—

10
11

12

13

15

16
17
18
19
20
21
22

23

LAA 8716 No. of pages: 5, Model 1+
11/11/2005 DISK used

Available online at www.sciencedirect.com
LINEAR ALGEBRA
SC[ENCE@DIRECT’ ANDITS
APPLICATIONS

ELSEVIER Linear Algebra and its Applications xxx (2005) XxXX—XxX

www.elsevier.com/locate/laa

Completion of a partial integral matrix to a unimodular
matrix”

Xingzhi Zhan
Department of Mathematics, East China Normal University, Shanghai 200062, China
Received 25 February 2005; accepted 15 October 2005

Submitted by H. Schneider

Abstract

We first characterize submatrices of a unimodular integral matrix. We then prove that if n entries of an
n X n partial integral matrix are prescribed and these n entries do not constitute a row or a column, then this
matrix can be completed to a unimodular matrix. Consequently an n x n partial integral matrix withn — 1
prescribed entries can always be completed to a unimodular matrix.
© 2005 Published by Elsevier Inc.
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1. Introduction and statement of results

For simplicity of presentation, we will consider only matrices over the rational integers Z, but
all the results have obvious generalizations to matrices over a principal ideal ring. Let M, (Z)
be the ring of n x n matrices over Z. A matrix A € M, (Z) is called unimodular if det A = £1.
Being units of M, (Z), such matrices are used to define the equivalence relation between integral
quadratic forms [1, p. 127]. It is known [7, p. 15] that if ay, . .., a, are relatively prime integers
then there is a unimodular matrix with (ay, ..., a,) as any prescribed row. This result plays a key
role in the proofs of the Hermite normal form and the Smith normal form [7]. A row is a special
case of submatrices. We will prove the following more general result.
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Theorem 1. Letr, s, n be positive integers withr, s < n.Anr X s integral matrix A is a submatrix
of some unimodular matrix of order n if and only if A has at least r + s — n invariant factors
equal to 1.

Here we make the convention that if » + s < n then all r x s matrices satisfy the condition in
Theorem 1. To be definite, throughout we take invariant factors and determinantal divisors to be
nonnegative. A partial matrix is one in which some entries are prescribed and the other entries
are to be chosen. Since row or column permutations do not change unimodularity, we can put
the submatrix A in any prescribed place and Theorem 1 may be regarded as a matrix completion
result.

Any n integers not relatively prime cannot be a row or a column of a unimodular matrix of
order n. Our next result shows that these are the only two cases which should be excluded.

Theorem 2. Let ay, ..., a, be prescribed integers. Let (iz, j;),t = 1, ..., n, be prescribed dif-
ferent positions in an n X n matrix and these positions do not constitute a row or a column.
Then there exists a unimodular matrix of order n with the entry a; in the position (i;, j;) for
t=1,...,n.

Note that the number n of prescribed entries in Theorem 2 is best possible. Consider the
following partial matrix:

2 2 7
2 2 7],
?7 0?7 7

where the ?7’s are free entries. Any of the prescribed 4 = 3 4 1 entries do not constitute one
row or one column. Since the determinant of this matrix is always even, no matter what the ?’s
are, it cannot be completed to a unimodular matrix. Theorem 1 will be needed in the proof of
Theorem 2.

An immediate consequence of Theorem 2 is the following corollary.

Corollary 3. Let ay,...,a,—1 be prescribed integers and (iy, j:), t =1,...,n — 1, be pre-
scribed different positions in an n x n matrix. Then there exists a unimodular matrix of order n
with the entry a; in the position (i;, j;) fort =1,...,n — 1.

We remark that there are results for eigenvalues of a flavor similar to that of Theorem 2 and
Corollary 3 [2-4,6,8,9].

2. Proofs
Denote by M, s(Z) the set of r x s integral matrices. For A € M, ;(Z) we denote the jth deter-
minantal divisor of A by d;(A), j =1, ..., min{r, s}, and the jth invariant factor by s;(A), j =

1,...,rank A. We will need the following lemma.

Lemma 4. Let A € M, ((Z) be a submatrixof B € M,(Z) andr +s —n > 1. Thend, s, (A)|
det B.
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Proof. Denote p = min{r, s}, k =r +s — n. Then p > k. Without loss of generality (by row
or column permutations if necessary), we may assume that A is in the left-upper corner of B.

Let UAV = diag(si, ..., Sp)rxs = D be the Smith normal form where U, V are unimodular
matrices, §1, . . ., Sy, are the invariant factors and 5,11 = - - - = 5, = 0, m = rank A. Throughout
we denote by I; the identity matrix of order z. Denote

B = diag(U. I, ) B diag(V. I, ;) = ( 5 g;) = By
Since r + s = n + k, by Konig’s theorem [5, p. 73] every diagonal (b1,5(1), - - . bp,o(m)) Of B
contains at least k entries of D where o is a permutation of 1, ..., n. Thereforeif [ |7, b; o) # O,
then[T/_ bioiy = w ]_[f:1 s;, forsomeintegerwand 1 < iy < --- < iy < p.Sinces;|sjy1, j =
I,...,p—1,wehaves|s;,t =1,..., k. Hence

k k
dr(A) = (Hsl> (w l_[s,',>
=1 =1

and we have di(A)| []/_, bi,o() for any 0. So di(A)|det B =4detB. O

Proof of Theorem 1. Suppose A € M, ((Z) is a submatrix of a unimodular matrix B € M,,(Z).
Ifr +s > n, by Lemma 4
drys—n(A)|det B = £1.

Thus d, 15, (A) = 1. Since ]_[;fl_” §j(A) = dypys—n(A), we must have s1(A) =+ = 45y
(A) = 1. So A has at least r + s — n invariant factors equal to 1.

Conversely let A € M, ;(Z). Using transpose we need consider only the case r > 5. If r 45 <
n we show that A can always be completed to a unimodular matrix of order n. Let A = U (%Y> Vv
be the Smith normal form decomposition with U, V unimodular and D; diagonal of order s.
Consider the matrix

D, [ 0
| o Ls O 0
B= Is - Ds 0 Is 0 € MH(Z)’
0 0 0 L_,_g

where the zero blocks are of appropriate sizes and a matrix with zero column or row number does
not appear. By adding the third block row to the first block row we see that B is unimodular. Thus

diag(U, I,—,)B diag(V, I,,_;)
is unimodular and has A as a submatrix.

Ifr+s>n,letk =r+ s — n. Suppose A has at least k invariant factors equal to 1. Then A
has the following Smith normal form decomposition:

Iy 0
A=U|0 D,.,|V
0 0
with U, V unimodular and D,,_, diagonal of order n — r. Consider the matrix
I 0 0 0
_ 0 Dy 0 I
G = 0 0 I, 0 e M, (7).
0 In—r - Dn—r 0 In—r
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By adding the fourth block row to the second block row we see that G is unimodular. Thus
diag(U, I,,—,)G diag(V, I,,_s)

is unimodular and has A as a submatrix. This completes the proof. [

Proof of Theorem 2. We use induction on the order n. The case n = 2 is easily checked to be
true. We assume that the assertion holds for matrices of order n — 1 and prove the result for
matrices of order n > 3. There are two cases.

Case (i). There are n — 1 prescribed positions in one row or column.

We consider the row case. The column case is similar. By row or column permutations if
necessary, without loss of generality we may assume that (i;, j;) = (1,¢),t =2, ..., n. Then
apart from row and column permutations there are essentially the following two situations.

Subcase i(1). (i1, j1) = (2, 1). The matrix

aiax+1 ay a3z -+ ay
aij 1 o --- 0
0 0 1 - 0
0 0 o .- 1

is unimodular and has the prescribed entries in the prescribed positions.
Subcase i(2). (i1, j1) = (2,2). We choose any n — 2 prime numbers pi, ..., p,—> each of
which is greater than max¢j<ula;|. Let

pofnm )

ai P1 ccr Pn=2

Then s1(B) = di(B) = 1. By Theorem 1, the 2 x (n — 1) matrix B can be completed to a uni-
modular matrix of order n. So there exist column vectors «,  and matrix F such that

(f,f ﬁ) € My(2)

is a unimodular matrix, which satisfies the requirement.

Case (ii). Every row or column of a matrix of order n contains at most n — 2 prescribed
positions.

There is at least one column, say, the last column which contains at most one prescribed
position. We distinguish the following two cases.

Subcase ii(1). The last column has no prescribed positions.

If the last row has at least one prescribed position, then there are at most n — 1 prescribed
positions (i;, j;) withi; <n — 1 and j; < n — 1. No row or column of a matrix of order n — 1 is
fully prescribed by the general assumption of Case (ii). Thus by the induction hypothesis there
exists a unimodular matrix A” of order n — 1 with the prescribed entries a; in the positions (i;, j;)
forall (i;, j;) withi; < n — land j; < n — 1.Let 8 bethe (n — 1)-dimensional row vector whose
Jj:th component is equal to a; for those i; = n and whose other entries are zero. Then the matrix

(’; ?) is unimodular and satisfies the requirement.

If the last row has no prescribed positions, then by the induction hypothesis these exists a
unimodular matrix H' = (h;;) of order n — 1 with the n — 1 prescribed entries a;, in the positions
(is, ji), respectively, for r = 1, ..., n — 1. Note that the position (i,;, j,) is also in H’. Let y be
the (n — 1)-dimensional column vector with the i,th component equal to a, — h;, ;, and with
other components equal to zero. Now consider the matrix
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_(H v
H = (0 1> e M, (Z).

Let G be the matrix obtained from H by adding the last column to the j,th column. Then G is
unimodular and has the entries a; in the positions (i;, j;) fort =1, ..., n.

Subcase ii(2). The last column has exactly one prescribed position.

By row permutations if necessary, we may assume that (i, j,) = (n, n). Then there are at most
n — 1 prescribed positions (i;, j;) withi; <n — 1 and j, < n — 1. By the induction hypothesis
there is a unimodular matrix Q of order n — 1 with a; in (i;, j;) for all ¢ satisfying i; < n — 1 and
J+ < n — 1. There is at least one position (k, n) which is not prescribed. We will show that there
exist an (n — 1)-dimensional row vector 8 and an (n — 1)-dimensional column vector y such that
the matrix

(9 v
W_<ﬂ an)eM,,(Z)

is unimodular and has the prescribed entries in the prescribed positions. For the latter property we
need only set B(j;) = a; ifi; =nand 1 < j; <n — 1, set B(k) = x to be chosen, and set other
components of B to be zero. By Schur complement we have det W = (det Q)(a,, — B Q_1 y).So
to make W unimodular it suffices to require @, — BQ~!y = 1. We first show that we can choose
x such that the components of 8Q~! are relatively prime. Note that Q! is also unimodular and
hence the components ¢, .. ., g1 of the kth row of Q! are relatively prime. Let

BO =x(q1, ..\ qu1) F(c1, ..o, Cat)

There are integers u1, . . ., u,—1 such that >7~ ! u;q; = 1. Set x = 1 — Y7~ u;¢;. Then Y7~ ]
u; (xq; + ¢;) = 1. So the components of Q! are relatively prime. Consequently there exists an
integral column vector y such that BQ~'y = a,, — 1. Thus W is unimodular. This completes the
proof. [

Proof of Corollary 3. We can always prescribe one more position (i, j,) such that the prescribed
n positions do not constitute one row or one column, and prescribe 1 in (i, j,). Then apply
Theorem 2. O
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