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ABSTRACT

It is well known that for a first order system of linear difference
equations with rational function coefficients, a solution that is holo-
morphic in some left half plane can be analytically continued to a
meromorphic solution in the whole complex plane. The poles stem
from the singularities of the rational function coefficients of the
system. Just as for differential equations, not all of these singular-
ities necessarily lead to poles in solutions, as they might be what
is called removable. In our work, we show how to detect and re-
move these singularities and further study the connection between
poles of solutions and removable singularities. We describe two al-
gorithms to (partially) desingularize a given difference system and
present a characterization of removable singularities in terms of
shifts of the original system.
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1 INTRODUCTION

First order linear difference systems are a class of pseudo-linear
systems [5, 9, 15] of the form #(Y) = AY, where ¢ is the forward-
or backward shift operator and A an invertible matrix with, in our
case, rational function coefficients. To study properties of possi-
ble solutions Y, it is not always necessary to explicitly compute
the solution space, but one can rather obtain the information from
the system itself. Properties that can be derived in this fashion
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comprise, among others, the asymptotic behavior [6, 7, 13], posi-
tive/negative (semi-) definiteness [1, 22], holomorphicity, and clo-
sure properties of (a class of) solutions [18].

In the center of attention when analyzing difference and differ-
ential systems lie the poles of the rational function coefficients. It
is well known that, like in the case of differential equations and
systems, not all poles of the coefficients of a difference system
lead to singularities for solutions. These apparent singularities can
therefore distort the properties of solutions and should be circum-
vented in the analysis. One technique to do so is desingularization—
transforming a given system (or operator) in a way that removes as
many poles of the system as possible to discard apparent singular-
ities. In this paper we describe the first algorithm to desingularize
first order linear difference systems with rational function coeffi-
cients. Our main tool in the treatment of these systems are polyno-
mial basis transformations. We show how to achieve desingular-
ization by composing several basic and easy to compute transfor-
mations, and our procedure results in the provably “smallest pos-
sible” such desingularizing transformation in the sense that any
other desingularizing transformation can be obtained as a right
multiple.

The main contributions of this paper are:

(1) The first algorithm to desingularize—partially, or, if possi-
ble, completely—first order linear difference systems with
rational function coefficients.

(2) Anon-trivial necessary and sufficient condition for a given
system to be desingularizable at a given singularity.

(3) With the help of (2), an analysis of the connection be-
tween removable and apparent singularities of difference
systems and their meromorphic function solutions.

(4) An algorithm for reducing the rank of the leading matrix
at a singularity of a linear difference system.

In the context of single linear difference equations [1, 2], linear
differential equations [21] and, more general, Ore operators [10,
11, 17], desingularization and the effects of removable singular-
ities have been extensively studied in recent years. In [22], the
author presents an extension of the idea of desingularization that
also takes into account the leading number coefficients of Ore op-
erators. For first order differential equations, a first algorithm for
desingularization was given in [3].

It is possible to convert any first order linear difference system
to a difference operator of higher order and vice versa [4, 6-8].
Desingularization of systems could therefore be done by comput-
ing for a given system the corresponding operator, use existing
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techniques to desingularize the operator and then constructing the
desingularized system from the new operator. While this is possi-
ble, the procedure comes with at least two caveats:

(1) It can be observed that the coefficients grow very large in
the conversion process which has severe negative impact
on the computation time.

(2) Desingularization on operator level is done by finding a
suitable left-multiple of the given operator. In general, this
leads to an increase in order, and thus to an increase in the
dimension of the solution space.

Both problems are avoided when dealing directly with systems in-
stead of operators, making the results presented in this paper an
essential tool for analyzing difference systems.

The paper is organized as follows. In Section 2 we remind the
reader of the formal definition of linear difference systems with
rational function coefficients, well known results about meromor-
phic function solutions and the notion of apparent singularities. In
Section 3, we present an algorithm to remove poles of difference
systems and give a necessary and sufficient condition for a singu-
larity to be removable. Lastly, the connection between removable
poles and apparent singularities is established in Section 4 before
concluding the paper in Section 5.

2 DIFFERENCE SYSTEMS AND REMOVABLE
SINGULARITIES
Let C be a subfield of the field C of complex numbers, C(z) the

field of rational functions over C and ¢ the C-automorphism of
C(z) defined by ¢(z) = z+ 1. A homogeneous system of first-order
linear difference equations with rational function coefficients is a
system of the form

$(Y) = AY, 1)

where Y is an unknown d-dimensional column vector, ¢(Y) is de-
fined component-wise, and A is an element of GL4(C(z)), the group
of invertible matrices of size d X d with entries in C(z). We denote
the set of matrices of size dxd with entries in C[z] as Mat4(C|z]). A
(block) diagonal matrix with entries (respectively blocks) ay, . . ., ag
is denoted by diag(ai, . . ., ag). We will refer to system (1) as [A] 4.

Given a matrix T € GL4(C(z)), we can apply a basis transfor-
mation

Y =TX,
and substitute TX into system (1) to arrive at an equivalent system
$(X) = T[A]X,
where T[A]y is defined as
T[Alg == ¢(T~)AT.
A difference system [A] can be rewritten as
$7(Y) =AY, @
where A* := ¢~1(A™1). We will refer to system (2) as [A*]¢—1. A
transformation Y = TX yields the equivalent system
¢~ (X) = T[A"] 41X,
with
T[A*] g1 := ¢~ (TTHA'T.

The set of meromorphic solutions of [A] form a vector space of
dimension d over the field of 1-periodic meromorphic functions. It
is well known [19] that any difference system [A]4 possesses a fun-
damental matrix of meromorphic solutions. If F is a holomorphic
solution of (1) in some left half plane (Rez < A for some A € R),
then it can be analytically continued to a meromorphic solution in
the whole complex plane C using the relations:

F(z) = ¢ (A)p~4(A) - ¢ (A" (F)(2)
=A(z-1)A(z-2)---A(z — n)F(z — n),

which are valid everywhere except at the points of the form { + n
where { is a pole of A and n is a positive integer (n = 1,2,...). If F
is a holomorphic solution of (1) in some right half plane (Re z > 1),
then it can be analytically continued to a meromorphic solution in
the whole complex plane C using the relations:

F(z) = $(A")¢P(AT) -+~ $™(AT)$" F(2)
=A*(z+1)A*(z +2)---A*(z + n)F(z + n),

which are valid everywhere except at the points of the form { — n
where { is a pole of A* and n is a positive integer (n = 1,2,...).

We will denote by P,(A) (respectively $;(A)) the set of poles
of A (respectively A*). The elements of P, (A) (respectively P;(A))
will be called the r- (respectively 1-) singularities of the system (1).
A point { € C is said to be congruent to a given r- (respectively 1-)
singularity o of [A]y if { = {o + k (respectively { = o — k) for
some positive integer k.

The finite singularities of the solutions of [A]4 are among the
points that are congruent to the singularities of the system.

Definition 2.1. Let { be a pole of A (respectively pole of A¥). It
is called

(1) aremovable r- (respectively 1-) singularity if any solution
of [A]4 which is holomorphic in some left (respectively
right) half-plane can be analytically continued to a mero-
morphic solution which is holomorphic at { + 1 (respec-
tively ¢ — 1).

(2) an apparent r- (respectively 1-) singularity if any solution
of [A]s which is holomorphic in some left (respectively
right) half-plane can be analytically continued to a mero-
morphic solution which is holomorphic at each point of
{ + N* (respectively { — N¥).

Example 2.2. A 2 x 2 system of linear difference equations is
given by

0 1 3(2=2)  3-2
Y(z+1) =AY = (—2(z+1) 3(z—1)) Y(z), A*= ( 21" 26" )
Tz=2  z=2
Here P, (A) = {2} and the points that are congruent to { = 2 are
3,4,5,.... We have P;(A) = {0} and the corresponding congruent
points are —1,—-2, -3, .. .. It can be easily verified that a fundamen-
tal matrix of solutions of this system is given by

27 2 +52+6
F(z) = .
@) (2“1 243221+ 82+ 12)
We focus on studying r-singularities. L-singularities can be re-

moved in the same way by considering A* and ¢~! instead of A
and ¢.



We give an algebraic characterization of removable singularities.
Let g € C[z] be an irreducible polynomial. For f € C(z) \ {0}, we
define ordg(f) to be the integer n such that f = g" %, with a,b €
Clz] \ {0}, g 1 aand g 1 b. We put ordg(0) = +c0. Let Og = {f €
C(z) : ordg(f) = 0} be the local ring at g and O4/qOy the residue
field of C(2) at q. Let 4 denote the canonical homomorphism from
C|z] onto C[z]/{q). It can be extended to a ring-homomorphism
from Og4 onto C[z]/(g) as follows: let f € Og; by definition of
Oy, f can be written f = a/b where a,b € C[z] and q ¥ b. We
can find u,v € Clz] such that ub + vq = 1, the value of f at g,
denoted by 74(f), is then defined as 74(ua). Sometimes we write
fmodgq for mg(f). It is clear that 74 is well-defined on Oy and
is a surjective ring-homomorphism. The kernel of 74 is gOq4, so
0q4/q0q and C[z]/{q) are isomorphic.

If A = (aj,j) is a finite-dimensional matrix with entries in C(z),
we define the order at q of A by ordg(A) := min;,j (ordg(a;, ;). We
say that A has a pole at g if ordg(A) < 0. We define the leading
matrix of A at q (notation lcg(A)) as the leading coefficient Ag 4 in
the g-adic expansion of A:

A=Ay o+ qA1 g+ qPAzg +...).

Here the coefficients A; 4 are matrices with entries in the field
Clz]/{q). Note that the matrix Ao 4 is the value of the matrix
q—ordq(A)A atq.

For a rational function r = p/q with p monic and ged(p, q) = 1,
we write num(r) := p and den(r) := q. Similarly, for a matrix M €
Mat;(C(z)) we denote by den(M) the common denominator of all
the entries of M and denote by num(M) the polynomial matrix
num(M) := den(M)M.

Definition 2.3. Let A € GL;(C(z)) and g € C|[z] be an irreducible
polynomial. We say that g is a ¢-minimal pole of A if q | den(A)
and for all j € N*, ¢/ (q) + den(A).

We can now give an algebraic definition of desingularizability
of difference systems in an inductive fashion.

Definition 2.4. Let A € GL4(C(z)) and let ¢ € C[z] be an irre-
ducible pole of A.

(1) If g is ¢-minimal, we say that the system [A]y is partially
desingularizable at q if there exists a polynomial transfor-
mationT € GL4(C(2))NMaty(C[z]) such that ordg(T[A]4)
ordg(A) and ord,(T[A]4) = ordy(A) for any other irre-
ducible polynomial p € Clz]. If moreover, ordg(T[A]g) >
0 then we say that [A], is desingularizable at g and we
call T a desingularizing transformation for [A]4 at g.

(2) If q is not ¢-minimal, then we call [A] (partially) desin-
gularizable at q if there exists a desingularizing transfor-
mation T for all poles of A of the form ¢¥(q), k > 1, and
T[A]y is either (partially) desingularized at g or (partially)
desingularizable at gq.

While it is immediate that, for a ¢g-minimal pole g, the algebraic
notion of desingularization implies that the roots of g are remov-
able in the sense of Definition 2.1, the converse is not obvious and
is proven later in Section 4. Consequently, the roots of g are appar-
ent singularities if (and only if) the system A is desingularizable
at all poles of A of the form ¢=*(q), k > 0. In practice, in order

to desingularize a system at a non-¢-minimal pole g, one first re-
moves the ¢-minimal pole congruent to g. The resulting system
then has a new ¢-minimal pole ’closer’ to q. One can repeat this
process until g itself is ¢-minimal and eventually removed. A desin-
gularizing transformation for g is then given by the product of all
the transformations obtained during this process.

Let us illustrate in the next example why we require removing
all singularities left of a given pole, thus making it ¢-minimal, be-
fore considering it eligible for desingularization.

Example 2.5. The system [A]y given by
z+1)?% 1
2 )

Tz+1

A= diag(

can be transformed via T = diag(z, 1) to T[A]4 = diag(z + 1, ﬁ)
The transformed systems still does not enable analytic continua-
tion at 0 of solutions that are holomorphic in the left half-plane
with Re(z) < 0.

3 REMOVING R-SINGULARITIES

3.1 ¢-Minimal Desingularization

We begin our discussion of removing r-singularities by deriving a
method for shifting a factor in the denominator of a given system
in a way that allows, if possible, cancellation with zeroes of the
system. For this we bring the leading matrix of A into a specific
form.

LEMMA 3.1. Let A be a d X d matrix with entries in C(z) and let
q € Clz] be an irreducible pole of A. Set n := —ordy(A) and r :=
rank(lcq(A)), the rank of the leading matrix of A at q. There exists
a unimodular polynomial transformation S such that S[Aly is of the
form

1 1
(FAl FAL), (3)
where A1, Ay are matrices with entries in Og of sizedXr anddxd—r
respectively with rank(A1) = r.

Proor. The leading matrix Icg(A) of A at g is a matrix with en-
tries in the residue field C[z]/(g). There exists a non-singular ma-
trix Q with entries in C[z]/(g) such that lc4(A) - Q is in a column-
reduced form, i.e. the last d —r columns of Ic4(A)- Q are zero, and Q
is of the form Q = C - (I; + U), where C is a non-singular constant
matrix, I; the identity matrix of dimension d Xd, and U is a strictly
upper triangular matrix. Taking S = Q as a matrix in Mat,(C[z])
will result in S[A] as desired. ]

Example 3.2 (Example 2.2 continued). If we set ¢ = z — 2, then

the leading matrix of the system in Example 2.2 at q is

lcg(A) = (gA)mod q = (—06 g) .

A suitable transformation to bring this matrix into a column-reduced
form is

Applying S to A gives




LEmMMA 3.3. Let A € GL4(C(2)) and q € Clz] be a ¢-minimal
pole of A. Suppose that A is of the form (3) and let r = rank(lcq4(A)).
If [Aly is partially desingularizable at q then any desingularizing
transformation T for [A]g can be written as

T=D- f‘, where

D = diag(q,...,q, 1,...,1) and T € GL4(C(z)) N Mat4(C|z]).
—_—— T
r times d-r times

ProoF. Let n = —ordg(A). Suppose we are given a desingular-
izing transformation T € GL4(C(2)) and let B = T[A]y4. Then we
have that ¢(T)B = AT and hence

$(T)(q"B) = (q"A)T.
Since ordg(q”B) > 0 and the orders at g of the other matrices
involved in the equality are non-negative, we get
7q(q" A)mg(T) = 0.
By assumption, the matrix 74(q" A) is of the form
”q(an) = (Al 0) s
where A; is a dXr matrix with linearly independent columns. Thus,

the first r rows of 74(T) must be zero, i.e the first r rows of T have
to be divisible by q. This yields the claim. O

REMARK 1. Note that the determinant of any desingularizing trans-
formation T of A at g, not necessarily ¢-minimal, is divisible by q; in
fact q" | det(T). It then follows that ¢(q) divides det(¢(T)); in fact

$(q)" | det(¢(T)).

LEmMMA 3.4. Let A € GL4(C(z)) and let q € C[z] with q | den(A)
be an irreducible pole. If[A]y is (partially) desingularizable at q then

there exists a maximal positive integer { such thatqﬁf(q) | num(det(A)).

Proor. First, suppose q is ¢-minimal. There are only finitely
many factors of num(det(A)) of positive degree because A is non-
singular. Thus it suffices to show that there exists a positive integer
£y such that ¢5° (¢) | num(det(A)). Let T be a desingularizing trans-
formation of A at q. Put B := T[A]4 and denote det(T) by t. Then,
due to the desingularization property, we have that

1 _ den(A)
¢(T) 'num(A)T = den(B) num(B) € Maty(C|[z]).
Hence det( )
et(num t
B

Let €y be the largest integer such that ¢?(q) | ¢(t). By Remark 1,
£y is strictly positive. Since ¢%(q) 1 t, it follows that ¢o(q) |
det(num(A)). Now from the relation det(num(A)) = den(A)¢ det(A)
and since we assumed that den(A) has no factor of the form ¢/ (q)
with j € N* we can conclude that ¢f°(q) | num(det(A)). To see
that the theorem holds for non-¢-minimal poles, let ¢ be a non-¢-
minimal pole congruent to g, i.e. there exists a positive integer k
such that ¢¥ (§) = ¢. Then ¢¥*%(§) = ¢$%(g) | num(det(A)). m]

Definition 3.5. Let A € GL;(C(z)) and g € C|z] be an irreducible
pole of A. We define the ¢-dispersion of A at g as :

P-dispersion(A, q) = max {£ € N* s.t. ¢>[(q) | num(det(A))}.
When the latter set is empty we put ¢-dispersion(A4, q) = 0.

Note that a necessary condition that [A] 4 can be (partially) desin-
gularized at g is that ¢-dispersion(4, g) > 0.

Example 3.6 (Example 3.2 continued). The determinant of S[A]4

in Example 3.2 is % Therefore the ¢-dispersion of S[A], at
q =z — 2 is equal to 3.

We will now describe an algorithm for desingularizing a given
system [A]y4 at a ¢-minimal pole g. By repeatedly applying the
algorithm to [A], it is then possible to desingularize the system at
all removable singularities. It is sufficient to treat the case where
q is a single and simple pole of A (i.e. gA has polynomial entries).
This is stated in the following lemma.

LEmMMA 3.7. Let A € GLy4(C(z)) and let q € C|z] be a ¢-minimal
pole of A. Set h = den) s that the matrix hA = ¢ 'num(A) has a
single and simple pole at q. Then the system [A]y is (partially) desin-
gularizable at q if and only if the system [hA]y is desingularizable
at q. More precisely, a polynomial matrix T € GL4(C(z)) is a desin-
gularizing transformation for [hA]y at q if and only if T (partially)
desingularizes [A]y at g.

Proor. It is a direct consequence of the following (trivial but
interesting) property: for all T € GL;(C(z)) and h € C[z] \ {0},
one has T[(hA)]y = h - (T[A]y). m]

REMARK 2. With the notation of the above lemma, the ¢-dispersion
of [hAly at q is greater than or equal to the ¢-dispersion of [A]4 at q,
and equality holds if q is ¢-minimal. It follows from the fact that
det(hA) = h? - det(A).

LEmMA 3.8. Let A € GLy(C(z)). Suppose that A has a single,
simple, irreducible pole at q. If [Aly is desingularizable at q with
¢-dispersion €, then there exist a unimodular polynomial matrix S
and a diagonal polynomial matrix D such that (S - D)[A] is either
desingularized (with respect to q) or desingularizable at ¢(q) with
¢-dispersion £ — 1.

Proor. We first take S as in Lemma 3.1 so that S[A]y has the

form
Al 1 A
— A2
S[A]¢ = AZ] - >
~ Az

where the A;, j are blocks with polynomial entries, the diagonal
blocks are of size r = rank(lcg(A)) and d —r respectively. Take D =
diag(glr,I-,) as in Lemma 3.3. Then the matrix B := (S - D)[A]y
has the form

B=1[¢q@ ¢@].
A1 Az

The resulting system [B] has at worst a simple and single pole at
¢(q) with ¢-dispersion € — 1. m]

Example 3.9 (Example 3.6 continued). The rank of the leading
matrix in Example 3.2 is 1. We apply the transformation

z—2 0
Dl:( 0 1)’



to S[A] of Example 3.6 and arrive at the system
z+l 0)

z .
—2z—2 2

&N

(5 Dol =

The determinant of (S - D1)[A] 6 is @ The new ¢-dispersion
is 2.

THEOREM 3.10. Let A be desingularizable at a single, simple, irre-
ducible pole q. Then there exists an integer n, unimodular polynomial
matrices S1, .. .,Sp and diagonal polynomial matrices D1, ...,Dp
such that

T=S51-Dyi+-Sn-Dn,
is a desingularizing transformation for A at q. Furthermore, any
other desingularizing transformation T’ for A at q can be written
as

T' =T-T withT € GL4(C(z)) N Maty(C|z]). (4)

Proor. By Lemma 3.4, a desingularizable system [A]; has strictly
positive ¢-dispersion £. Applying the transformation S - D as in
Lemma 3.8 gives a system equivalent to [A]4 having at worst a
pole at ¢(q) (instead of g) but with reduced ¢-dispersion. After
at most ¢ such transformations, the resulting matrix T[A], has to
be desingularized at q. This shows that T can be chosen as in the
statement of the theorem. To see that any other desingularizing
transformation T’ of [A]lg at g can be written as in (4), we first
note that since S; is unimodular, for any such T’ we have

T =51 - (571 T),
NE—
=:T"eGL4(C(z))NMat4(Clz])
and therefore we can assume that A is of the form (3). Then, as was
shown in Lemma 3.3, we can write

T” =Dy - T,
with T € GL4(C(z)) N Maty(C[z])). Again, we can repeat this
reasoning n times until we arrive at the desired form. O

Example 3.11 (Example 3.9 continued). The leading matrix of (S -
D1)[A]y as in Example 3.9 at ¢(q) = z — 1 is already in column-
reduced form and of rank 1. We apply the transformation Dy =
diag(z — 1,1), and get

2zl 0
(S-D1-D2)[Aly = ( )

z
—2z¢2+2 2|

Again, the leading matrix of this system at ¢?(q) = z is column-
reduced and of rank 1. Finally, after applying the transformation
D3 = diag(z, 1), we get the desingularized system

1 0
(S-Dy-Dy- DS)[A]¢ = (_223 + 2z 2) ’

Collecting all the transformations, we see that a desingularizing
transformation for A at ¢ = z — 2 is given by
25 -322 + 22 %)

T:S-Dl-Dg-Dgz( o 2

As was already shown in Lemma 3.4, a positive ¢-dispersion
is a necessary condition for a removable singularity. For a given
system [A]4 and an irreducible polynomial g, the ¢-dispersion can
be obtained by computing the largest integer root of the resultant

resz(q(z + k), num(det(A))). This, together with Theorem 3.10 and
its proof gives rise to Algorithm 1.

Algorithm 1: desingularize_A(A4, q)

Input: A with entries in C(z) and a single, simple, ir-
reducible pole q € Cl[z].
Output: (T,T[A]y) s.t. T[A]y is desingularized at g, or
(I, A) if desingularization is not possible.
T « Id
WHILE (¢-dispersion(4,q) > 0 AND den(A) =
0 mod q) DO
2.1 Ag — Icg(A)
2.2 S « as in the proof of Lemma 3.1.
2.3 D < diag(q,...,q,1,...,1) with rank(Ap)
many elements equal to g.
2.4 A« ¢(S-D)y1-A-(S-D)
2.5 T—T-5-D
2.6 g dlo
3 IF (den(A) = 0 mod q) RETURN (I, A)
4 ELSE RETURN (T, A)

3.2 Characterization of Desingularizable Poles

We can give a necessary and sufficient condition for a pole to be
desingularizable. It can be seen as the shift analogue of the nilpo-
tency of the leading matrix at the considered pole of the system,
which is a necessary condition for an apparent singularity in the
differential setting [3].

PROPOSITION 3.12. Let g € C[z] be a ¢-minimal pole of the sys-
tem [A]y. Let A = q"A, so that ordg(A) = 0 and nq(A) = lcg(A).
If A is (partially) desingularizable at q then there exists a positive
integer k such that

ng(AgT (A). .. 67 (A) = 0. 5)

Proor. Let T be a desingularizing transformation for [A] at q
and B = T[A]y. Then for all non-negative integers k one has

H(T)BY~(B)... ¢ K(B) = Ap~(A)...¢ K (A)p~F(T),
and hence
HT)G" B (q"B)... ¢ (q"B) = Ag (A)... ¢ K (A)p M (T).
As ordg(q"B) > 0 and
ordq(¢_j(q”B)) = ordgj(g)(B) 2 ordgj(g)(A) 2 0, forallj € N¥,
we get that
nq(Ap~ (A)...¢ K (A1) = 0.

Now we conclude by remarking that for k large enough 74(T(z—k))
is invertible. m]

We will now show that the factorial relation (5) is a sufficient
condition for a matrix A to be partially desingularizable at g.

ProrosiTION 3.13. Let q € C[z] be a ¢g-minimal pole of [A] 4. Let
A = q"A, so that ordq(fi) =0 and TL'q(A) = leq(A). If[Aly is such
that the factorial relation (5) holds for some integerk > 1 then [A]y
is (partially) desingularizable at q.



ProOF. Let k be minimal so that (5) holds. Put
M := mg(Ap™Y(A)--- ¢ F*1(A)) and N := mq(¢~F(A)).

By definition of k, the matrix M is nonzero (but singular) and we
have M - N = 0. With d := dim(A) it follows that

0 < rank(M) < s :=d —rank(N) < d.

Let P € GL4(C[z]/{q)) such that P - N has its last (d — s) rows
linearly independent over C[z]/(q) while its s first rows are zero.
Consider the matrix : U = ¢k_1(P_1) as an element of Mat;(C|[z])
then by applying the unimodular transformation Y = UX, we can
assume that the matrix N has the following form:

- O Os,d—s
Nz1  Noo )’

where Ny 1 and Ny 2 are matrices with entries in C[z]/(q) of size
(d—s)xsand (d — s)x(d—s) respectively, so that the last d —s rows
of N are linearly independent over C[z]/(g). As M-N = 0 we have
that the d — s last columns of M are zero. Let A = (Aj’j)lgj’jgz be
partitioned in four blocks as N. Then ﬂq(¢_k (Al,j)) =0forj=1,2.
In other words, the s first rows of A are divisible by ¢k (). Using
the substitution Y = DX where D = diag(¢¥~1(¢)Is, I;_), we get
a new system which still has a pole at g of multiplicity at most n.
Indeed, we have
PR U PAL Arz
B:=¢(D) 'AD =q " ( P 0]
¢ QA1 Ay

n (¢’<-1<q>A'1,1 A’l,z)

(6)

Pk (@Az1 Az
for some matrices A’ 11 A 1,2 with entries in Og. It is clear that
den(B) | den(A) and that ordg(B) > ordg(A). Now we will prove
that the factorial relation (5) holds for B := ¢"B with k — 1 instead

of k. For this we remark first that
$(D)B ™ (B)--- ¢ 1 (B) = AgT(A) - - ¢ (A~ (D).
It then follows that

7q($(D)rq(Bp~ (B)- - ¢ *T1(B)) = M - mg(¢~**1(D)).
We have that

7q(¢~FTU(D)) = 7q(diag(qls, 1y_)) = diag(Os, Iy_y),

hence M - ﬂ'q(¢_k+1 (D)) = 0 (since the d — s last columns of M are
zero). Now 74(4(D)) = ﬂq(diag(¢k (¢)Ls,I5_¢)) is invertible (since
g and ¢* (g) are co-prime), it then follows that

7By~ (B) - 9™+ (B)) = 0.
If k—1is still positive then we can repeat this process for the matrix
B and the polynomial g until we arrive at k = 1. When k = 1 the

above factorial relation reduces to ﬁq(B) = 0 which means that
ordq(B) > 0 and therefore ordg(B) > —n + 1. o

This proof motivates the following alternative desingularization
algorithm. In contrast to Algorithm 1, instead of shifting a singu-
larity towards a zero of the system, it performs the analogous task
of moving a zero towards the singularity until they cancel each
other

Algorithm 2: desingularize_B(A4, q)

A with entries in C(z) and a single, simple, ir-
reducible pole g € C[z].

Output: (7T, T[A]¢) s.t. T[A]y is desingularized at q.

Input:

T « Id

WHILE (den(A) = 0 mod g) DO
{ «— ¢ — dispersion(4, q)
IF (¢ < 0) THEN RETURN (T, A)
n « ordg(A) A q"A
ke—0;Me1I;; N — ng(A)
WHILE (M - N # 0 AND k < ¢) DO

M<—M~N;k<—k+l;N<—r[q(¢_k(A))

U « as in the proof of Proposition 3.12.
D « diag(¢*~(q)ls,14_;) with s = d —rank(N).
A—¢U-D)1-A-(U-D)
T«T-U-D

RETURN (T, A)

W 00 N O U1l Ul WN =
—_

1
2
2
2
2
2
2.
2
2
2
2
2
3

An implementation of Algorithm 1 and Algorithm 2 in the com-
puter algebra system Sage [12] can be obtained from

http://www.mjaroschek.com/systemdesing/

REMARK 3. All systems that are desingularizable via Algorithm 1
are also desingularizable via Algorithm 2 and vice versa.

Example 3.14. For A as in Example 2.2 and q = z — 2 we have

0 z—2
-2(z+1) 3(z- 1))’

A= (z=-2A= (
M = 7q(A(2)A(z - DA(z - 2)) = A(2)A(1)A(0) = (_(12 (;) 40
N = mg(¢~>(A) = A(-1) = (g :2)

1q(A2)A(z - 1)A(z - 2)A(z - 3)) = A2)A(1)A(0)A(-1) = 0,

11
=2 2
o= 3}

1 (z+1) 0
(z-2) (—(z +1) 2(z- 2)) ’

We have s = 1, so with D = diag(¢?(q), 1) = diag(z, 1) we get

so k = 3. If we chose

then

H(U) AU = UT1AU =

— a1 -1 __1
B= 40 G0 AU = o

Note that, as expected, we have that
B(2)B(1)B(0) = 0.

z 0
—z(z+1) 2(z-—- 2)) ’

Here we can repeat the above process on B to desingularize as
much as possible the matrix A at ¢ = z — 2. In this particular
example g is removable by the transformation T = U - diag(z(z —
1)(z — 2), 1). Indeed, one can see that

Aty =g AT = d ) g):

has polynomial entries. The transformation T is the same as in
Example 3.11 up to a right factor diag(%, 1).


http://www.mjaroschek.com/systemdesing/

3.3 Rank Reduction
Consider a system [A]4 and let g be a $—minimal factor of den(A)
with multiplicity n > 1, such that [A] 4 the is not partially desingu-
larizable at g. This implies that there’s no positive integer k such
that relation (5) holds. As the quantity n cannot be reduced, it’s
natural to ask if it is possible to reduce the rank of the leading
matrix lcg(A) by applying a polynomial transformation T to [A].
We shall give a criterion for the existence of a polynomial trans-
formation T such ordg(T[A]g) = ordq(A) and rank(leq(T[A]y)) <
rank(lcg(A))

ProrosiTION 3.15. Let g € C[z] be a ¢-minimal pole of [A] 5. Let
A(z) = q"A(z), so that ordq(A) =0 and ﬂ'q(A) = lcg(A). Then a nec-
essary and sufficient condition for the existence of a polynomial trans-

formation T such that ordg(T[A]) = ordgq(A) and rank(lcq(T[A])) <
rank(lcq(A)) is that there exists a positive integer k such that

rank(zg(Ap1(A). .. §7F(A))) < rank(leq(A)). )

PROOF. Necessary condition: Suppose first that there exists a
polynomial matrix T with the desired properties and let B = T[A] 5.
Similarly to the proof of Proposition 3.12, one gets for all non-
negative integers k:

YOG B (q"B) ... ¢ (q"B) = Ag~'(A).... ¢~ (A ().
Since ordg(q"B) = 0 = ordq(A) and all the other factors in both
sides of this equality have non-negative orders at ¢ we get that

7g($(T)rq((4"B)rq(¢™ (q"B)... ¢ (¢"B)) =
1g(Ag~HA)... ¢ A)mg(™H (D).

By using the fact that the rank of a product of matrices is less or
equal to the rank of each factor we get that the rank of the prod-
uct in the right hand side of the previous equality is bounded by
rank(74((q"B))) = rank(lcq(B)) and hence

rank(rg(Ag L (A) ... ¢ K (A)mg(¢7F (1)) <
rank(lcg(B)) < rank(lcg(A)).
Now let k be the smallest positive integer such that the matrix
7g(T(z — k)) is of full rank. Then
rank(rg(Ag~1(A). .. ¢ K (A)) =
rank(rg(Ag~1(A). .. ¢~ F (A)rg(¢75(T))) < rank(leq(A)).
Sufficient condition: Let r = rank(lc(A)) and let k be minimal so
that (7) holds. Put

M = mg(Ap~Y(A)---¢F(A)) and N := mq(¢ 7 (A)).
By definition of k, the matrix M is nonzero, has the same rank r as
lcq(A) and we have the strict inequality
rank(M - N) < r = rank(M).
This implies in particular that rank(N) < d = dim(A). Let s :=
d — rank(N). As in the proof of Proposition 3.13, we can assume
that N has the following form:

— Os Os,d—s
Nz1 Noo |’

where Ny 1 and Ny 2 are matrices with entries in C[z]/(q) of size
(d—s)xs and (d — s)x(d—s) respectively, so that the last d—s rows of

N are linearly independent over C[z]/(q). Let M = (M; j)1<i j<2
be partitioned in four blocks as N. Then we have

M,z
Mz, 2

>

M~N:( )~(N2,1 No2).

As the matrix (No,1 Ny, 2) is of full rank, we get that

M2
Mz, 2

>

rank( ) =rank(M - N) <r.

Let A = (Ai’j)lgi’jgz be partitioned in four blocks as N. Then
nq(gzﬁ_k(Al,j)) = 0 for j = 1,2. Using the substitution Y = DX
where D = diag(¢¥1(¢)Is,1,_,), we get a system [Blg of the
form (6). with den(B) | den(A) and ordg(B) = ord4(A). Note that

1 ~ ~
”q(an) — ﬂq(¢k(q))Is Os,d—s . (”q(f}l,l) ”q(f}l,z) )
Od—s,s Lo T[‘](Azsl) T[q(AZ,Z)
(nqwk-l(q»ls os,d_s)
Od—s,s Li—s |-

It follows that if k > 2, then rank(r4(q"B)) = rank(lcq4(A)), but we

will prove that the factorial relation (7) holds for B := ¢"B with
k — 1 instead of k. As in the proof of Proposition 3.13, we have that

7q(¢~+ (D)) = nq(diag(gls, 14—)) = diag(Os,14_s).
hence

- 0) M
M - 7q (™51 (D)) = (oj Ml’i)’
=S >

whose rank is less than r. Now 74(¢(D)) = diag(ﬂq(¢k ()L, Iy_s)

is invertible (since g and ¢>k (q) are co-prime), it then follows that
rank(rq(B§ ™' (B) -+ ¢7F*1(B))) =
rank(M - 74(¢~**1(D)) < r = rank(lc4(B)).

If k — 1 is still positive then we can repeat this process on the
matrix B and the polynomial g until we arrive at k = 1. Then we

have that
_1
”q(an) — (”q( &(q) )IS Os,d—s . (Oos ]A\f[l,z) i
d-s,s La-s d-s 2,2
whose rank is less than r. ]

The proof of Proposition 3.15 suggests that Algorithm 2 can
be easily adapted to minimize the rank of the leading matrix of
a ¢-minimal pole. In particular, a T can be computed such that
ordp(T[Al4) > ordp(A) for p € C[z]. It is to note that rank reduc-
tion for a pole in A via Algorithm 2 comes at the potential cost of
an increase in order of a pole of A*, as the next example shows.

Example 3.16. Consider the system with

1
Z(Z N 1) 221 * #(z-1) z(—)l 0
A= 0 =z 5 A" = 0 = 0
0 0

0 0

N= O O

z—1

We have rank(lc;(A)) = 2 and ord,—1(A*) = —1, and computing a
rank reducing transformation for [A]4 via Algorithm 2 gives T =



diag(z, z, 1), which results in

2 1
zZZ2 0 0 G 0 0
TAlg =0 1 o), TA,=f o 1 1 [
o o 1 0 0 z-1

with rank(lcz(T[A]g)) = 1 and ord,—1(A*) = —2. We note that
we merely shifted an already present pole in A* to the right, as
opposed to adding a new factor to the system.

4 APPARENT SINGULARITIES

In this section we establish the connection between the analyti-
cal notion of apparent and removable singularities of meromor-
phic solutions and the algebraic concept desingularization of dif-
ference systems. The key observation is the fact that the factorial
relation (5) provides a sufficient condition for a singularity to be
removable..

PROPOSITION 4.1. Let { € Pr(A) be a pole of A of order v > 1
such that { — j ¢ P-(A) for all positive integers j. LetA=(z - VA,
so that A({) # 0. If{ is a removable r-singularity of [A], then there
exists a positive integer k such that

ADAC -1 A~ k) = 0.
In particular, the matrix A({ — j) is singular for some non-negative
integer j.

ProoF. Using a result due to Ramis [4, 14, 20], one can easily
prove that for any complex number 1 with —Re n large enough,
there exist a meromorphic fundamental matrix solution F(z) which
is holomorphic for —Rez large enough and satisfies F(n) = I;.
Choose a positive integer k such that —Re({ — k) is large enough
and take a fundamental matrix solution F(z) as above with F({ —
k) = 1. Then one can write

F(z+1) = A(z)A(z- 1)A(z - 2)--- A(z — k)F(z - k),
and hence
(z=0"F(z+1)=(z-{)"A(2)A(z— 1)A(z - 2) - - - A(z— k)F(z = k).
Taking the limit as z goes to {, we get that
0= AAC - DA = 2)--- A — k). o

COROLLARY 4.2. Let { € Pr(A) such that there is a ¢-minimal q
with q({) = 0. If { is a removable singularity of [A]y, then [A]y is
desingularizable at q.

ProoF. Let n := —ordg(A). We can apply Proposition 3.13 to
reduce the multiplicity of ¢ in den(A) fromnton—1. If n > 1,
q is still ¢p-minimal and { still removable, and we can repeat the
process until [A] is desingularized at g. O

5 CONCLUSION AND FUTURE WORK

In this paper we presented two algorithms to desingularize linear
first order difference systems and we explored the notions of appar-
ent and removable singularities. These topics have already been
studied in the context of difference operators, where usually the
solution space of a given operator is increased as a side effect of
the desingularization process. An interesting starting point for fur-
ther research is to investigate the relation of desingularization on

a system level and on an operator level in regard to this extension
of the solution space.

Concerning pseudo linear systems, we will continue our work
in several directions. We aim to establish a clear connection be-

tween removable singularities of a system [A] ; and the removable
singularities of [A*];sl, as well as the role of removable singular-

ities for extending numerical sequences. Furthermore, studying
desingularization at non-¢-minimal poles is a promising approach
for identifying poles that only appear in some components of fun-
damental solutions. We are currently also investigating how to
characterize poles in solutions that do not propagate to infinitely
many congruent points via gauge transformations.

Regarding complexity, it would be desirable to conduct a thor-
ough complexity analysis of desingularization algorithms. Finally,
as was shown in [10, 16], removable singularities of operators can
negatively impact the running time of some algorithms and it is
interesting to investigate whether similar effects occur for linear
systems.

REFERENCES

[1] S. A. Abramov, M. A. Barkatou, and M. van Hoeij. Apparent singularities of
linear difference equations with polynomial coefficients. Appl. Algebra Eng.,
Commun. Comput., 17(2):117-133, June 2006.

[2] S. A. Abramov and M. van Hoeij. Desingularization of linear difference opera-
tors with polynomial coefficients. In Proceedings of ISSAC 1999, pages 269-275,
1999.

[3] M.A.BarkatouandS.S. Maddah. Removing apparent singularities of systems of
linear differential equations with rational function coefficients. In Proceedings
of ISSAC’15, pages 53-60, New York, NY, USA, 2015. ACM.

[4] M.A. Barkatou. Contribution a I’étude des équations différentielles et aux
différences dans le champ complexe. PhD thesis, INPG,Grenoble France, 1989.

[5] M.A. Barkatou. Factoring systems of linear functional equations using eigen-
rings. In COMPUTER ALGEBRA 2006, Latest Advances in Symbolic Algorithms.
Proceedings of the Waterloo Workshop. Ontario, Canada, 2006.

[6] M.A.Barkatou and G. Chen. Computing the exponential part of a formal fun-
damental matrix solution of a linear difference system. J. Difference Eq. Appl.,
5(3):1—26, 1999.

[7] M.A.Barkatouand G. Chen. Some formal invariants of linear difference systems.
J. Reine Angew Math., 533(2):1-23, 2001.

[8] G.D. Birkhoff. Formal theory of irregular linear difference equations. Acta.
Math., 54:205-246, 1930.

[9] M. Bronstein and M. Petkovsek. An introduction to pseudo-linear algebra. The-
oretical Computer Science, 157:3-33, 1996.

[10] S. Chen, M. Jaroschek, M. Kauers, and M. Singer. Desingularization explains
order-degree curves for Ore operators. In Proceedings of ISSAC 2013, pages 157—
164, 2013.

[11] S. Chen, M. Kauers, and M. F. Singer. Desingularization of ore polynomials.
Journal of Symbolic Computation, 74:617-626, 2016.

[12] The Sage Developers. SageMath, the Sage Mathematics Software System (Version
8.1),2018. http://www.sagemath.org.

[13] P. Flajolet and R. Sedgewick. Analytic Combinatorics. Cambridge University
Press, New York, NY, USA, 1 edition, 2009.

[14] GK. Immink. On the relation between linear difference and differential equa-
tions with polynomial coefficients. Math. Nachr., 200:59-76, 1999.

[15] N.Jacobson. Pseudo-linear transformations. Annals of Mathematics, 33(2):484~
507, 1937.

[16] M. Jaroschek. Improved polynomial remainder sequences for Ore polynomials.
Journal of Symbolic Computation, 58:64-76, 2013.

[17] M. Jaroschek. Removable Singularities of Ore Operators. PhD thesis, RISC, Jo-
hannes Kepler University Linz, November 2013.

[18] M. Kauers and P. Paule. The Concrete Tetrahedron. Text and Monographs in
Symbolic Computation. Springer Wien, 1st edition, 2011.

[19] C.Praagman. Fundamental solutions for meromorphic linear difference equa-
tions in the complex plane, and related problems. Journal fiir die reine und
angewandte Mathematik, 369:100-109, 1986.

[20] J.-P. Ramis. Etude des solutions méromorphes des équations aux différences
linéaires algébriques. manuscript.

[21] H. Tsai. Weyl closure of a linear differential operator. Journal of Symbolic Com-
putation, 29(4-5):747-775, 2000.

[22] Y. Zhang. Contraction of Ore ideals with applications. In Proceedings ISSAC’16,
pages 413-420, New York, NY, USA, 2016. ACM.



	Abstract
	1 Introduction
	2 Difference Systems and Removable Singularities
	3 Removing r-Singularities
	3.1 -Minimal Desingularization
	3.2 Characterization of Desingularizable Poles
	3.3 Rank Reduction

	4 Apparent Singularities
	5 Conclusion and Future Work
	References

