem)[2] Let A be a nonscalar matrix of or-
der n over a field F and let {v1,...,v.} € F such that Y ;' ;v = tr(A).
Then there is a matrix similar to A with diagonal (v1,...,vn).

Proof. The proof is by induction on the size of A and it is based on the
next result.

Lemma 1.1. [1] Let A be a nonscalar matrix of order n > 3 over a field
F and let v € F. Then there is a nonsingular matrix, P, such that

PlAP = ( Z Z ), where A1 is a nonscalar matrix of order n — 1.
1

Moreover, (P~1AP)s3 = 1.

The proof of this lemma uses an argument based on a change of basis of
the matrix A. The new basis used is {x, Ax —yx,x3,...,z,}, where x and
Ax are linearly independent. If A is not diagonal, we can take x as one of
the standard vectors. If it is diagonal, x can be sum of two standard basis
vectors. The matrix P is the identity except on its entry pi3 = 1 — aws,
where a3 is the entrance (2,3) of A in the new basis.

By applying this lemma repeatedly to the similar matrix so that the
pair {z, Az — vz} is linearly independent, we get to proof the theorem. O

Here, we can highlight the importance that the change of basis matrix
has in Fillmore’s proof. Taking this into account, if we take the change
of basis matrix in a certain way and we introduce a small variation at the
beginning, then the similar matrix that results from the theorem has all its
entries in Z and we can extend Fillmore’s proof to integer matrices.

2. Fillmore’s theorem for integer matrices

Fillmore’s theorem have been studied in different moments. In this paper,
we are going to present a new proof of Fillmore’s theorem to conclude that
the final matrix is over Z and give some more information about the final
matrix. Borobia [1] also gave an algorithm that extended the theorem to
integer matrices but, in this case, we are not going to give an alternative
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algorithm as he did but introduce a small variation at the beginning of
Fillmore’s proof and then use the same argument that Fillmore.

This problem was also studied by Soto, Julio and Collao [3], considering
the nonnegativity hypothesis, that was not considered in the results of
Fillmore and Borobia and giving an alternative algorithm. In this paper,
we will follow Fillmore’s initial proof (except for a small variation at the
beginning) and we will give some new information about the final matrix.

Tan [5] extended Fillmore’s theorem to factorial rings, although it is not
proved that the matrix P~! is also over the initial factorial ring, but over
it’s field of fractions. If Fillmore’s theorem can be extended to an integral
domain is a problem that has not been solved yet (see Remark 2.3 in [5]).

As it is said, the change of basis matrix is important in Fillmore’s proof.
If the initial matrix, A, is over Z and the change of basis matrix, B, is such
that det(B) = £1, then the matrix A in the new basis is going to be also
over Z. This way, since we have by construction of P that det(P) = +1,
then the similar matrix P~ AP will be over Z.

The main point we want to prove is that, if a;o = 41, then we can
obtain an integer matrix after applying Fillmore’s argument. After this,
we'll prove it for matrices where a3 ¢ {£1}. This way, whether for Borobia
it is necesary to have an off-diagonal entry equal to 1, to continue Fillmore’s
argument, we’ll need it to be in position (1,2) or (2,1). We'll also admit
value -1 in these positions.

Without any loss of generality, we can suppose that x = es.

As we need the matrix in the new basis (B~'AB) to be over Z, det(B) =
+1 so that the inverse matrix, B~!, is also an integer matrix. Since
det(B) = —aj2, we can conclude that a;2 = +1.

Theorem 2.1. (Fillmore’s theorem for integer matrices) Let A be a non-
scalar and nondiagonal matrix of ordern > 3 over Z and let v = (y1,...,7) €
Z"™. Then, there exists a non singular matrix over Z, C, similar to A, with
diagonal v and with C,,; =1 Vj # n.

Proof. We will start proving the first part of the theorem and then, we
will proof the new information about the matrix C, that is not present in
the results of Fillmore, Borobia or Soto.

After knowing that if ajp € {£1}, the matrix A is over Z, we’ll give the
new algorithm and proof the theorem distinguishing different cases:

e Case I: A is a non diagonal matrix over Z with aja € {£1} or
ag1 € {:l:l}.
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e Case 2: A is a non diagonal matrix over Z with aj2 ¢ {0,£1} and

asy §7_f {:I:l}.
e (Case 3. A is a non diagonal matrix over Z with a1 = 0.

e Case 4: A is a diagonal matrix.

Case 1: Since we want to follow Fillmore’s theorem argument, the change
of basis is given by the matrix {x, Az — vz, z3,...,2,}. If we take x a
vector of the standard basis, e;, then, Az — vz will be the column ¢ of A
except for the element (Az — vz); that will be a;; — ;.

As before, without any loss of generality, we can suppose that x = es.
This way, the change of basis matrix
will have det(B) = F1, so we can conclude that B~! is an integer matrix.
Therefore, the matrix A in the new basis, B~'AB, will also be an integer
matrix.

If we take the matrix P as it appears in the initial proof, we have
that P~! is over Z because det(P) = 1, so P~!AP is an integer matrix.
Following the initial proof, we can conclude that (P~'AP);; = 71 and
(P_IAP)23 =1.

Since after the first iteration we have (P~'AP)s3 = 1, we are under the
initial conditions to continue the iterations and the proof of the theorem
will follow by induction over the different submatrices.

Observation 2.1. If we have ag; € {£1} rather than a;2 € {£1}, then
we can use the same argument but, in this case the first iteration must be
done with the standard basis vector x = ey instead of eo. After, as we have
in position (2,3) the value 1, we can continue using the equivalent standard
basis vector to x = ey in the rest of the iterations submatrices.

Observation 2.2. The algorithm of this case is exactly the same as Fill-
more’s one, but by choosing the change of basis matrix in this way, we have
the theorem proved for integer matrices. Now, we’ll study the rest of cases
and try to modify them so that we reduce them to this one and we don’t
change Fillmore’s main argument.

Case 2: As we said before, the small variation we introduce is made so
that a1 € {£1}. This way, we are in the previous case. For Borobia, the
important thing is that the matrix has an off-diagonal element with value
1 but for us, we need it to be in position (1,2) or (2,1). To do so, we’ll use
the lemma that Borobia uses in [1].
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Lemma 2.1. ([I]) Let A = (a;;)};—; be a non scalar matrix over Z. Then,
there exists an integer matrix similar to A with a non diagonal element
equal to 1.

Observation 2.3. Although the lemma doesn’t specify the position (1,2)
of the non diagonal element equal to 1, after applying the algorithm pro-
posed, we end with a 1 in position (1,2).

Case 3: Now we are going to proof the theorem when a12 = 0. This case is
motivated because the previous lemma assumes that ais # 0. If we apply
a transformation over A taking a permutation matrix, @), so that we have
a nonzero element in position (1,2), then we’ll be under case 1 or case 2.
We can do this because A is a non diagonal matrix.

Case 4: Now, we are going to proof Fillmore’s theorem for integers matrices
when the initial matrix, A, is a diagonal matrix. If we follow Fillmore’s
argument, and we want det(B) € {£1} so we continue being under Z, we’ll
have

det(B) = 1 <= aj1 —age = £l or if a;1 — 1 and age — 7o

are multiples of a11 — as2,

but this would add more conditions to the initial problem, and it’s not the
point we want to proof.

In Borobia’s argument (see [1]), if the matrix is diagonal, he first apply
the next lemma so that the matrix is no longer diagonal.

Lemma 2.2. [1] Let A be a nonscalar diagonal matrix over a field F, let s
such that a11 # ass, and let B be equal to the identity except on its entry
bis = m Then B~1AB is equal to A except on its entry (1,s) that is

equal to 1.

Applying this lemma and taking s = 2 (in case a1 # ag2), then we are
in case 1, where the value 1 will be in position (1,2). If not, we can take
s # 2 and after applying the lemma we’ll be in case 3.

Now that we have proved the theorem, we are going to give some new
information about the final matrix, C. We are going to proof that, if C is
the final matrix, then C,; =1 Vj # n.
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Let C = P~YAP, where A is A in the new basis and P as in Fillmore’s
proof, i.e., the identity matrix with Pj3 = 1 — as3. The proof is then made
by induction over the different iterations. After the first iteration, we have

n n
o1 = (P7'AP)y Z (P A)gp, Py = Z DokAp1 = a2

Since x = ey the basis is B = {ea, Aea — Y2, %3, ...,2n}, and we have
ag = (B_IAB)H = ZZ:l(B_lA)QkBkl = (B_IA)22
= ZZ:l(BQ_kl)Am =ajpa1z2 =1

as a2 € {£1}.

Now, we’ll apply the induction hypothesis so that if, after k steps we
have ap11; = 1Vj = 1,...,k, and apq1x42 = 1, then api0; = 1 V) =

.,k + 1. Since here j # k 4 3, and taking into account that now, we
have z = ej42 we can conclude that

Chpo; = (PTTAP )k+2g = Y (P A) gy Pij = (P A)yay
- Z ( a )k+2 ’LAZ] =
= apy2; = (BrAB)jiaj = Si1 (B P A)pio,:Bij =

J<k
(B ' A)py2j = Siei (B kyoidij =
= Qpy1 k20415 = 1
j=k+1
(B A)iyzprz = Sy (B Dig2,iAi pra =
= Qpg1k 20k 1642 = 1
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3. Flowchart

[ Matriz A ‘
Non diagonal

Diagonal
Lemma 2.2 (Case 4)
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I Fillmore's proof

Similar inte-
ger matrix
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