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Abstract— Within a constructive homological algebra ap-
proach, we study the factorization and decomposition prob-
lems for general linear functional systems and, in particular,
for multidimensional linear systems appearing in control
theory. Using the concept of Ore algebras of functional
operators (e.g., ordinary/partial differential operators, shift
operators, time-delay operators), we first concentrate on
the computation of morphisms from a finitely presented
left module M over an Ore algebra to another one M,
where M (resp., M') is a module intrinsically associated
with the linear functional system Ry = 0 (resp., R z = 0).
These morphisms define applications sending solutions of the
system R’z = 0 to the ones of Ry = 0. We explicitly
characterize the kernel, image, cokernel and coimage of a
general morphism. We then show that the existence of a
non-injective endomorphism of the module ) is equivalent
to the existence of a non-trivial factorization R = Ry R; of
the system matrix R. The corresponding system can then
be integrated in cascade. Under certain conditions, we also
show that the system Ry = 0 is equivalent to a system
R’z = 0, where R’ is a block-triangular matrix. We show
that the existence of projectors of the ring of endomorphisms
of the module ) allows us to reduce the integration of the
system Ry = O to the integration of two independent systems
Ri1y1 = 0 and Rz y2 = 0. Furthermore, we prove that, under
certain conditions, idempotents provide decompositions of the
system Ry = 0, i.e., they allow us to compute an equivalent
system R’z = 0, where R’ is a block-diagonal matrix. Many
applications of these results in mathematical physics and
control theory are given. Finally, the different algorithms of
the paper are implemented in a package MORPHISMS based
on the library OREMODULES.
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I. INTRODUCTION

Many systems coming from mathematical physics, ap-
plied mathematics and engineering sciences can be de-
scribed by means of systems of ordinary or partial dif-
ferential equations, difference equations, differential time-
delay equations... If these systems are linear, they can
then be defined by means of matrices with entries in non-
commutative algebras of functional operators such as the
rings of differential operators, shift operators, time-delay
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operators... An important class of such algebras is called
Ore algebras ([12]). See also [14].

The methods of algebraic analysis give a way to in-
trinsically study a linear functional system by considering
its associated finitely presented left module over an Ore
algebra ([14], [28], [38], [40], [43], [61], [62]). This
idea is natural as the structural properties of the linear
functional systems can be studied by handling algebraic
manipulations on the system matrix of functional opera-
tors, i.e., by performing linear algebra over a ring which
is also called module theory ([29], [37], [56]). The tools
of homological algebra have been developed in order
to study the properties of modules ([56]), and thus, the
structural properties of the corresponding systems. Using
recent developments and implementations of Grobner and
Janet bases over Ore algebras ([12], [32]), it has been
shown in [14], [43], [44], [45], [46], [47], [53], [54] how
to make effective some of these tools as, for instance,
free resolutions, parametrizations, projective dimensions,
torsion-free degrees, Hilbert series, extension functors,
classification of modules (torsion, torsion-free, reflexive,
projective, stably free, free). Applications of these algo-
rithms in multidimensional control theory have recently
been given in [13], [14], [27], [40], [41], [43], [44], [45],
[46], [47], [51], [52], [53], [54], [55], [61], [62], [63].

Continuing the development of constructive homological
algebra for linear systems over Ore algebras and, in
particular [48], [53], [52], the first part of the paper aims
at computing effectively morphisms from a left D-module
M, finitely presented by a matrix R with entries in an
Ore algebra D, to a left D-module M’ presented by a
matrix R’. In particular, we show that a morphism from
M to M’ defines a transformation sending a solution of
the system R’ z = 0 into a solution of Ry = 0. In the case
where R’ = R, the ring endp(M) of endomorphisms of
M corresponds to the “Galois symmetries” of the system
Ry = 0. In the case of 1-D linear systems, we explain how
to find again classical results on the concept of eigenring
developed in the system theory and symbolic computation
literatures. Algorithms for computing morphisms are given
in the cases where the underlying Ore algebra is commuta-
tive or non-commutative. As an application, we show how
to use the computation of the morphisms from two modules
in order to obtain quadratic first integrals of motion and
conservation laws.

We then explicitly characterize the kernel, coimage, im-
age and cokernel of a morphism from M to M’ and deduce
a method to check the equivalence of the corresponding



systems Ry = 0 and R’z = 0. In Theorem 1, we prove
that the existence of a non-injective endomorphism of a
left D-module M, finitely presented by a matrix R with
entries in an Ore algebra D, corresponds to a factorization
of the form R = Ry Ry, where R, and R, are two matrices
with entries in D. As a consequence, the integration of the
system Ry = 0 is reduced to a cascade of integrations.
In Theorem 2, under certain conditions on the morphism
(freeness), we show that the system Ry = 0 is equivalent
to a system of the form

T1 T2 Z1 _
(o x)(5)=> o

where 17, T5 and T3 are three matrices with entries in D
and such that (1) has the same dimensions as R. We finish
the section by giving a way to constructively compute r-
pure autonomous elements of a linear system ([43], [51]).
In the fourth part of the paper, we show how to effec-
tively compute the projectors of endp (M) and we prove
in Theorem 3 that they allow us to decompose the system
Ry = 0 into two decoupled systems S;y; = 0 and
S5 y2 = 0, where S; and S, are two matrices with entries
in D. Consequently, the integration of the system Ry = 0
is then equivalent to the integrations of the two independent
systems S;y; = 0 and Sy yo, = 0. Then, under certain
conditions on the projectors (e.g., idempotent, freeness),
we prove in Theorem 4 that the system Ry = 0 is
equivalent to a block diagonal system of the form

T1 0 21 -
(0n)(5)= o

where T and T, are two matrices with entries in D and
such that (2) has the same dimensions as R. In particular,
these conditions always hold in the case of a univariate
Ore algebra over a field of coefficients (i.e., ordinary
differential/difference systems over the field of rational
functions) and in the case of a multivariate commutative
Ore algebras due to the Quillen-Suslin theorem ([35], [56])
(e.g., linear system of partial differential equations with
constant coefficients). Moreover, if some rank conditions
on the projector are fulfilled, then, using a result due to
Stafford ([37], [54]), we prove that a similar result also
holds for the Weyl algebras A,, (k) and B, (k) over a field
k of characteristic 0 (i.e., linear system of partial dif-
ferential equations with polynomial/rational coefficients).
Using recent implementations of both Quillen-Suslin and
Stafford results in the library OREMODULES ([13], [27],
[54], [55]), we obtain a constructive way to compute the
decomposition (2) of Ry = 0 when it exists.

We point out that, for all the above-mentioned results
and, hence, for all the corresponding algorithms, no con-
dition on the system Ry = 0 is required such as D-
finite, determined, underdetermined, overdetermined, i.e.,
this approach handles general linear systems over an Ore
algebra. To our knowledge, the problem of factoring or
decomposing linear functional systems has been studied
only for a few particular cases. For scalar linear differential

operators or linear determined differential systems, we
refer to [3], [7], [8], [11], [21], [23], [24], [25], [57], [59],
[60]. Generalizations to linear determined difference and
g-difference systems appear in [3], [9] and for D-finite par-
tial differential systems (and finite-dimensional determined
systems over a Ore algebra with rational coefficients), see
[34], [64], [65]. A more general work in that direction is
included in [33]. For similar cases where the base field is
of positive characteristic and also for modular approaches,
see [6], [15], [16], [17], [18], [22], [49].

All along the paper, we illustrate our results by consider-
ing some applications coming from mathematical physics
(e.g., Galois symmetries of the linearized Euler equations,
quadratic first integrals of motion and conservation laws,
equivalence of systems appearing in linear elasticity) and
control theory (controllability, r-autonomous elements, de-
coupling of the autonomous and controllable subsystems).

The different algorithms presented in the paper have
been implemented in the package MORPHISMS based
on the library OREMODULES ([13]). This package is
available on the author’s web pages and on the one of
OREMODULES (see [13] for the precise address) with a
library of examples which demonstrates the main results
of the paper.

II. MORPHISMS OF LINEAR FUNCTIONAL SYSTEMS

A. Finitely presented modules and linear functional sys-
tems

In this paper, we consider linear functional systems
defined by matrices with entries in an Ore algebra D
and we study them by means of their associated left
D-modules. In this first subsection, we gather many useful
definitions and properties on these concepts.

Definition 1 ([12], [14]): Let A be a commutative ring,
o an endomorphism of A, namely,

o(a+b) = o(a) + o (b),

Va,beA, { o(ab) = o(a)o(b),

and & a o-derivation, namely, 6 : A — A satisfies:

d(a+b) =d(a)+ d(b),

VCL,bEAy { 5(ab):0(a)5(b)+5(a)b

1) A (non-commutative) polynomial ring A[;c,d] in
0 is called skew if it satisfies the commutation rule:

Vae A, da=o(a)d+d(a). 3)

An element P of A[0;0,d] has the canonical form:

P= Zaiai, re€Zy, Vie{l,...,r}, a; € A.
=0

If a, # 0, then the order ord(P) of P is r.

2) Let k be a field and A be either k, the commutative
polynomial ring k[z1,...,x,] or the commutative



ring of rational functions k(z1, ...
polynomial ring

D= A[31;01751] s [am;gmaém]

, &, ). The skew

is then called an Ore algebra if the following con-
ditions are fulfilled:

vV1<id,5<m,
V1<j<i<m,
Vi<j<i<m.

g; 5j = (5]‘ [

0;(0;) = 0j,

3:(0;) =0,
An element P of D has the canonical form

pP= Z a, 0, re€ly, a, €A,

0<v|<r

where v = (v1,...,v,) € Z7 denotes a multi-index
of non-negative integers, |v| = v1 + -+ + v, its
length, and 0" = 97" - -- O4~.

We note that the commutation rule (3) must be under-
stood as a generalization of the Leibniz rule for functional
operators, namely, for an unknown y, we have:

day) = o(a) Dy +5(a) .

Let us give a few examples of skew polynomial rings
and Ore algebras.

Example 1: 1) Let k be a field, A = k, k[n] or
k(n), o A — A the forward shift operator,
namely, o(a)(n) = a(n + 1), and 6 = 0. Then,
the skew polynomial ring A[0;0,0] is the ring of
shift operators with coefficients in A (i.e., constant,
polynomial or rational coefficients).

2) Let k be a field, A = k, k[t] or k(t), 0 = ida
and § : A — A the standard derivation %. The
skew polynomial ring A [8;id,4,%] is then the
ring of differential operators with coefficients in
A (i.e., constant, polynomial or rational coefficients).

3) More generally, if & is a field and A is respectively k&,
klx1,...,zp] or k(z1,...,2,), then we can consider
0i = idA[(%;01751]"'[3171;%71,5171] and &;(a) = (%Il
the standard derivation of a € A with respect to z;.
Then, the Ore algebra A[d1;id, d1] -+ [On;id, &y is
the ring of differential operators with respectively
constant, polynomial or rational coefficients. The last
two algebras are called the Weyl algebras and they

are respectively denoted by:
An (k) = k[zq, ..., x,][01;1d, 01] - - - [On;1d, 6],
B, (k) = k(x1,...,2,)[01;1d, 61] - - - [On; 1d, 0, ].

4) Let k be a field, A = k, k[t] or k(t), and
A [31;idA, %] the ring of differential operators
with coefficients in A. Let h € R} be a positive
real and let us denote by os(a) = a(t — h) the
time-delay operator and d2(a) = O for all @ € A.

Then, A [81;id,4, %] [02; 09,0] is the Ore algebra
of differential time-delay operators with coefficients

in the ring A.

We refer the reader to [12] for more examples of
functional operators such as, for instance, difference,
divided difference, g-difference, g-dilation operators and
their applications in the study of special functions as well
as in combinatorics.

We recall that a ring A is said to be left noetherian
if every left ideal I of A is finitely generated as
a left A-module, namely, if there exists a finite
family {a;}i—1,.. i) of elements of A which satisfies
I'=Day+ -+ Day. A similar definition exists for
right noetherian rings.

Proposition 1 ([37]): If A is a left (resp., right)
noetherian ring and o is an automorphism of A, then
the skew polynomial ring D = A[d;0,d] is a left (resp.,
right) noetherian.

The examples of Ore algebras given in Example 1
are left and right noetherian rings. Moreover, they are
domains, namely, the product of non-zero elements is
non-zero.

Proposition 2 ([12]): Let k be a computable field (e.g.,
k=Q,F,), Abe either k, k[z1,...,x,] or k(z1,...,2x)
and A[01;01,01] ... [Om; Om, Om] an Ore algebra satisfying
the following conditions

0i(2;) = @ij Tj + bij,
di(x;) = cij,

for certain a;; € k\ {0}, b;; € k, ¢;; € A. If the ¢;; are of
total degree at most 1 in the x;’s, then a non-commutative
version of Buchberger’s algorithm terminates for any
monomial order on x1,...,%,, O1,...,0n, and its result
is a Grobner basis with respect to the given monomial
order.

Proposition 2 holds for the examples of Ore algebras
given in Example 1. In the rest of the paper, we shall
only consider left noetherian domains which satisfy the
hypotheses of Proposition 2.

In what follows, we shall assume that a linear functional
system (LFS) is defined by means of a matrix of functional
operators R € D9*P where D is an Ore algebra. Then,
we consider the D-morphism of left D-modules (i.e., the
left D-linear application) defined by:

.R

D1><q BRI D1><p7
Ay Ag) — (A, A R=
(22:1 )\i Ril, ey Z;‘Izl >\i Rip)(.4)



Generalizing an important idea coming from number the-
ory and algebraic geometry, we shall consider the left D-
module

M = Dlxp/(DIXq R)

which is the cokernel of the D-morphism defined by (4).

This idea can be traced back to the work of B. Mal-
grange ([38]) on linear systems of PDEs with constant
coefficients and it has been extended to the variable co-
efficients case by M. Kashiwara ([28]). We refer to [14]
for the extension to linear functional systems.

Finally, we note that if k£ is a field, V' a finite-
dimensional k-vector space of dimension p, E € kP*P
and D = k[X], the D-module defined by

D?/((X I, — E) D?) = D¥? /(DY (X I, — E)T)

plays a central role in the study of the reduction of the
endomorphism E of V (see [10]).

Before explaining the main interest of the left D-module
M, we first recall some basic concepts of homological
algebra used in the sequel. We refer the reader to [56] for
more details.

Definition 2: A sequence (M;,d;)icz, of left D-
modules M; and D-morphisms d; : M; — M;_;, with
the convention that M_; = 0, is said to be:

1) a complex if, for all t € Z, d; od;4+1 = 0 or, equiv-

alently, imd; 1 C ker d;. The defect of exactness at
M;; is then defined by H(M;) = kerd;/imd;;, and
the complex (M;, d;)icz, is denoted by:

di+1 di—l

dig2 d;
i+1 —>Mi —7>Mi—1 —_— ...

.

2) exact at M; if kerd; = imd; 14, i.e., H(M;) = 0.
3) exact if kerd; =imd,; 1, for all i € Z.

4) split exact if it is exact and there further exist left
D-morphisms s; : M;_ 1 — M, satisfying the
following conditions:

. si4108; =0
Vie Z+, ’ .
8;0d; +dip1 08541 = idpg-

The complex (M;_1,5;)icz, is then exact.

Using (4), we obtain the exact sequence
ptxa B pixp T, \f = DYXP /(DX R) — 0, (5)

where 7 denotes the canonical projection of D'*P onto
M that sends an element of D'*P onto its residue class in
M. The exact sequence (5) is called a finite presentation
of M and M is said to be a finitely presented left
D-module.

Let us describe M in terms of its generators and
relations. Let {e; }1<;<p (resp., { f; }1<;<q) be the standard
basis of D*? (resp., D'*%), namely, the basis of D'*?
formed by the row vectors e; defined by 1 at the i position
and 0 elsewhere. We denote by y; the residue class of e; in
M, 1ie., y; = w(e;). Then, {y;}1<i<p is a set of generators
of M as every element m € M is trivially of the form
m(w), where pu = (p1,...,1,) € DY*P, and thus, we
obtain m = 7(p) = Y b, pim(e;) = > by p1; yi- The left
D-module M is then said to be finitely generated. Now,
for j =1,...,q, we have:

fiR=(Rj1,...,R;p) € (D" R) = n(f; R) = 0.
Making explicit 7(f; R), we obtain:

P P
m(f; R) = ZRjkW(ek) = ZRjkyka J=1....q
k=1 k=1

Hence, the generators {y; }1<;<, of M satisfy the relations
22:1 Rjryr = 0 for j = 1,...,q, or, more compactly,
Ry =0 where y = (y1,...,yp) 7.

Example 2: Let us consider the equations of a fluid in
a tank satisfying Saint-Venant’s equations and subjected to
a one dimensional horizontal move, developed in [26]:

y1(t —2h) +yo(t) — 20(t — h) =0,
y1(t) +y2(t —2h) — 2u(t — h) = 0.

Let D = Q[01;1, 4][05;02,0] be the Ore algebra of
differential time-delay operators with coefficients in Q

defined in 4) of Example 1 and let us consider the matrix:
2
R 05 1 =200, C p2x3
1 05 —20,0,

The D-module M = D'*3/(D'*2 R) is then defined by
the following finite presentation:

(6)

)

0— px2 B pix3 7 4 g
To develop the relations between the properties of
the finitely presented left D-module M in (5) and the
solutions of the system Ry = 0, we need to introduce a
few more concepts of module theory (see [56] for details).

Definition 3: 1) Let N be a left D-module. We
denote by homp(M,N) the abelian group of
D-morphisms from M to N. If M has a D-D’
bimodule structure, i.e., M is a right D’-module
which satisfies (am)b = a(mb) for all a in D
and b in D’, then homp(M,N) inherits a right
D’-module. In particular, if D is a commutative
ring, then homp(M, N) inherits a D-module
structure.

2) If N = M, then we denote the non-commutative
ring of endomorphisms of M by endp(M).
Moreover, we denote by isop (M) the non-abelian
group of isomorphisms of M, namely, the group of



injective and surjective D-morphisms from M to M.

3) A finitely generated left D-module is called free if
M is isomorphic to a finite power of D, i.e., there
exists an injective and surjective D-morphism from
M to D7, where r is a non-negative integer.

4) A finitely generated left D-module M is called
projective if there exist a left D-module N and a
non-negative integer r such that that M@N = D'¥",
where & denotes the direct sum of left D-modules
and = an isomorphism. NN is then also projective.

5) A projective resolution of a left D-module M is an
exact sequence of the form

s py B p Bpy Yoo, (8)

where the P; are projective left D-modules. If all
the P; are free left D-modules, then (8) is called
a free resolution of M. Finally, if there exists a
non-negative integer s such that P, = 0 for all
r > s and the P; are finitely generated free left
D-modules, then (8) is called a finite free resolution
of M.

6) Let (8) be a projective resolution of a left D-module
M. We call truncated projective resolution of M the
complex defined by:

d: d d
Bop, 2op Y p .

Let us suppose that a finitely presented left D-module
admits a finite free resolution (we note that it is always
the case for the Ore algebras defined in Example 1 as it is
proved in [14]):

0 — pim L plxee T 0. (9)

Let F be a left D-module. Then, applying the functor
hom(+, F) to the truncated free resolution of M

R, "R .
0 — prxe B, oM pan S plxao g

we get the following complex (see [14], [56])

R;. Rs.

0 FP g B g0, (10)

where, for ¢ = 1,...,l, R;. : FPi-1 — FPi is defined
by (Ri)¢ = Ri¢ forall ¢ = (Ci,...,Gp, )T € FPi0.
We can prove that, up to isomorphisms, the defects of
exactness of (10) only depend on M and F and not on
the choice of the finite free resolution (9) of M. See [56]
for more details. In particular, we note that these defects of
exactness can be defined by using any projective resolution
of M and not necessarily a finite free resolution of M as
we have done for simplicity reasons. They are denoted by:

extd, (M, F) = kers(Ry.) = {n € F | Ryn = 0},
extl, (M, F) 2 kerg(R;y1.)/imz (R;.), > 1.

It is quite easy (see [56]) to show that
ext, (M, F) = homp(M, F),

which proves that the abelian group kerz(R;.) of F-
solutions of the linear functional system R;n = 0 is
isomorphic to homp (M, F). We refer to [14] for more de-
tails. The abelian group ker(R;.) is sometimes called the
behaviour of the left D-module M = D*Po /(D1XP1 Ry).
Moreover, if we want to solve the inhomogeneous system
Ry n = (, where ¢ € FP1 is fixed, then, using the fact that
(9) is exact, we obtain that a necessary condition for the
existence of a solution n € FP° is given by Ry ( = 0 as
we have:

R177=C:>R2(R177)=R2<:>R2<:O.

In order to understand if the compatibility condition
Ry = 0 is also sufficient, we need to investigate the
residue class of ¢ in ext} (M, F) = kerz(Rz.)/(Ry FP°).
If its residue class is O, then it means that { € FP!
satisfying Ro ¢ = 0 is such that ¢ € (Ry;FP0), ie,
there exists n € FP° such that Ry = (. The solution
n is generally not unique as we can add any element of
ker}-(Rl.) = {’f] e Fro | Rin= 0} to it.

Definition 4 ([56]): 1) A left D-module F is called
injective if, for every left D-module M, we have:

ext, (M, F) =0, i>1.

2) A left D-module F is called cogenerator if:

homp(M,F)=0= M =0.

If F is an injective left D-module, then Ro( = 0
is a necessary and sufficient condition for the existence
of n € FPo satisfying Ryn = (. Moreover, if F is a
cogenerator left D-module and M is not reduced to the
trivial module 0, then homp(M,F) # 0, meaning that
the system 17 = 0 admits at least one solution in FP°.
Finally, if F is an injective cogenerator left D-module,
then we can prove that any complex of the form (10) is
exact if and only if the corresponding complex (9) is exact.

Proposition 3 ([56]): For every ring D, there exists an
injective cogenerator left D-module F.

In some interesting situations, explicit injective
cogenerators are known. Let us give some examples.

Example 3: 1) If © is a convex open subset of R",
then the space C*°(Q) (resp., D'(2)) of smooth
functions (resp., distributions) on {2 is an injective
cogenerator module over the commutative ring
R[0y;id, 81] - - - [On; id, 6,] (see [38]).

2) If F is the set of all functions that are smooth on
R except for a finite number of points, then F is



an injective cogenerator left R(t) [0;idr(), 2]-
module. See [63] for more details.

To finish, let us recall two classical results of
homological algebra.

Proposition 4 ([56]): 1) Let us consider the follow-
ing exact sequence of left D-modules:

0— M - v -5 7 —.

If M" is a projective left D-module, then the previ-
ous exact sequence splits (see 4) of Definition 2).

2) Let F be a left D-module. Then, the functor
homp (-, F) transforms split exact sequences of left
D-modules into split exact sequences of abelian
groups.

B. Morphisms of finitely presented modules

1) Definitions and results: Let us first introduce a few
definitions of homological algebra concerning morphisms
of complexes. See [56] for more details.

Definition 5: 1) Let (P;,d;)icz, and (P}, d})icz,
be two complexes of left D-modules. A morphism
of complexes f : (P;, d;)icz, — (P}, d})icz, is a
set of D-morphisms f; : P, — P/ such that

djo fi = fi-10d;,

i.e., we have the following commutative diagram:

Vi>1,

d;

dit1
Pi+1 — P; — Py
| fim L #i 1 fica
/ d;+1 / d; /
Pi-‘,—l P1 Pi—l

2) A morphism of complexes
[ (Pidi)iez, — (P, d})icz,

is said to be homotopic to zero if there exist D-
morphisms s; : P; — P/, such that:
Vi>1, fi=dj 08 +s_10d;.
By extension, two morphisms of complexes
L (Pidi)iez, — (P d})icz.

are homotopic if f — f’ is homotopic to zero.

3) A morphism of complexes
[ (Pidi)iez, — (P, d})icz,

is called a homotopy equivalence or a homotopism
if there exists a morphism of complexes

g: (P, d})icz, — (Pi,d;)icz,

such that fog—idps and go f —idp are homotopic
to zero, where idp = (P;,idp,)icz - The complexes
(P;,di)icz, and (Pj,d})iez, are then said to be

K3

homotopy equivalent.

We have the following important result. See [47], [56]
for a proof.

Proposition 5 ([47], [56]): Let (P, d;)icz,  (resp.,
(P/,d})iez,) be a truncated projective resolution of M
(resp., M'). Then, a morphism f : M — M’ induces a
morphism of complexes f : (P;, d;)icz. — (P}, d;})icz,
defined uniquely up to a homotopy.

Conversely, a morphism of complexes

[ (P di)iez, — (P, d})icz,

from a truncated projective resolution (P;,d;)icz, of M
to a truncated projective resolution (P}, d});cz, of M’
induces a morphism f : M — M’.

We deduce the following interesting corollary.

Corollary 1: Let
pxa B ptxr TLar o,
pixd i’) pLxp’ L M —0,

be a finite presentation of respectively M and M’.

1) The existence of a morphism f : M — M’ is
equivalent to the existence of two matrices

Pe DM Qe DX

satisfying the commutation relation:

RP=QR. (11)
We then have the commutative exact diagram:
D1xa _R) Dlxp BN M —0
l.Q L.p L
Dlxq’ ﬂ) D1><p/ 7"_’) M’ — 0.
(12)
2) Moreover, if we denote by R, € D" *? the matrix
satisfying

kerD(.R') = D1><r' RQ,

then P and @ are defined up to a homotopy, i.e., the
matrices

?:P—f—ZlR/7
Q=Q+RZi+ Zy Ry,

where Z; € DPX? and Zo € D" are two
arbitrary matrices, also satisfy the relation:

RP=QR.
3) Finally, for all m € M, we have f(m) = ©’(AP),

where A € D1*? is any element such that m = ().

In the particular case where R’ = R, from Corollary 1,
we obtain that the existence of an endomorphism f of M



is equivalent to the existence of two matrices P € DP*P
and @) € D9%? satisfying the commutation relation:

RP=QR. (13)

Before illustrating Corollary 1, let us give a direct
consequence of this corollary which shows one interest
of computing morphisms between finitely presented left
D-modules.

Corollary 2: With the same hypotheses and notations as
in Corollary 1, if F is a left D-module, then the morphism
f* of abelian groups defined by

V(e P, () = P,

sends the elements of kerz(R'.) to elements kerrz(R.),
i.e., F-solutions of the system R’ = 0 to F-solutions of
the system Rn = 0.

Proof: Applying the right-exact functor homp (-, F)
(see [56]) to the exact commutative exact diagram (12),
we obtain the following exact commutative exact diagram:

0
1

coker f*
i
homp (M, F)
Tr
homp (M’, F)

1
ker f*

1
0

F4 s Fp il
TP

F¥

«— 0

ﬂ «— 0.

Up to an isomorphism, we have seen at the end of the
previous subsection that we can identify homp (M, F)
(resp., homp(M’, F)) with kerz(R.) (resp., kerx(R'.)).
A chase in the previous exact diagram easily proves that,
for all ¢ € kerz(R'.), we have f*(¢) = P( € kerg(R.).
|
Remark 1: From Corollary 2, we see that the
computation of morphisms from a finitely presented
left D-module M to a finitely presented left D-module
M’ gives some kind of “Galois symmetries” which send
solutions of the second system to solutions of the first one.
This fact is particularly clear when we have M = M’: we
then send a solution of the system to another one.

As an example, we now apply Corollary 1 to a
particular case and recover in a unified way the so-called
eigenring introduced in the literature (see [59], [3], [9],
[15], [16], [22], [65]).

Example 4: Let D = A[0;0,0] be a skew polynomial
ring over a commutative ring A and E, F' € AP*P. We
consider the matrix R = (81, — E) € DP*P (resp., R’ =
(0I,—F) € DP*P) of functional operators and the finitely

presented left D-module M = D'*P/(D'*P R) (resp.,
M’ = DY*P/(DY*P R)). Let  (resp., 7’) be the canonical
projection of D*P onto M (resp., M’) and {e; }1<i<, the
standard basis of D'*P. As we have seen in Subsection II-
A, {yi = 7(ei) hr<icp and {z; = 7'(ei) hr<icyp satisfy:

Oy = >25_1 Eij yj,
aZi = Z?:l Fij Zj,

Let f be a morphism from M to M’. Then, there exist
Pij €D (i,j=1,...,p) such that f(yz) = Z?:l Pij Zj.
Using (14), we easily check that we can always suppose
that all the P;; belong to A, ie., P € AP*P. By Corol-
lary 1, there exists () € DP*P satisfying (11).

Clearly, f is the zero morphism if and only if there exists
a matrix Z € DP*P satisfying P = Z R'. As the order of
P is 0 and that of R’ is 1, we obtain that Z = 0, i.e.,
P=0and Q =0.

Now, let us suppose that P and @ are different from
zero. As both the orders of RP and R’ in O are 1, we
deduce that the order of Q must be 0, i.e.,, Q € AP*P,
Then, we get:

(11) < (0I,—E)P=Q (I, F)
& o(P)O+6(P)—EP=Q3—QF
& (o(P)— Q)0+ (5(P)— EP+QF)=0.(15)

1=1,...,p,

14
1=1,...,p. (14

The first order polynomial matrix in the left-hand side of
Equation (15) must be equal to 0 so that:

(15) & { 9=0lP), (16)
§(P)=EP —o(P)F.

We then obtain the following commutative exact diagram:

0—s  Dxp Bope T oy 0
| .o(P) l.p Lt
00— D1xp L ope T, 0.
(17)

Conversely, if there exist P € AP*P and ) € AP*P
which satisfy (16), we then check that we have (11), i.e.,
the commutative exact diagram (17) where the morphism
f: M — M’ is defined by

VmeM, f(m)=n'(AP),

where A € D'*? is any element such that m = ().

The previous results prove that we have:
homp (M, M") = {f : M — M"| f(y:) = 327_, Pij %>
i=1,...,p, P AP*? §(P)=EP —o(P)F},
endp(M) = {f: M — M| f(yi) = >5_, Pij yj
i=1,...,p, P€ AP*? §(P)=EP— PE}.

For instance, if we consider the ring A = k[t] or k(t)
and D=A [8; id4, %], then (16) becomes

{ Q(t) = P(t),

. (18)
B(t) = E(t) P(t) - P(t) F(1),



whereas, if we consider the ring A = k[n] or A = k(n)
and D = A[0;0,0] with o(a)(n) = a(n + 1), then (16)
gives:

Qn = 0(

En Pn -

We find again in a unified way known results concerning

the eigenring of a linear system (see [59], [3], [9], [15],
(161, [22], [65]).

Finally, if F is a left D-module, then applying the

functor homp(-, F) to the commutative exact diagram
(17), we obtain the following commutative exact diagram:

Pn):Pn+1a

(19)
o(Py)F, =E, P, — Py, F, = 0.

R.

FP — FP «— homp(M,F) «—0
T o(P). TP T
FP Lo homp(M',F) +«— 0.

If » € homp(M’, F), ie., n € FP is a solution of the
system 0n = F'n, then the previous commutative exact
diagram shows that { = Pn is a solution of ¢ = FE (,
ie., ¢ = f*(n) € homp(M,F). Indeed, we have:
0C—E¢=0(Pn)—E(Pn)
=0o(P)on+6(P)n—(EP)n
=o(P)(@n—Fn)=0.

For instance, if D = A |0 [ ;id 4, %], using (18), we obtain:
d¢(t) — E(t)¢(t) =0 (P(t)n(t)) — (E() P(t))n(t)
= P(t) d(t) — P(t)n(t) — (E P)n(1)
= P(t) (On(t) — Fn(t)) = 0.
If we now consider D = A[0; o, 0], using (19), we have:
Cn+1 - En Cn = pt+1Tn+1 — En Pn Mn
— I'n+1 (nn+1 - Fn nn) =0.

2) Algorithms: Before giving two algorithms for the
computation of morphisms between two finitely presented
left modules, we first recall the notion of the Kronecker
product of two matrices.

Definition 6: Let E € D?*P and F € D"™° be two
matrices with entries in a ring D. The Kronecker product
of I/ and F', denoted by ' ® F, is the matrix defined by:

En F E, F

E®F = e plarx(ps).
EqF E, F
The next result is very classical.

Lemma 1: Let D be a commutative ring, £/ € D"*9,
F € D9%P and G € DP*™ three matrices. If we denote
by tow(F) = (Fle,...,Fye) € D'¥9P the row vector
obtained by stacking the rows of F' one after the other,
then the product of the three matrices can be obtained by:

EFG =row(F)(ET ®G).

We point out that Lemma 1 is only valid for commu-
tative rings. Let us consider a commutative ring D and
the matrices R € DI%P, R’ €¢ D9*P P ¢ DP*P and
Q € D?%7, Then, from the previous lemma, we have

RP=RPI, =row(P)(RT @ I,),
QR =1,QR =row(Q) (I, ® R'),

which implies that (11) is equivalent to:
) - O

RT® Ip/
-I,® R’

This leads to an algorithm for computing matrices

P € DP*P and Q € D9 satisfying (11) in the case
where the Ore algebra D is commutative.

(row(P)  row(Q)) (

Algorithm 1:
D and two matrices R € DI%? and R’ €

o Input: A commutative Ore algebra
DI,

o Output: A finite family of generators { f;};c; of the
D-module homp (M, M"), where
M:DIXP/(Dlqu)7 M/:Dlxp'/(Dlxq/ R/)7

and e;ach fi is defined by means of two matrices P,
and @; satisfying the commutation relation (11), i.e.:

VAe DY fi(r(\) =7 (AP, icl.
1) Form the following matrix with entries in D:
RT® Ip/

I, ® R’

X

2) Compute kerp(.K), i.e., the first syzygy left D-
module of D1*Pr'+ad) by means of a compu-
tation of a Grobner basis for an elimination order
(see [14]). We obtain a matrix L € Dsx(Pp'+ad)
satisfying:

) e Der'+ad)xap”

kerp(.K) = D™ L.

3) For:=1,...,s, construct the following matrices

Pi(j, k) =ri(L)(L,(G = 1) p' + k),

Ql(lam) = Ti(L)(lapp/ + (l - 1) q/ + m)a
where 7;(L) denotes the i'" row of L, E(i, j) the i x j
entry of the matrix F, j =1,...,p, k=1,...,p/,
l=1,...,qand m =1,...,q". We then have:

RP; :QiR/v

Compute a Grobner basis G of the rows of R’ for
a total order.

i1=1,...,8
4)

5) Fori=1,...,s, reduce the rows of P; with respect

to G by computing their normal forms with respect
to G. We obtain the matrices P; which satisfy

where Z; € DP x4q" are certain matrices which can
be easily obtained by means of a factorization (see



[13] for details).

6) Fori=1,...,s, define the following matrices
Q:=Qi+RZ.
The pair (P;, Q;) then satisfies the relation:
RP,=Q;R.

Remark 2: 1f we denote by R, € D" *? a matrix
satisfying kerp(.R) = D'*™ Ry, we then note that any
matrix of the form

@i:Qi+RZi+ZZ{ %

where Z{ € D> ig an arbitrary matrix, also satisfies
the relation R P; = Q; R’.

Remark 3: As D is a commutative ring, we know that
homp(M, M’) has a D-module structure. In particular,
if {fi}ier is a family of generators of homp (M, M)
defined the pairs of matrices (P;, Q,), then any element
f € homp (M, M’) has the form f =3, ; o fi, where
«a; € D for i € I, and f can then be defined by the pair:

(Z a;i P, Y o Qi) :
icl el

Example 5: Let us consider again Example 2. Applying
Algorithm 1 to the matrix R defined by (7), we obtain that
the D-endomorphisms of M are generated by the matrices

aq
P, = g +20401 + 20501 09
g 02 + as
s 2 a3 01 0
a1 — 20401 — 20501 0o 2 a3 01 0y ,
—0y 02 — as o1 + o+ as (85 +1)
and

041—204481

e = ( ag +2a5 01 02
where aq, ..

¥V A e DI*3

oy + 2040
051—20158182 ’

., a5 are arbitrary elements of D, i.e.,
fa(m(N) = m(A Pa).

As it is noticed in 1) of Definition 3, if D is a
non-commutative ring, then homp (M, M') is an abelian
group or an infinite-dimensional k-vector space. Hence,
the only possibility to access to homp (M, M’) is to
use a certain filtration, i.e., to only consider morphisms
of homp(M,M’) which can be defined by means of
a matrix P with a fixed total order in the functional
operators 0;, and a fixed degree in x; for the numerators
and denominators of the polynomial/rational coefficients.
We obtain the following algorithm:

Algorithm 2:  « Input: An Ore algebra D, two matri-
ces R € D9*P, R' € DY *?" and three non-negative
integers «, 3, 7.

o Output: A family of pairs (P;, Q,)ics satisfying:

RP;=Q; R,

ordp(P;) < a, ice., Py =304 ,1<a al ov.
and V0 < |v] <« af,i) € A satisfies :
degx(num(al(,i))) < B,

degx(denom(a(yi))) <,

where ords(P;) denotes the maximal of the total
orders of the entries of P;, degx(num(a(yi))) (resp.,
degm(denom(a,(,i)))) the degree of the numerator
(resp., denominator) of a,(f). For all ¢ € I, the
morphisms f; are then defined by:

VAE DT fi(n(N) = 7' (AP;).
1) Take an ansatz for P satisfying the input

P(ig)= Y afo", 1<i<p 1<j<yp,
0<|v|<a

where ag’j ) is a rational function whose numerator

(resp., denominator) has a total degree 3 (resp., 7).

2) Compute R P and denote the result by F.
3) Compute a Grobner basis G of the rows of R'.

4) Reduce the rows of F with respect to G by
computing their normal forms with respect to G.

5) Solve the system for the coefficients of a,(f’j ) so
that all the normal forms vanish.

6) Substitute the solutions into the matrix P. Denote
the set of solutions by {P;};c;.

7) For i € I, reduce the rows of P; with respect to G
by computing their normal forms with respect to G.
We obtain P; for i € I.

8) Using rj(RP;) € (DY R, j = 1,...,q, where
r;(RP;) denotes the jM row of RP;, compute
a matrix Q; € D*? satisfying RP; = Q, R, i € I.

Let us illustrate Algorithm 2 by means of an example.

Example 6: We consider the so-called FEuler-Tricomi
equation 0% u(z1, x2) —x1 05 u(x1,2) = 0 which appears
in the study of transonic flow. Let D = A5(Q) denote the
Weyl algebra, R = (07 — 11 05) € D and M = D/(D R)
be the associated left D-module. Using Algorithm 2, we
can compute the endomorphisms of M defined by P € D
with given total order in O; and total degree in x;. We



denote by endp(M)q s the Q-vector space of all the
elements of endp (M) defined by a differential operator
P, g which total order (resp., degree) in 0; (resp., ;) is
less or equal to « (resp., 3), where o and 3 are two non-
negative integers. Below is a list of some of these vector
spaces obtained by means of Algorithm 2:

. eIldD(M)070 is defined by P = Q =a, ac Q
e endp(M); 1 is defined by
P=a +a282+%a3m282+a3x181,
Q= (a1+2a3) +asdo + 2 a3 02 + az a1 01,

where a1, as and ag € Q.
e endp(M)say is defined by:

P=Q=aj+a0y+a3d3, ay,aza3€qQ.

.,a5 € Q)

P=a —‘ragag-‘r%agxgag—l-agﬂ?lal
+a48§+%a5x28§+a5x1 Oy 0s,
Q= (a1 —|—2a3)+a282+%a3x262—|—a3x131

e endp(M)sy, is defined by (aq, .

+a4822+a5x13182+2a55‘2+%a5z26§.

Remark 4: If D is a non-commutative ring, we
then note that homp (M, M’) is generally an infinite-
dimensional k-vector space and an abelian group. In par-
ticular, hom p (M, M’) has no non-trivial module structure,
a fact implying that there does not exist a finite family of
generators of homp (M, M’) as a left or right D-module.

However, if M and M’ are two finite-dimensional k-
vector spaces (e.g., the linear systems defined in Exam-
ple 4, connections, D-finite modules [12]), we can then
compute a basis of the finite-dimensional k-vector space
homp (M, M’). In order to do that, we need to know some
bounds on the orders and degrees of the entries of solutions
of (11) so that we can know whether or not Algorithm 2
finds a k-basis of the morphisms. In some cases, such
bounds are known. Let us recall some known results.

In Example 4, we saw that if D = A[0; 0, 0] was a skew
polynomial ring over a commutative ring A, E, F € AP*P
and R = (01, — E), R = (01, — F), the morphisms
from M = D'*?P/(D'*P R) to M' = D*?/(D*P R)
are defined by means of matrices P € AP*? satisfying:

§(P)=EP—o(P)F. (20)

Hence, we need to solve (20). There are two main cases:

1) If A=k[t] or k(t) and D = A [9;id 4, <], then (20)

becomes P(t) = E(t) P(t) — P(t) F(t). A direct

method to solve the previous linear system of ODEs

is developed in [7]. Another method, based on the

fact that the entries of the matrices F, F' and P

belong to a commutative ring A, uses the equivalent

of the previous system with the following first order
linear system of ODEs

S(row(P)) = row(P) (E* ®1I,)— (I, F)), (21)

where & denotes the Kronecker product (see
Definition 6). Hence, computing homp (M, M’)
is equivalent to computing the A-solutions of an
auxiliary linear differential system (21) (see for
example [7], [15], [16], [22], [59]). Consequently,
we can use the bounds appearing in [2], [4] on
the degrees of numerators (and denominators) of
polynomial (rational) solutions to deduce bounds
on the entries of P. We note that in that case, the
matrices P and @) have necessarily 0 order. We
may precise that these bounds depend only on the
valuations and degrees of the entries of the two
matrices £ and F.

2) If we consider the ring A = k[n] or A = k(n)
and D = A[0;0,0] with o(a)(n) = a(n + 1), then
(20) becomes P, 1 F,, = E,, P,. A direct method
to solve the previous linear difference system is
developed in [5]. Another one, based again on the
fact that the entries of the matrices F,, F,, and P,
belong to a commutative ring A, uses the equivalent
of the previous system with the following first order
linear discrete system:

row(Py11) (EL @ 1) = row(P,) (I, ® F,). (22)

Moreover, if E € GL,(A), ie., the matrix E is
invertible, then (22) becomes

row(Pat1) = row(P,) (I, ® F) (EX © ,) 7).

As in the differential case, some bounds exist on the
degrees of numerators (and denominators) of polyno-
mial (rational) solutions of the previous system (see
[11, [5]), and thus, for the matrices P and Q.
Finding bounds in more general situations is a subject
for future researches.

3) Applications: quadratic first integrals of motion
and conservation laws: We give two applications which
illustrate the interest of the computation of morphisms in
the search of quadratic first integrals of motion of linear
systems of ODEs and quadratic conservation laws of
linear systems of PDEss.

We consider the Ore algebra D = A [3; idA,%] of
ordinary differential operators with coefficients in the k-
algebra A (e.g., A = k[t], k(t)), where k is a field, and
the matrix R = (01, — E) € DP*P. Using (18), we
easily check that any solution P € AP*P of the following
Liapunov equation

P(t)+ ET(t) P(t) + P(t) E(t) = 0

defines a morphism from the left D-module
M = DY?/(D'PR) to the left D-module
M = DY*?/(D*P R), where R = (01, + ET) € DP*P
denotes, up to a sign, the formal adjoint of R.

We recall that the formal adjoint R of a matrix R of
differential operators is obtained by contracting the column



vector R 7 by a row vector A and integrating the result by
parts (see [44], [45], [46]). Hence, there exists a bilinear
application ® which satisfies:

<MRp>=<RA\n>+0(®(\1n).  (23)

In particular, in our case, we have:

Moon—En)=-nt ON+ETN)+0(n"N). (24

If F is a left D-module and n € FP satisfies the system
on — En = 0, then, following the results obtained in
Example 4, A = P17 is a solution of 9\ + ET X\ = 0.
Hence, using (24), we then get

d(n" A)

which proves that the quadratic form V' = nT P is a first
integral of the motion of the system dn— E'n = 0. Hence,
we obtain that there exists a one-to-one correspondence
between the quadratic first integrals of the motion
of the form V = nT Pn, where P € AP, of the
system 97— E'n = 0 and the morphisms between the left
D-modules N and M, i.e., the elements of homp (N, M).

=0(n" Pn) =0,

Let us illustrate the previous result.

Example 7: Let us consider the example of a linear
system of ODEs defined in p. 117 of [30]. In order to do
that, let us introduce the following matrix of coefficients

0 1 0 O

—w2 0 (6% 0 4><4
E=1 ¢ o o 1 |€Qwa)
0 0 —w? «

the ring D = Q(w, ) [8;id, dt] of differential operators,
the matrix R = (0 I,—FE) € D*** of differential operators
and the D-module M = D'**/(D*** R). Then, we have
R = (0I; + ET) and N = D" /(D'**R). Using
Algorithm 1, we obtain that an element of the D-module
homp (N, M) can be defined by means of the matrix

C1 w4 C2 w2
—C2 w2 C1 w2
P = 2 2
—wi(pa—cy) —cw'—cra
C1 w2 Co
—w? (e a+ c3) ¢ w?
—C1 w? + Co —Co
c1 (a? + w?) —cia+cy |
—C1 X — C2 C1

where c¢; and ¢y are two constants, which leads to the
quadratic first integral V(z) = 27 P, ie.

Vir) = cwir(t)?—2caw?z(t)zs(t
+2c1 w? g () 24(t) + 1 w? wo(t)?
—2c1w? mo(t) w3(t) + 1 a® 23(t)?
+erw? w3 (t)? — 21 axs(t) za(t)
+ey ()2

More generally, let us consider a matrix R € D?*? of
differential operators, R € DP*? its formal adjoint and the
finitely presented left D-modules M = D'*?/(D'*4 R)
and N = D'*9/(D'P R). Let us suppose that there exists
a morphism f from N to M defined by P € D?*P and
Q@ € DP*4, ie., we have the commutative exact diagram:

D1><p _R) D1><q L/} ]’\7 —50
l@e L.P L
pixa Boopbe Tooar L,

Applying the right exact functor homp (-, F) to the pre-
vious commutative exact diagram, we then obtain the
following commutative exact diagram

Fpo L Fi  kerp(R) «—0
Te TP Tr
Fi o A oF kerg(R.) «— 0,

where f*(n) = Pn. Hence, if n € FP is a solution of
Rn =0, then A = P17 is a solution of R\ =0 as:

= Q(Ry) =0.

Therefore, using (23), we obtain that V = ®(Pn,n) is a
quadratic first integral of the motion of system Rn = 0,
i.e., V satisfies 0V = 0.

R(Pn)

An extension of the previous ideas exists for the
computation of quadratic conservation laws of linear
system of PDEs, namely, a vector ® = (®4,...,®,)7
of quadratic functions of the system variables and their
derivatives which satisfies div® = Y I  9;®; = 0,
where n denotes the number of independent variables. Let
us give a simple example as the general theory follows
exactly the same lines.

Example 8: Consider the PDE A y(x1,x2) = 0, where
A= +03eD=0Qonid 2] [0 2] is the
Laplacian operator. Multiplying A y(x1, z2) by a function
A1, z2) and integrating the result by parts, we obtain:

AAy)—(AN)y
=01 (AO1y) — (1 N)y) + 0o (A (Day) —
(25)

Using the fact that R = A is a differential operator
with constant coefficients and R = R, we then obtain
homp(N, M) = endp(M) = D. Hence, if F is a D-
module (e.g., C*°(R2)), then, for all @ € D and y € F
satisfying Ay = 0, A = ay is then a solution of A\ = 0.
Substituting A = ay in (25), we finally obtain

(02 \)y)-

divd =01 &1 + 0> Py =0,

with the notation:
0

®— (ay) (Ory)

(a

—y(01ay)
y) (D2y) '

-y (G2 y)



III. REDUCIBLE MODULES AND FACTORIZATIONS
A. Modules associated with a morphism and equivalences

Let f : M — M’ be a morphism between two left
D-modules. Then, we can define the following left D-
modules:

ker f = {m € M| f(m) = 0},
imf={meM|ImeM: m = f(m)},
coim f = M/ ker f,
coker f = M’ /im f.

Let us explicitly characterize the above-mentioned
kernel, image, coimage and cokernel of a morphism

f + M — M’ between two finitely presented left
D-modules M and M'.

Proposition 6: Let R € DY*P, R' € DI xp’
M =DV? /(D' R), M’ =D"" /(D' R)).

Let f : M — M’ be a morphism defined by two matrices
P e DP*P and Q € D?7*? satisfying (11). Then, we have:

1) ker f = (D**" S)/(D**9 R), where S € D™*P is
the matrix defined by:

ker (( 1]; )) =DV (§ -T), TeD*.

(26)
2) coim f = DY*P/(DI*" §),

3) im f = <D1X<P+q’> ( 1]; >> /(D4 R'),
4) coker f = DY*P'/ (Dlx(“q/) < ]1;, >)

Proof: 1. Let m € ker f and write m = 7(\) for a
certain A € DY*P. Then, f(m) = 7/(A P) = 0 implies that
AP e (D' R'), ie., there exists ;. € D' satisfying
AP = uR'. Hence, m = 7(\) € ker f implies that there
exists pu € D'*4" guch that AP = i R'. Conversely, we
easily check that any element of

O\ —u)ekerD<.<J§, >)

gives m = m(\) € ker f, which proves the result.

2. Using the canonical short exact sequence
0 — ker f — M - coim f — 0,

where ¢ (resp., p) denotes the canonical injection (resp.,
surjection), and the fact that M = D'*P/(D'*9 R) and
ker f = (D'*78)/(D'*?R), we obtain the following
exact sequence

0 — (Dlxr S)/(Dlxq R) L Dlxp/(Dlxq R)

P .
— coim f — 0,

which proves that coim f = D'*P /(D" S) (see [56]).

3.Forall A € D'*? we have f(m(\)) = «’(\ P), which
clearly proves that we have:

im f = <D1X<P+q’> ( }J; )> /(DY R).

4. Using the canonical short exact sequence
0 — im f - M’ % coker f — 0,

where j (resp., o) denotes the canonical injection (resp.,
surjection), and the fact that M’ = D**?' /(D**4" R') and
im f = (D*? P+ D'*4 R")/(D'*4" R'), we then obtain
the following exact sequence

0— <D1X(P+q’) ( ]]; )> /(DY R

SR DY<¢' /(D4 R') -Z coker f — 0,

which proves that:

coker f = D'/ (Dlx(p+q/) ( ]I;, )) .

|

Let us state the first main result of the paper.

Theorem 1: With the notations of Proposition 6, any
non-injective morphism f : M — M’ leads to a non-
trivial factorization of R € D?*P of the form R = L S,
where L € D7%" and S € D"*P.

Proof: Using (26) and the fact that RP = Q R/, i.e.,

w - p )=

we obtain that (D**9 (R —Q)) € (D" (S -T1)),
and thus, there exists a matrix L € D9*" satisfying:
R=1LS,
27)
Q=LT.

We then obtain the following commutative exact diagram

0
l
0 ker f
1 l
pixa “Hoopixe Ty L0 (28)
l.L H Lo
pyr B pbe K coimf — 0,
1 1
0 0

where p : M — coim f denotes the canonical projection.
|

Let us illustrate Theorem 1 by means of an example.



Example 9: We consider the linearized Euler equations
for an incompressible fluid (p. 519 of [36])

div ¥(z,t) =0,
0v(z,t)
ot
where ¥ = (vy,v9,v3)T (resp., p) denotes the perturbations

of the speed (resp., pressure) around a steady-state position
and x = (1, z2,x3). If we denote by D the Ore algebra

.. 0 ., 0 .0 .0
Q |:817 lda 3x1] |:827 1d7 8$2:| |:ad7 ldv 85U3:| |:at7 1d7 at:|

of differential operators with rational constant coefficients,
the system matrix corresponding to (29) can be defined by:

(29)
+ grad p(z, £) = 0,

01 0y 03 O
1o 0 0 & 4x4
R= 0 9, 0 8 e D%,
0 0 0y 05

Let M = D*4/(D'** R) be the left D-module associ-
ated with the system (29). An endomorphism f of M is
defined by the matrices:

0 0 0
82 —0y0s
—0,05 02
0 0

0 0 0
0o 0 0
0 82  —0,0s
0 —0,05 02

We then obtain the following factorization R = L S where:

1 0 0 O
02 O3
-0y 0
0 615
0 0

P:

O O OO

Q=

O OO O oo

o

n

Il
cococo
—_o oo

(e}
OO O =
O)l—‘OO
—_ o O O
PP o

3

We can check that ker f = (D'*58)/(D***R) # 0,
which shows that R = L S is a non-trivial factorization of
R. The solutions of the system S7 = 0 are in particular
solutions of Rn = 0. If we consider F = C'*°(12), where
() is an open convex subset of R*, we easily check that
all F-solutions of S = 0 are given by
T
0) , (30)

. (07 06(x)  OE()

8$3 ’ 833‘2 ’

where ¢ is any function of C>°(£2 N R3). In other words,
(30) gives a family of stationary solutions of (29).

Let us state a useful lemma.

Lemma 2: Let R € D9*P, R' € D?*P, R" ¢ DI*¥
be three matrices satisfying the relation R = R” R’ and
let T € D" %4 be such that kerp(.R') = D" T’. Let
us also consider the following canonical projections:

w1 (D7 R') — M; = (D9 R') /(D' R),

My : DV¥4" — My = DYX4' /(D'X4 R 4 DY T7).
Then, the morphism v defined by

My — M

my =m2(A) +— P(ma) =m(AR),

is an isomorphism and its inverse ¢ is defined by:
¢: My — M,

mi =m(AR) —  ¢(mi) = m(N).
In other words, we have the following isomorphism:
(D1><q/ R')/(D**1 R) = D1Xq’/(D1><q R + DY’ .

(3D

Proof: Let us first prove that ¥ is a well-defined
morphism. We assume that we have mg = my(A\) = ma(N),

where A, N € D' Then, we have mp(A — \) = 0,
ie, A=\ € (D9 R" + D™ T") so that there exist
p € DY and v € DY such that \— XN = u R’ +v T,
We then have:
A=XN)R =(uR'+vT")R =uR
=>m((A=XN)R)=m(uR)=0
=>m\NR)=m(AR)=1¢(ms).

Now, let us prove that the morphism ¢ is also well-
defined. Let us suppose that:

mi =m(AR)=m(NR), X NeD>?,

We have 1y (AR') —m (M R) =7 (A=XN)R') =0, and
thus, (A — \') R’ € (D'*9 R), i.e., there exists u € D'*4
such that (A — ') R" = pu R. Now, using the factorization
R =R'"R wethen get (A\—X —pu R") R’ = 0 so that we
have A— N —u R" € kerp(.R') = (D" T"). Therefore,
there exists v € D' such that A — N = p R’ + v T’
and then:

ma(A) — m(N) =ma(A = N) =m(u R +vT") =0.
Finally, for all
m1 =m(AR) € My, ma=ma()\) € My,
where A\ € D1%9'| we have
(o @)(m1) = P(ma(A)) = m(AR) = m,
{ (¢ o) (m2) = p(m(AR')) = m2(A) = ma,

which proves that 1) o ¢ = idps,, ¢ 01 = idys, and we
thus have (31).

|

We deduce the following corollary of Lemma 2 and
Proposition 6.



Corollary 3: With the notations of Proposition 6:

1) If L € D?*" denotes a matrix satisfying R = L S
and kerp(.S) = D'X2 Sy, where Sy € D™*", we
then have:

L

~ Plxr 1x(g+r2)

ker f = D /(D (52)>.
2) We have im f & coim f.

Proof: 1. It is a straightforward application of the
isomorphism (31) to this particular case.

2. Using the following two facts

R = (0 @)(5,),

e (- ) =@ (s 1)

where S € D"™*P and T' € D"*4, applying Lemma 2 to 3)
of Proposition 6, we get:

DYx(pta) / [ pix(a'+r) 0 Iy
S -T

DY? /(D" §) = coim f.

1%

im f

1

|
We give a corollary of Proposition 6 and Corollary 3.

Corollary 4: With the notations of Corollary 3 and
Proposition 6, a morphism f : M — M’ is:

1) the zero morphism (f = 0) if and only if one of the
following conditions holds:
a) There exists a matrix Z € DP*x4" guch that:
P=7ZR.

In this case, there exists a matrix Z’ € DIx4>
such that
Q=RZ+ Z'Rj,

where kerp(.R') = (D'*4% R}).
b) The matrix S admits a left-inverse.

2) injective if and only if one of the following condi-
tions holds:

a) There exists a matrix F' € D"*? such that:
S =FR.

b) The matrix (LT ST)T admits a left-inverse.

3) surjective if and only if (PT R'T)T admits a

left-inverse.

4) an isomorphism (f € iso(M)) if the matrices
(LT SIT and (PT R'T)T admit left-inverses.

Proof: 1. Using 3) of Proposition 6, im f = 0 if and
only if we have

(D1><p P) 4 (Dlxq’ Rl) — (Dlxq’ R/)7

that is, if and only if (D'*? P) C (D'*¢ R’) which is
equivalent to the existence of a matrix Z € DP 4" such
that P = Z R’. Now, substituting P = Z R’ into (11), we
then get:

RZR =QR = (Q—RZ)R =0.
Thus, there exists Z' € D9%% satisfying
Q- RZ=27Rj,

which proves the result. We note also that 1.a) is a trivial
consequence of Corollary 1.
Let us prove 1.b). Using the standard isomorphism

VmeM: e(o(m))=f(m),

€:coim f — im f,
where 0 : M — coim f denotes the canonical projection,
we obtain that im f = 0 if and only if

coim f = D'*?/(D'*" §) = 0 & (D'*" S) = D'*P,
i.e., if and only if S admits a left-inverse.

2. From 1) of Proposition 6, ker f = 0 if and only if
(D*"S) = (DY*9R), i.e., if and only if there exists
F € D4 satistying S = F R.

Moreover, using Corollary 3, we have ker f = 0 if and
only if (D'*9L) + (D'*™ Sy) = D', i.e., if and only
if the matrix (LT ST)7 admits a left-inverse.

3. f 1is surgjective if and only if coker f = 0,
ie., from 4) of Proposition 6, if and only if
(D' P) 4 (D' R') = D' P which is equivalent to
the fact that the matrix (PT  R'T)T admits a left-inverse.

4. The result is a direct consequence of 2.b) and 3).
|
Let us see how to apply the previous results in order
to check the equivalence between two modules, and thus,
between two systems.

Example 10: We consider two systems of PDEs appear-
ing in the theory of linear elasticity (see [43]): one half of
the so-called Killing operator, namely, the Lie derivative
of the euclidean metric defined by w;; = 1 for ¢ = j and 0
otherwise (1 < 4,5 < 2) and the Spencer operator of the



Killing operator:

diz =0,

dyz — 29 =0
d1€1207 2 21 22 )
1 d12’2:0,
5 (d2&1 +di &) =0,

dyz3+ 20 =0,
d2€2:o7

d22’3:0,

d222:0.

Let D = Q [al;ioh %] [62;id, %} be the ring of dif-
ferential operators and let us define the following matrices

o 0 0
o Ao
R=| 302 300 |, R'= 0 11 o |
0 0>
0 0 O
0 02 O

and the associated finitely presented D-modules:
M:DIXQ/(DIXSR) M/:D1X3/(D1X6R/).

Using Algorithm 1, we find that the matrices
2 00
1
po(}

0 1

1 ) , Q= 3 01 0
satisfy the relation RP =
morphism f : M — M’ by:

{ f&) = =,

o O

QR/, ie., they define a

f(fz) = Z3.

The morphism f is injective as the matrix S (with the same
notations as in Corollary 4) defined by

SZ(aQ 8 02 o)T

b 0 0 0O
satisfies the relation S = F' R, where:
0 2 0
1 0 0
F=110 20, -0
0 0 1

Moreover, f is surjective as the matrix (PT R'T)T

admits the following left-inverse:

1 0 0000 0O
0 -00 0001 00O
0 1 0 0 O0O0O0O0

This proves that f is an isomorphism and M = M’.

To finish this section, we show an important application
of Lemma 2. In order to simplify the exposition, we only
consider a commutative Ore algebra of partial differential
operators but the extension to non-commutative one can
be easily obtained by using the concept of formal adjoint

instead of the simple transposition ([14], [43], [44], [45]).

Let M be a D-module defined by a finite free resolution
of the form (9). If we consider (10) with F = D, we then
obtain the D-modules:

eXtiD(MaD) = kerD(Ri+1,)/(RiDpi—1)’
kerp(RT, )/(DV<r-s RY),

1>1

)

1%

1> 1.

Computing the first syzygy module of kerp(.RY, ), we
obtain a matrix Q7 € DPi-1*Pi such that:

kerp(.RY,,) = (D% QF).
Therefore, we obtain:
ext}, (M, D) = (DVPir QT /(DVP-1 RY).
Using Lemma 2, we obtain

exty(M, D) & DVt /(D71 FT) (D72 PT)),
(32)
where F]' € DPi-1*Pi-1 and PI € DPi-2*Pi-1 gatisfy:
RE = FT QT
kerp(.QT) = (D**Pi-2 PT).
The isomorphism (32) is useful for computation of
extd, (ext’s (M, D)), 1<i,j<mn,

which play a crucial role in the study of r-pure differential
modules as it is explained in [43], [51].

Example 11: Let us consider the linear system of PDEs:

82
Py _y,
Oxs
(33)
0%y _ 0
01171 6582 o
We easily check that we have:
dy
21 = =,

R ]
821 —0 2T 8371’
6581 o 322 o
91y, O3
8$2

We obtain that z; is an arbitrary constant, i.e., the Krull
dimension of z; is 0, whereas 25 is an arbitrary function of
x1, i.e., the Krull dimension of z; is 1. An important issue
in system theory is to be able to classify the observables of
a system of PDEs, namely, the differential linear combina-
tions of the system variables ([14], [43]), in terms of their
Krull dimensions. As it was explained in [43], we need to
be able to compute ext’, (ext’, (M, D)), 1 < i, j < n, in
order to achieve this classification. Let us illustrate these
computations of the system (33).

Let D = Q {81;id, a%} [82;id, 5%2] be the ring of
differential operators with constant coefficients, the matrix



R = (d3 dyd>)" and the D-module M = D/(D**? R).
Let us compute ext), (exth, (M, D)), 1 <4, j < 2.
We have the following finite free resolution of M

0Dt p2 B p T oy,
where Ry = (d;  — da). The defects of exactness of the
complex 0 «— D e D2 L p 0 are:
exth (M, D) 2 kerp(.RT) =0,
exth (M, D) = kerp(.RY)/(D RT),
ext% (M, D) = D/(D'*? RY).
Using the finite free resolution of ext% (M, D)

T
0— DL p2 e p e (M, D) — 0,

where L = (do

complex 0 «— D AL pre Frp g gre:
extl (ext? (M, D), D) = kerp(.Rz) = 0,
extl (ext?, (M, D), D) 2 kerp(.LT) /(D Rz),
ext? (ext?,(M, D), D) = D/(D**2 LT).

dy), the defects of exactness of the

We easily check that kerp(.LT) = (D Rz), which proves:
extp(exth (M, D), D) = 0.

We check that we have kerp(.RY) = (D L), which shows
that exth (M, D) = (D L)/(D RT). Using Lemma 2, we
then have

extp(M,D) = (DL)/(DR") = D/(Ddy),

as RT = dy L and kerp(.L) = 0. Using the following
finite free resolution of ext}, (M, D) = D/(D ds)

0—D-%=Dp — exth(M, D) — 0,
the defects of exactness of the complex
0D pey,
are then defined:
extd, (ext}, (M, D), D) = kerp(.da) = 0,
{ exth(exth (M, D), D) = D/(D dy).

If we denote by ¢, (M) ={m e M | dim(Dm) <1—r},
r =0, 1, the D-submodule M formed by the elements of
M of Krull dimension less or equal to 1 —r, to(M) =M
and to(M) = 0, we then have ([43]):

0 —t,(M) — t,_1(M) — exth(ext’, (M, D), D)

— 0.
Hence, we obtain that
t1(M) = ext?,(ext?,(M, D), D) = D/(D'*2 LT),
{ M/t1(M) = D/(D dz).

Finally, using the fact that ext?, (ext’, (M, D), D) is a pure
D-module of Krull dimension n — ¢ ([43]), from the first

equality, we find again that the Krull dimension of the
residue class z; of 1 in ¢1(M) is 0, which was easy to
find directly on the simple example (33) but could be much
more difficult on more general linear systems.

B. Reducible modules and block-triangular matrices

The next proposition will play an important role in
what follows.

Proposition 7: Let us consider a matrix P € DP*P,
The following assertions are equivalent:

1) The left D-modules kerp(.P) and coimp(.P) are
free of rank respectively m and p — m.

2) There exists a unimodular matrix U € DP*P, i.e.,
U € GL,(D), and a matrix J € DP*P of the form

0 0
(0 5)

where J; € DP—m)xm ang J, € DE—m)x(p—m)
(J1 J2) has full row rank, satisfying the relation:

UP=JU. (34)
The matrix U has then the form
_( U

o (%) s

where the full row rank matrix U; € D™*P is defined
by kerp(.P) = (D™ U;) and Uy € DP~™*P is any
matrix such that U is invertible over D.

In particular, we have the relations:

UiP=0
Us P=J,U; + JoUs.

Proof: (1 = 2). Let us suppose that kerp(.P)
and coimp(.P) are two free left D-modules of rank
respectively m and p — m.

Let U; € D™*P? be a basis of kerp(.P), i.e., the full row
rank matrix U; satisfies kerp(.P) = (D™ Uy). Using
the fact that we have the exact sequence

0 — kerp(.P) — D*? - coimp (.P) — 0

and kerp (.P) = (D**™ ), we then obtain the following
exact sequence:

0 — D™ UL I 5y coimp, (LP) — 0.
If we denote by L = D1*P /(D™ [J;), then we get:
coim (.P) = D'*? /kerp(.P) = L.

Using the fact that L is a free left D-module of rank p—m
and if we denote by ¢ : L — D'*(P=") the previous
isomorphism, by x : D'XP — [ the canonical projection
and by Wy € DP*(P=™) the matrix corresponding to the



D-morphism ¢ o  in the canonical bases of D'*P and
D1%(P=m) e then obtain the exact exact sequence:

0 —s plxm i} pDixp W Dlx(p—m,) N

Using the fact that DYX(=m) ig a free left D-module,
by 1) of Proposition 4, the previous short exact sequence
splits, and thus, there exist two matrices Wy € DP*™ and
U, € D®P=m)xp guch that we have the Bézout identities:

( o ) (Wi W) = I,

(W1 Wa) < g;) p-

Using the fact that U~! = (W; W,) € DP*P, we have
(U, [(UP
or = (i) r= (e )

= ( (Ung'*l)U ) = ( UQPOU” ) Y,

which proves the result with the notation:

— 0 pXp
J_<U2PU1>ED .

Finally, if A € kerp(.(Uz PU™1')), we then have
AUs PU) =0 & (AUs) P =0
o AU, € kerp(.P) = (D™ )
S3Ipe DM \NUy = plU;
A) € kerp(.U) =0,

which proves that A = 0, i.e., kerp(.(Us PU™)) = 0,
and the matrix (J; J2) has full row rank.

(36)

= 3 = D1><7n . (/’('a

(2 = 1). Using the relation (34) and the fact that U
is a unimodular matrix, we have the commutative exact
diagram:

0 0
T T

0 — kerp(.P) — D> £ plxp
Tu Tu

0 — kerp(.J) — D¥xp L, pixp,
7 T
0 0

which shows that kerp(.P) = kerp(.J) (more precisely,
kerp(.P) = (kerp(.J)) U). Let us characterize kerp(..J).
Let us consider (A;, A2) € kerp(.J). We then have
A2 (J1  J2) =0 and using the fact that (J; Jz) has full
row rank, we obtain that Ay = 0 and \; is any arbitrary
element of D'*™, which proves that kerp(.J) = D*™
and kerp(.P) is a free left D-module of rank m.

Similarly, we have imp(.P) = (imp(.J))U as U is a
unimodular matrix and:

AP =((A\U"YHY DT,

VA pe DY,
{ (YU = (uU) P.

Therefore, we have:

HIlD(P> = 1mD(J) = (Dlx(p—m) (J] Jg))

Using the fact that the matrix (J; J3) has full row rank,
we obtain that (D=™) (J;  J)) = DY*(P=™) which
proves that coimp(.P) = imp(.P) (see 2 of Corollary 3)
is a free left D-module of rank p — m.
|
Remark 5: We note that (34) is equivalent to

P=UtJU,
which means that the two matrices P and J are similar.

We shall need the next two lemmas.

Lemma 3: Let R € D?*P, P € DP*P and () € DI*4
be three matrices satisfying (11). Assume further that there
exist U € GL,(D) and V' € GL,(D) such that

{ UP=Jpl, a7

VQ=JyV,

for certain matrices Jp € DP*P and Jg € D?*?. Then,
we have the following equality:

(VRU Y Jp=Jo(VRU). (38)

Proof: We easily check that we have the following
commutative diagram

L (VRU™Y)

D Xq D1><p
Vv U
s ) an

D1><q J{ . D1><P

.Q .(VRU_l) P

D1><q D1><p
L | o
D1><q D1><P

from which we obtain (38). Let us give the corresponding
explicit computations. Starting with the second equation of
(37) and multiplying it on the right by R and using (11),
we obtain:

JoVR=VQR=VRP=(VRU ) UP).
Now, using the first equation of (37), we get
JoVR=(VRU ) (JpU),

and multiplying the previous equality by U ! on the right,
we finally have Jg (V RU™') = (V RU') Jp, which
proves (38).

|



Lemma 4: Let us consider two matrices of the form

0 O
JP_(Jl J2>7

0 0
o= (0 )

Jo € DP=m)x(p=—m)

(39)

with the notations
J, € l)(p—m)xm,7
Js € Dla—bxt Jy € Dla=0x(a=1)

and 1 < m < p, 1 <1 < gq. Moreover, let us suppose
that the matrix (J; J2) has full row rank. If the matrix
R € D?*P gatisfies the relation

RJp=JoR,
then there exist three matrices

Rs € DlX(p—m)7 R; € D(q—l)X(p—m),

— (B 0
ae(B 1))

Proof: Let us write
i )
Rao )’

- Ry

R = -
( Roy

where Ry € D™, Ry € Dix(=m) R, e pla-bxm

Ryy € DW@=1x(P=m) then, we have:

- Ri2Ji RizJs
RJp=( 2 2 ,
F ( Roo J1 Raa Ja )

D l
Rl c D ><'rn7

such that:
(40)

JR—( 0 0 )
@ JsRi1+JiRo1 J3Rio+JysRoy )

Therefore, we obtain Ris(J; Jz) = 0. Using the fact
that (J; Jy) has full row rank, we then get Rip = 0,
which proves the result.
|
Let us state the second main result of the paper (the
first fairy’s theorem).

Theorem 2: Let R € D9*P and M = D'*P /(DX R).
Let f : M — M be an endomorphism defined by two
matrices P € DP*P and @Q € D9*7 satistying (11). If
the left D-modules kerp(.P), coimp(.P), kerp(.Q),
coimp(.Q) are free of rank respectively m, p —m, | and
qg—1 (for some 1 < m < pand 1 <[ < q), then the
following results hold:

1) There exist U € GL,(D) and V € GL4(D)
satisfying the relations

P=U"'JpT,
Q=V-1J,V,

where Jp and Jg are the matrices defined by (39).
In particular, the matrices U and V' are defined by

U= < Uy ) , Uy e D™*p U, e De-m)xp
U,

V= ( n ) , VieD™, Vye Dlmhxa,
Vs

where the matrices U; and V) respectively define
the bases of the free left D-modules kerp(.P) and
kerp(.Q), i.e.,
kerp(.P) = DY*™ Uy,

{ kerp(.Q) = D!V,
and Us, and V5, are any matrices such that:

U=(UT U eGLy(D),

{ V=W viHT e GL,(D).
2) The matrix R is equivalent to R =V RU .

3) If we denote by
U_1 = (W1 I/I/v2)7 Wl c ‘DPX?W7 'VV2 c -Dp><(p—7n)7

we then have:

_(ViRW, 0
"\ VaRW, VaRW,

=]

) € D1*P,

Proof:
Proposition 7.

1. The result directly follows from 2) of

2. Using the fact that the matrices U and V are
unimodular, we obtain R = V~! RU, which proves the
result.

3. From Lemma 3, the matrix R = V RU ! satisfies
Relation (38). Then, applying Lemma 4 to R, we obtain
that R has the triangular form (40), where Ry € D*m,
Ry € DIx(p=m) gpd R3 € D@=Dx(p=m) We have
ViRWy Vi RW,
Vo RWy Vo RW;

where Vi RW, € DY™ VoRW;, € D@=Dxm and
Vi RW, € D>*=m) v, RW, € D®P=Ox(®=m) which
finally proves the result.

R—VRUI—( >6DW,

|

We refer to Remark 10 of Section IV-B for more

details on the way that we can constructively obtain the

unimodular matrices U and V' defined in Theorem 2 by

computing bases of free modules over different classes of
skew polynomial rings and Ore algebras.

Example 12: Let us consider the linearized equations of

a bipendulum subjected to a horizontal move described in
g

i]lJrgyl**U:Oa
Iy Iy

o+ Lyp— Lu=0,
lo lo



where [y and [y are the length of the two pendulum and
g is gravity. For more details, see [13] and the references
therein. Let us define the ring D = Q(g,11,12) [0;id, %]
of differential operators with constant coefficients and the
system matrix

02+ 2 0 =

R— Iy l € D2%3,
0o o4+ 4
la la

and the D-module M = D**3/(D'*2 R).
Using Algorithm 1, we obtain that an endomorphism f
of M is defined by the matrices

0 0 glo
P = 0 g(lgfll) gll ;
0 0 Lilad 4 gly

@= (8 g(lgo—ll) )

Using algorithms developed in [14], we obtain that
kerp(.P), imp(.P), kerp(.Q) and imp(.Q) are free D-
modules of rank respectively 1, 2, 1 and 1. We can easily
compute the bases of kerp(.P), coimp (.P), kerp(.Q)
and coim (.QQ), which are defined by means of the follow-
ing matrices:

U12(1182+g 0 —g),
1
- 00
Uy = g )
0 1 0
Vi=(1 0),
Vo=(0 1)
We can check that the matrices U = (U  UI)T € D3*3
and V = (VI V;I)T € D**? are unimodular and:
0 0 0
l
Jp=UPU'=| -2 1L(L18+yg) 0

—l1 g ll (ll 82 + g)

. 1 0 0
Jo=VQV (0 (s —1) )

Finally, we obtain that R is similar to the following
triangular matrix:

gl —11)

1
- 0 0
R=VRU'= 111

R CTAEN)

02+ 4
la

la
Remark 6: If D = A[0;0,0] is a skew polynomial ring
over a commutative ring A, R = (01, — E) € DP*P
and M = D'*?/(D'¥4 R) the left D-module associated
with the linear functional system Jy = E'y, using the
results proved in Example 4, we then know that any
endomorphism f can always be defined by means of two

matrices P € AP*P and Q € A?*9. Hence, if A is
a field (e.g., A = k(t), k(n)), then we can do linear
algebra in order to compute the bases of the A-vector
spaces ker4(.P), coim(.P), kers(.Q) and coim4(.Q),
i.e., compute the matrices Uy € A™*P, U, € Alp—m)xp
Vi € A4 and Vo € A@=D*4 defined in Theorem 2 as
we then have

kerp(.P) = D ®4 ker x4 (.P),
coimp (.P) = D ®4 coimy (.P),

and similarly for kerp(.Q) =
coimp (.Q) = D ®4 coim4(.Q).

D ®4 kerA(.Q) and

IV. PROJECTORS, IDEMPOTENTS AND
DECOMPOSITIONS

A. Projectors of endp (M) and decompositions

We start this section by a lemma which characterizes
the projectors of endp (M) and we deduce an algorithm
for computing them.

Lemma 5: Let us consider a finite free resolution of M
pixe B2, pixe B pixp T oy g,

and a morphism f : M — M defined by two matrices
P € DP*P and Q € D9*? satisfying (13). Then, f is a
projector of endp (M), i.e., f2 = f, if and only if there
exists a matrix Z € DP*? gatisfying:

P?=P+ZR. (41)
Then, there exists Z’ € D%% such that:
Q*=Q+RZ+ 7 R,. (42)

In particular, if R € D9*P has full row rank, namely,
Ry = 0, we then have:

Q*=Q+RZ

Proof: Multiplying (13) on the right by P, we obtain
R P? = Q RP and using again (13), we get

(43)

RP?=Q?R,

which shows that f2 : M — M can be defined by
the matrices P? and Q2. From 1) of Corollary 4, the
morphism f2 — f is 0 if and only if there exists a matrix
Z € DP*4 gatisfying (41). Then, there also exists a matrix
7' € D% guch that (42) holds (see also Corollary 1).
The end of the lemma is straightforward.
|
From this lemma, we deduce an algorithm which
computes projectors of endp(M).

Algorithm 3:  « Input: An Ore algebra D, a matrix
R € D?*P and the output of Algorithm 2 for fixed
«, B and 7.



o Output: A family of pairs (P;,Q,)icr and a set of
matrices {Z; };er satisfying

RP; =Q,R,

F? =P, + Z; R, for Z; € DP*4,

ordy(P;) < a, i.e., P; = EOSIulga af,i) o,
and V0 < |v] < «, aV € A satisfies :
degx(num(af,i))) < B,

degw(denom(a(f))) <7,

where ords(P;) denotes the maximal of the total
orders of the entries of P;, deg, (num(al’)) (resp.,
degm(denom(a,(f)))) the degree of the numerator

(resp., denominator) of a,f). The morphisms f; are
then defined by:

YAeDYP:  fi(n(\) =7'(A\P;), i€l

1) Consider a generic element P of the outpout of
Algorithm 2 for fixed «, 3 and ~.

2) Compute P2 — P and denote the result by F.
3) Compute a Grobner basis G of the rows of R.

4) Reduce the rows of F with respect to G by
computing their normal forms with respect to G.

5) Solve the system on the coefficients of a(f’j ) 5o that
all the normal forms vanish.

6) Substitute the solutions into the matrix P. Denote
the set of solutions by {P;}c;.

7) For i € I, reduce the rows of P; with respect to G
by computing their normal forms with respect to G.
We obtain P; for i € I.

8) Using r;(P. —P;) € (D4 R),j=1,...,p, where
T (P> —P;) denotes the j" row of P- — P;, compute
a matrix Z; € Daxd satisfying F? - P, =Z,R,
fori e 1.

We are now going to show how projectors can be
used to decompose the system Ry = 0 into decoupled
(independent) systems S;y; = 0 and Soy. = 0 or, in
other words, to decompose the left D-module M into two
direct summands. We start with a first lemma.

Lemma 6: Let R € D?P and M = D'*? /(D4 R).
Let f € endp(M) be a projector, i.e., f2 = f.

1) We have the following split exact sequence

0 — ker f = M -2 coimf —0,
idy —f s
— —

where f*: coim f — M is defined by:
Vme M, f'p(m))= f(m).
2) We have the following isomorphism

p:kerf — coker f
m +—  o(m),

(44)

whose inverse is defined by
1 :coker f — kerf
o(m) r— m— f(m),
where 0 : M —— coker f denotes the canonical
projection.

Proof: 1. For all p(m) € coim f, we have

((idas — f) o fH)(p(m)) = f(m) — f*(m) =0,
ie., (idyy — f) o fri = 0. Moreover, we easily check that
(idar — f) 0% = idker y. Now, for all m € M, we have

(o (idar — f) + f* 0 p)(m) = m — f(m) + f(m) = m,
ie., (io(idy — f)) + ff o p = idy. Multiplying the last
identity by p on the left and using the fact that po 7 = 0,
we get po f% o p = p which proves po f* = ideoim s and
ends the proof of 1).

2. We check that ¢ is well-defined as m— f(m) € ker f.
For all m € ker f, we have (¢ op)(m) =m— f(m) =m,
i.e., 1# oY = idkerf~

On the other hand, for all o(m) € coker f, we have

(pog)(a(m)) = ¢(m — f(m)) = a(m),
and thus, ¢ 01 = idcoker £, Which proves the result.
|
The next proposition gives a necessary and sufficient
condition for the existence of projector f of endp(M),
i.e., for the existence of a direct summand of the finitely
presented left D-module M.

Proposition 8: Let R € D¥P, M = D'*? /(D1 R).
With the notations of Proposition 6, if f : M — M is an
endomorphism of M, the following results are equivalent:

1) f is a projector of endp(M), namely, f2 = f.

2) There exists X € DP*" satisfying:

P=I,-X5. (45)
Then, we have the following commutative exact diagram
0
- !
pixr 2, ptw K, coimf —0
l.T l.p 1t
pixa B opixe T,y g,
1
ker f
!



where f* is defined by (44).

Proof: (1 = 2). By 1) of Lemma 6, the morphism
f* defined by (44) satisfies the relation p o f* = idcoim />
and thus, we have M = i(ker f) @ f*(coim f). Using
the relation S P = T R, we obtain that fﬁ induces the
following morphism of complexes:

pixr 5. ple B gimf 0
l.r l.P 1 st
pixe “E  pbe T,z .

Composing the morphisms of complexes corresponding to
p (see Theorem 1) and f*, we obtain that the morphism
id — po f# = 0 is defined by the following morphism of
complexes

.S

D1><r2 52 D1><r D1><p
L. -Lm) L1 =P
D1><r2 -S2 D1><r S D1><p

which must be homotopic to zero. Thus, there exist a
matrix X € DP*" and X, € D"*"2 such that:

I,-P=XS6,
I,—LT=SX+ X35,

We note that, using the relation Q = LT, the previous
system leads to (45) and @ = I, — S X — X3 So.

(2= 1). Using (45) and S P =T R, we obtain

P2 =(I,-XS)P
—P-XSP
=P—(XT)R,

which proves that f is a projector by Lemma 5.
| |
We remark that, substituting (45) into S P = T R, we
obtain:

S(I,-XS)=TR<S—SXS=TR.

We now give a necessary and sufficient condition for a
module to be a direct summand of another one.

Proposition 9: Let R € D9P and S € D"*P be two
matrices satisfying (D'*9 R) C (D'*"S). Then, the left
D-module M’ = D**? /(DY*" S is isomorphic to a direct
summand of M = D*?/(D'*4 R), i.e., we have

M = M @ kerp,
where p: M — M’ is defined by
YAEDP, p(n(N) = K(N),

and k : DYP — M’ denotes the canonical projection,
if and only if there exist two matrices X € DP*" and
T € D"*1 satisfying the following relation:

S—SXS=TR.

(46)

(47)

Proof: (=-). The isomorphism (46) is equivalent to
the existence of a morphism g : M’ — M which
satisfies po g = idps (see [14], [56]). Following the same
techniques as the ones used in the proof of Proposition 8§,
(46) is then equivalent to the existence of P € DP*P,
T € D"™? and X € DP*" satisfying:

SP=TR,
{ = S-SXS=TR.

I,-P=X5,

(«<). From (47), we obtain S (I, — X S) = TR, and,
if we set P = I, — X S, then we have the following
commutative diagram

D1><r _S> D1><p ., M —0
LT l.P
D1xq _R> Dixp SLEN M — 0,

which induces a morphism g : M’ — M defined by:

VAe DY g(k(N\) =7(AP).

Using k = po, for all A\ € D'*P_ we obtain:
(pog)(k(N) = p(r(AP)) = K(AP)
=k(A\) — k(A X)S) = k().

We then have pog = id M, which shows that the exact
sequence 0 — kerp —— M LM —0 splits, and
thus, we finally obtain M = ker p & g(M’).

|

Remark 7: If S has full row rank, i.e., kerp(.S) = 0,
using the factorization R = L S, (47) becomes:

(I, -SX-TL)S=0=SX+TL=1,. (48)

Hence, we obtain that the matrix (X7 LT)T admits
a left-inverse. Note that (48) is nothing else than
the generalization for matrices and non-commutative
rings of the classical decomposition of a commutative
polynomial into coprime factors. Indeed, if R belongs
to a commutative polynomial ring D = k[z1,...,xz,],
where k is a field, then (48) becomes X S +TL =1
(Bézout identity), i.e., the ideal of D generated by S and
L is the whole ring D and we obtain that R = LS is a
factorization of R into coprime factors L and S.

We have the following corollary of Proposition 8.

Corollary 5: With the hypotheses and notations of
Proposition 8, we have the equality:

(D7 §) = (D1X@+@ (‘%}%P )).

Proof: Using the factorization R = L S and (45), we
obtain the following equality
X
(1)s

(7))



which proves the first inclusion. The second inclusion is a
direct consequence of (47) as we have X S = I, — P and:

XS
R .

Let us state the third main result of the paper.

S=SXS+TR=(S T) (

Theorem 3: Let R € D?7*P and let us assume that the
finitely presented left D-module M = D'*?/(DX9 R)
admits a decomposition of the form M = ker f @ im f,
where f € endp(M). Moreover, let us suppose that F
is an injective left D-module. Then, with the notations
previously introduced in this section, we obtain that a
solution n € FP of Rn = 0 has the form n = { + X 7,
where ( € FP is a fundamental solution of S = 0 and
7 € F" is a fundamental solution of the system:

LT=0,
SQ T=0.
Hence, the integration of the system R 7 = 0 is equivalent

to the integration of the two independent systems S'¢ =0
and (49).

(49)

Proof:  Applying the functor homp(-, F) to the
commutative exact diagram (28), we obtain the following
commutative exact diagram:

Fi L PP kerg(R) <0
[R2 | Tor
Froo B B kerp(S) 0.
Let us first prove that an element of the form
n=C+XT,

where ( € FP (resp., 7 € F") satisfies S¢ = 0 (resp.,
(49)) is a solution of the system Rn = 0. Using the
factorization R = L .S and S = 0, we get:
Rn =R(+R(X7)=L(SO+L(S(XT1))
=L(S(X7)).
Using the fact that 7 satisfies the second equation of (49)
and the exactness of the last horizontal exact sequence
of the previous commutative exact diagram, there exists
7 € FP satisfying 7 = S'77. Substituting this relation into
the first equation of (49), we obtain:
Lt=L(S7)=R7=0.

Then, using (47), we obtain:
Sn—S(X(5m)=T(Rn) =0
=S(Xn)=S71=L(S(X71))=L(ST)=R1=0.
This last result proves that R = 0, and thus, n = (+ X 7

is a solution of the system R7n = 0.

Conversely, let us prove that any solution n € FP of
Rn = 0 has the form of n = ( + X 7, where { € FP

satisfies S ¢ = 0 and 7 € F7 satisfies (49). Let us consider
n € FP satisfying Rn = 0, i.e.,, (L S)n = 0. Using the
previous commutative exact diagram, we obtain that the
element 7 € F" defined by 7 = Sn € F" satisfies (49).
Then, from (47), we obtain:

Sn—8S(X(Sn)=T(Rn)=0=85(X7)=r.

All the solutions of the inhomogeneous system .S 7 = 7 are
defined by the sum of the general solution of 5S¢ = 0 and
a particular solution of S77 = 7, i.e., we have n = (+ X 7,
which ends the proof.
|
We note that the previous result has already been ob-
tained in [52] in the particular case where

);

where the torsion submodule ¢()M) is defined by

Mt(M)® (M/t(M

t((M)={meM|30£PecD: Pm=0},

i.e., in the control theoretical language, when a
behaviour homp (M, F) can be split into the autonomous
behaviour homp (¢(M), F) and the controllable behaviour
homp (M /t(M),F). We refer the reader to [52], [53] for
more details and examples.

Let us illustrate Theorem 3 by means of an example.

Example 13: Let D be the Weyl algebra A; (k), namely,
D = klt] [8; idgy, %], where k is a field of characteristic
0 and let us consider the matrix of differential operators

o -t t 0
0 to—t 0 -1
0 -t o0+t 0-1
0 0-t t 0

R= e D¥4 (50)

and the left D-module M = D'**/(D'*4 R) associated
with the linear system Ry = 0. We can easily check that
an endomorphism f of M can be defined by means of the
following two matrices

10 0 0
_A_]1 01 0 0 Ax4
P=Q= 00 0 0 S (51)
0 0 0 O

i.e., we have R P = P R. With the notations used in this
section, we obtain the following matrices:

g —t 0 0
S =

o o Q
o = O
= o O

I T = T e Bl e Wi )

— O + O
(o5}
w_i_ng
~



Moreover, we easily check that P2 = P, ie., Pis an
idempotent of D3%3_ Then, using (45), we obtain:

0 0 0O
0 0 0O
X = 0 010
0 0 01

We can also verify that kerp(.S) = 0 which implies
Sy = 0 (with the notations of this section). Theorem 3
then asserts that the integration of Rn = 0 is equivalent
to both the integration of S { = 0, which easily gives

1
C12501t+027 G2=0C1, (3=0, (=0,

where C and C5 are two constants, and the integration of
L7 =0, which can be seen to be equivalent to:

7’120, T1=0,

7'2:0, 7'2:0,

t13+ 0714 =0, 82Tg+tT3=O,
3T37T4:0. 7’4:(97'3.

The third equation can be integrated by means of the
Airy functions Ai and Bi which are the two independent
solutions of 8% y(t) — ty(t) = 0 (see [31]). We then have
1 = 07
T2 = 07
T3(t) = (45 Al(t) + Cy Bi(t),
T4(t) = C5 9 Ai(t) + C4 O Bi(t),
where C5 and Cy are two constants. The general solution
of Rn =0 is then given by
% Cit+ Oy
Gy
Cs Al(t) + Cy Bl(t) ’
C3 0 Ai(t) + C, O Bi(t)

where C1,Cs,C5 and Cy are four arbitrary constants.

n=C(+X7= (52)

B. Idempotents of DP*P and decompositions

We are now going further by proving that, under
certain conditions, the existence of idempotents P of
DP*P allows us to obtain a system Ry = 0 equivalent to
Ry =0, where Risa block-diagonal matrix of the same
size than R. We shall need the following lemmas.

Lemma 7: Let R € D?%P be a full row rank matrix,
ie., kerp(.R) = 0, and P € DP*P, ) € D9%9 be two
matrices satisfying (13). Then, if P is an idempotent,
namely P? = P, so is Q, i.e., Q®> = Q.

Proof: Multiplying (13) on the right by P, we obtain
R P? = Q R P. Using again (13), we get R P? = Q?R.
Then, the relation P? = P implies R P = Q? R, and using
again (13), we obtain Q> R = Q R, ie., (Q* — Q)R = 0.

Finally, the fact that R has full row rank implies Q% = Q.
|
Lemma 8: Let R € D%P be a full row rank matrix,
ie, kerp(.R) = 0, and M = D™P/(D*9R). Let us
consider a projector f : M — M defined by two matrices
P € DP*P and Q € D% satisfying (13), P2=P+ZR
and Q? = Q+R Z (see Lemma 5). If there exists a solution
A € DP*1 of the following Riccati equation

ARA+(P-L)A+AQ+Z=0, (53)
then the matrices
P=P+AR,
_ 54)
Q=0Q+ RA,

satisfy RP = Q R, i.e., they define an endomorphism of
M and are idempotents, i.e., we have:

P’=P, @'=Q.
Proof: By hypothesis, the matrices P and (@) satisfy
(41) and (43). Let us define P = P + A R for a certain

matrix A € DP*4. Then, we have:

P’ =(P+AR)(P+AR)

=P?+PAR+ARP+ARAR.
Using (13) and P? = P + Z R, we then get:
P°=P’+(PA+AQ+ARAR.
Then, from (41) and P = P+ A R, we finally obtain:
PP=P+(Z-A+PA+AQ+ARAR.

Hence, we have P’ = Pif and only if A satisfies the
following equation

(Z—A+PA+AQ+ARA)R=0,

i.e., satisfies (53) since R has full row rank.
Finally, we have:

Q' —(Q+RA)(Q+RA)

=@Q*+QRA+RAQ+RARA.
Using (11), we get

O =0>+R(PA+AQ+ARA),
and using (43) and Q@ = @Q + R A, we then obtain:
O =0+R(Z-A+PA+AQ+ARA) =0Q.

|
Remark 8: We are currently not able to understand
when the Riccati equation (53) admits a solution. This
problem will be studied with care in the future. However,
we can always try to compute a solution A of (53)
with fixed order and fixed degrees for numerators and
denominators by substituting an ansatz in (53) and solving
the corresponding system obtained on the coefficients.



Example 14: Let D be the Weyl algebra
A1(Q), ie, D = Q[t][0;id, %], the matrix
R = % —td 1) € D™ and the finitely

presented left D-module M = D'*2/(D R). Searching
for projectors of total order 1 and total degree 2,
Algorithm 3 gets P =0, P, = I and

< —(t+a)d+1 # +at
Py =
0 1
p ( (t—a)d —t2+at )
0 0
Qi=(t—a)0+2,

where a is an arbitrary constant of Q. We can check that
P? =P, +Z; R, i = 3, 4, where:

Zi=((t—a)? 0.

Qs=—((t+a)o+1),

Zs=((t+a)® 0)7,
We obtain that (53) admits respectively the solution:

Az =(at ad—-1)T, Ay=(at ad+1)".
The matrices (54) are then defined by

= <at82—(t+a)8—|—l t?2(1—ad)
Py =

)

(ad—1)0? —atd?+(t—2a)0+2
@3:07
P4:(at82+(t—c;)a ;t2(1+a8) )
(a0+1)0 —atd® —(t+2a)0—1
@4:1’

and we can easily check that we have:

P.=Pi; Q. =0Q, i

3, 4.

The next lemma characterizes the kernel and the image
of an idempotent P of DP*P in terms of module theory.

Lemma 9: Let P € DP*P be an idempotent, i.e.,
P2 = P. Then, we have the following results:

1) kerp(.P) and imp(.P) are projective left D-
modules of rank respectively m and p — m, with

0<m<np.

2) We have the following equalities:

{

Proof: 1. We have the following short exact sequence:

1mD(P) = kerD(~(Ip - P))’
imp(.(I, — P)) = kerp(.P).

0 — kerp(.P) — DV? - imp(.P) — 0.

Let us define the D-morphism i : imp(.P) — D*P by
i(m) = m, for all m € imp(.P). Now, for every element
m € imp(.P), there exists A\ € D' such that m = A\ P.

Therefore, we have ((.P)oi)(m) = m P = X P? and using
the fact that P2 = P, we get ((.P)oi)(m) = AP =m,
ie., ((.P)o1i) = idim,,(.p), which shows that the previous
short exact sequence splits, and thus, we obtain:

DY P = kerp(.P) @ imp(.P). (55)

This proves that kerp(.P) and imp(.P) are two finitely
generated projective left D-modules. Finally, we have

rankp (D' *?) = rankp (kerp (. P)) + rankp (imp (. P)),

and using the fact that, by hypothesis, D is a left
noetherian ring, and thus, D has the Invariant Basis
Number (IBN) ([29]), we finally get rankp(D**P) = p,
which proves the first result.

2. The fact that P? = P implies that P (I, — P) = 0,
which shows that imp(.P) C kerp(.(I, — P)). Now, let
A € kerp(.(I, — P)) and let us prove that A € imp(.P).
Applying A on the left of the identity I, = P + (I, — P),
we obtain A = A\ P, which proves the equality.

The second result can be proved similarly.

|

We note that if P = 0 (resp., P = I,,) is the trivial
idempotent, then we have kerp(.P) D'*? and
imp(.P) = 0 (resp., kerp(.P) = 0, imp(.P) = D*P),

"ie., kerp(.P) and imp(.P) are two trivial free left
D-modules. We are going to show that the case where
kerp(.P) and imp(.P) are two non-trivial free left
D-modules plays an important role in the decomposition
problem.

The next proposition will play in important role in what
follows.

Proposition 10: Let P € DP*P be an idempotent, i.e.,
P? = P. The following assertions are equivalent:

1) The left D-modules kerp(.P) and imp(.P) are
free of rank respectively m and p — m.

2) There exists a unimodular matrix U € DP*P, i.e.,
U € GL,(D), and a matrix Jp € DP*P of the form

h:(o 0 )

0 Ip_m
which satisfy the relation:
UP=JpU. (56)
The matrix U has then the form
_( U
U= ( U, ) , (57)

where the matrices U; € D™*P and U, € D(P~™)%P have
full row ranks and satisfy the conditions:
{ kerp(.P) = DYm [,

58
imp(.P) = D>*P=m) 1, %)



In particular, we have U; P =0 and Uy P = Us.

Proof: (1 = 2). Let us suppose that kerp(.P) (resp.,
imp(.P)) is a free left D-module of rank m (resp., p—m)
and let Uy € D™*P (resp., Us € D@P=m)%D) be g basis of
kerp(.P) (resp., imp(.P)) , i.e., (58) holds. Let us form
the matrix U defined by (57).

Now, using (55), for all A € D' P there exist unique
A1 € kerp(.P) and A2 € im(.P) such that A = A; + As.
Then, there exist unique 1 € D™ and py € DX(P=m)
such that Ay = p; Uy and Ay = s Us, and thus, a unique
= (p1, p2) € DY*P satisfying A = u U. Hence, using
the standard basis {e;}1<i<, of DY*P, fori = 1,...,p,
there exists a unique V; € D'™P guch that e; = V;U.
The matrix V = (V{, ..., V,J)" is thus a left-inverse of
U. By hypothesis, D is a left noetherian ring, and thus,
D is stably finite ([29]), which implies that we then have
UV =1, 1ie., U € GL, (D).

Finally, for all u € D'*P, we have Uy € imp(.P),
and thus, there exists ¥ € D'*P such that uU, = v P.
Using the fact that P2 = P, we get:

pUs P=vP?=vP=puls.

In particular, we have e; (Us P) = ¢; Us, fori =1,...,p,
which proves that Us P = Us,. Using U; P = 0, we obtain:

or () r=(50)-(2)
(2,0 )e

(2 = 1). Using the relation (56) and the fact that U
is a unimodular matrix, we have the commutative exact
diagram:

0 0
7 7
0 —s kerp(.P) — Dx» L, pixp
T.U T.U
0 — kerp(.Jp) — D» B pixp
7 7
0 0

which shows that kerp(.P) = kerp(.Jp) (more precisely,
kerp(.P) = kerp(.Jp)U). Using the fact that we have
trivially kerp(.Jp) = D'*™, we obtain that kerp(.P)
is a free left D-module of rank m. Similarly, we have
imp(.P) =imp(.Jp) U as U is a unimodular matrix and:

AP=(AU1Y)J, U,
(nJp)U = (uU) P.
Therefore, we have imp(.P) = imp(.Jp). We now easily

check that imp(.Jp) = D' (P=™) which proves that
imp(.P) is a free left D-module of rank p — m.

YV, p€ DYXP, {

| |
Remark 9: We note that (56) is equivalent to

P=U'JpU,

which means that the two matrices P and Jp are similar.
We shall need the next lemma.

Lemma 10: Let us consider the following two matrices

0 0
‘]P(o Lyem

0 0
— qxq
JQ = ( 0 qul ) eD ,

where 1 <m <pand 1 << g and a matrix R € DI*P
satisfying the following relation:

RJp=JgR. (60)
Then, there exist By € D™ and Ry € DW—1x(-m)
E =

such that: _
Ry 0
0 R )~
Proof: If we write

- Ri1 Rio >
R=1( = = ,
< Ro1 Rao
where Ell c Dl><m’ EIQ c DlX(P—m)’ §21 c D(q—l)><m’
Raos € D=Dx(p=m) then, we have:

(B B (1)< (3 8)
P Ro1  Rao 0 Ipm 0 Ra /)7’
— 0 0 En ng 0 0
J R = —_ — frnd p— — .
@ ( 0 I, > ( Ro1  Roo > < Ro1  Roo >
Therefore, (60) implies that B3 = 0 and Ry = 0, which
proves the result.

) € Dr*p,
(59)

(61)

|
We are now in position to state the last main result of
the paper (the second fairy’s theorem).

Theorem 4: Let R € D?*P and M = D'*?/(D*4 R).
Let f: M — M be a projector defined by two matrices
P € DP*P and Q € D?9*? satisfying (11) and let us
assume that:

P?=P Q’=Q.
If the left D-modules kerp(.P), imp(.P), kerp(.Q),
imp(.Q) are free of rank respectively m, p — m, [ and
q—1 (for some 1 < m < pand 1 <[ < q), then the
following results hold:

1) There exist U € GL,(D) and V' € GL4(D)
satisfying the relations
P=U"1JpU,
Q=V"JyV,
where Jp and Jg are the matrices defined by (59).
In particular, the matrices U and V are defined by

U=<U1

) , Uy eDm™r Uy,e DP-mxp,
U,

V= ( n ) , VieD™, Ve Dla-hxa,
Vs



where the matrices Uy, Us, V1 and V5 respectively
define the bases of the corresponding free left D-
modules, i.e., we have:

kerp(.P) = DY>™ Uy,
imp(.P) = D=7 1,
kerp(.Q) = DYV,
imp(.Q) = D@DV,

2) The matrix R is equivalent to R =V RU L.
3) If we denote by
U*l — (Wl WQ), Wl c DPXm’ W2 c Dp><(pfm)7

we then have:

R= ( Vl]f)Wl v ng ) € DTP. (62)
2 2
Proof: 1. The result directly follows from 2) of

Proposition 10.

2. Using the fact that the matrices U and V are
unimodular, we obtain R = V1 RU, which proves the
result.

3. From Lemma 3, the matrix R = V RU ! satisfies
the relation (60). Then, applying Lemma 10 to R, we
obtain that R has the block diagonal form (61), where
Ry € D™ and Ry € DW@=Ox(®=m) Finally, we have

ViRW,
Va RW)

Vi RWs

o "
R=VRU _< BRI

) c DQXP’

where Vi RW, € D™ VoRW;, € D@-Dxm apd
Vi RWy € D>=m) v, RW, e DWP=Dx(=m) which
proves the result.
|
Example 15: Let us consider again system (6) defined
in Example 2. We can easily check that the matrices

110
=110 Q:é(}i)
00 2

define a projector f € endp(M) and satisfy P? = P
and Q% = Q. As P and Q are two matrices with rational
coefficients, we obtain that kerp (.P), imp(.P), kerp(.Q)
and imp(.Q) are trivially free D-modules since we have

kerp(.P) = D ®@p kerg(.P),
imD(.P) =D®p imQ(.P),

and similarly with kerp(.Q) and imp(.Q). We get
Uy =kerg(.\P)=(1 -1 0),
( 110 )
00 1)
Vi=kerg(.Q)=(1 —1)
Va=img(.Q)=(1 1),

and thus, we obtain the following unimodular matrices:

U2 == imQ(.P)

)

1 -1 0
v=1 1 0|, V:(} _11>
0 0 1
We finally verify that:
= _ 03 -1 0 0
— 1_ 2
R=VRU _< 0 1+ —43@)'

We note that the first scalar diagonal block corresponds to
the autonomous (uncontrollable) subsystem

z1(t) = y1(t) — y2(t),
Zl(t — Qh) — Zl(t) = O7

i.e., 21 is a 2h-periodic function, whereas the second
diagonal block corresponds to the controllable subsystem

22(t) = y1(t) + ya(t),

v(t) = u(t),

Zg(t) + Zz(t - 2h) - 4U(t - h) = 0,
of the system R (y1,y2,u)T = 0. Finally, the previous
decomposition can be seen as a generalization of the

classical Kalman decomposition of state-space control
systems for multidimensional linear systems.

We have
Theorem 4.

the following important corollary of

Corollary 6: Let us consider R € D?*P and the left
D-module M = DY?P/(D'9R). Let f : M — M
be a projector defined by two matrices P € DP*P and
Q € D9%17 gatisfying (11) and let us suppose that:

P?=P Q’=Q.

Assume further that one of the following condition holds:

1) D = A[d;0,0] is a skew polynomial ring over

a division ring A (e.g., A is a field) and o is

injective, as, e.g., the ring D = k(t) [9;idy), 4]

of differential operators with rational coefficients or

the ring D = k(n)[0;0,0] of shift operators with
rational coefficients (o(a)(n) = a(n + 1)),

2) D = Kk[O1;01,01]...[0n;0n, 0y is @ commutative
Ore algebra where k£ is a field as, e.g., the ring of
differential operators with constant coefficients,

3) D = A[01;id, 1] ... [0n;id, 6,] is a Weyl algebra
vV a € A, §(a) = 0a/0x;, 1 < i < n), where



A=klzq,...,z,) or k(z1,...,
of characteristic 0, and:

x,) and k is a field

rankp (kerp

vV v IV IV
1\3[\31\31\3

(P)
rankp (imp (.P)
rankp (kerp (.Q)
(imp (.Q))

Then, there exist U € GL,(D) and V' € GL4(D) such
that R =V RU~! is a block diagonal matrix of the form

= (R 0 axp
R_<O RQ)ED ,

where Ry € D™ Ry € DP=Dx(p—m) gpg:

m = rankp (kerp(.P)), [ =rankp(kerp(.Q)).

Proof: 1. By Lemma 9, we know that kerp(.P),
kerp(.Q), imp (.P) and imp (.QQ) are projective D-
modules. By ii) of Theorem 1.2.9 of [37], D is a left
principal ideal domain. Therefore, kerp(.P), kerp(.Q),
imp (.P) and imp (.Q) are free left D-modules of rank
respectively m, [, p —m and g — [ (see [14], [37], [56]).
The result directly follows from Theorem 4.

rankp (imp (.

2. By Lemma 9, we obtain that kerp(.P), kerp(.Q),
imp (.P) and imp (.Q) are projective D-modules. As
D is a commutative polynomial ring over a field k, by
the famous Quillen-Suslin theorem, we know that they
are free D-modules of rank respectively m, [, p —m and
q — l. See [27], [56] for more details. Then, the result
directly follows from Theorem 4.

3. By Lemma 9, we obtain that kerp(.P), kerp(.Q),
imp (.P) and imp (.Q) are projective left D-modules. A
result of J. T. Stafford asserts that projective modules of
rank at least 2 over a Weyl algebra with a field k& of
characteristic 0 are free. For more details, we refer to [54],
[55], [58]. The result directly follows from Theorem 4.

|

Remark 10: In order to constructively obtain the
unimodular matrices U and V defined in Corollary 6,
we need to compute bases of the free left D-modules
kerp(.P) and imp (.P), kerp(.Q) and imp (.Q). In the
first case of Corollary 6, we can use Smith or Jacobson
forms in order to compute bases of these modules over
D = A[0;0,6] (see [37], [42]). In the second case of
Corollary 6, we can use constructive versions of the
famous Quillen-Suslin theorem of Serre’s conjecture
([56]). For more details, we refer to [35] and references
therein. See also [27] for an implementation. In the last
case of Corollary 6, we can use the constructive algorithm
recently obtained in [54], [55] and its implementation
developed in the package STAFFORD of OREMODULES
available in [13].

Remark 11: Let D = A[9;0,6] be a skew polynomial
ring over aring A, E € AP*P, R = (01, — E) € DP*P

and M = DY*P/(D*P R) the left D-module associated
with the linear functional system 0y = Ey. In Example 4,
we proved that we can always suppose with any restriction
that f € endp (M) is defined by P € AP*P and Q € A4
satisfying (16) where F' = E. By Lemma 5, we obtain
that any projector f of endp (M) is defined by a matrix
P € APXP gatisfying P2 = P + Z R, where Z € DP*4,
Using the fact that R is a first order matrix and P is a
zero order matrix, we obtain that Z = 0, i.e., P? = P.
Now, the fact that R has full row rank, i.e., kerp(.R) = 0,
by Lemma 7, we obtain that Q? = Q. Hence, if A is
division ring and o is injective, then the hypotheses
of 1) of Corollary 6 are satisfied, and thus, there exist
U € GL,(D ) and V € GL4(D) such that the matrix
R = VRU™! is block diagonal. We can then consider
again each of the blocks separately. If A is a field,
then the matrices U and V can easily be obtained by
doing linear algebra as we have ker(.P) = (A™*P U,),

1mA(P) = (A(p—m)XpUz)’ kel"A(.Q) = (AquVl),
imag(.P) = (AWDxaV,) and U = (U] U7,
V:(VlT VQT)T‘

Example 16: Let us consider again Example 13, i.e.,
let us consider the Weyl algebra D = A;(Q), the matrix
R € D*** of differential operator defined by (50) and the
left D-module M = D*4/(D'** R). Using the algorithm
for computing projectors of endp(M), we obtain that
the matrix P = () defined by (51) generates a projector
f, which proves that M is decomposable. Moreover, we
easily check that P2 = P, ie, P is an idempotent of
D3*3. Now, using the fact that the entries of P belong to
the field k, we can easily compute bases of kery(.P) and
imy (.P) = kery(.(I4 — P)). This way, we obtain that the
following unimodular matrices (see Theorem 4):

00 10
00 01

U= 1000 | V="U.
01 00

We then obtain that R is equivalent to the following block
diagonal matrix:

o -1 0 0
— 4 |t e 0 0
R=VRUZ=119 0 o -
0 0 0 8

The diagonal blocks of the matrix R are equivalent to the
two systems that we had to solve in Example 13 in order
to integrate the solutions of R7 = 0. Hence, we find again
that the general solution of Rn = 0 is given by (52).

We note that rankp(kerp(.P)) = 2 and
rankp(imp(.P)) = 2. Hence, if we had some other
idempotents P’ and Q' over D, then we could have used
the constructive algorithm for the computation of bases
over D developed in [54], [55] in order to compute the
corresponding decomposition of M.



Example 17: If we consider the idempotent P3 € D?*?2
defined in Example 14, where D = A;(Q), we have
rankp(kerp(.P3)) = 1 and rankp(imp(.P3)) = 1.
Hence, we cannot use Corollary 6 in order to conclude
that R = (0> —t0 — 1) is equivalent to R = (a 0),
a € D, by means of unimodular matrices over D. Indeed,
we easily prove that kerp(.P3)) = D (0 —t) , which
implies that kerp(.P3)) is a free left D-module of rank
1. However, we have imp(.P3) = D*2/(D(0 —1t))
and it was proved in [54] that the last left D-module
was not free. A similar comment holds for P, as we
have kerp(.Py) & DY*2/(D (0 —t)). Of course, if we
consider the Weyl algebra B;(Q) instead of D, namely,
B1(Q) = Q(t)[9;id, 4], using a computation of a
Jacobson form, we can easily prove that R is equivalent
to the matrix R = (0 0). However, we point out that
some singularities appear in the matrices U and V' defined
in Theorem 4.

Example 18: Let us consider the differential time-delay
model of a flexible rod with a torque developed in [39]:

{ U1(t) — go(t — 1) —u(t) =0, 63)

291(t —1) — ga(t) — 92(t — 2) = 0.

Let us define the Ore algebra D = Q [01;1, 4] [9y;02,0]
of differential time-delay operators with rational constant
coefficients defined in 4) of Example 1 and the correspond-
ing matrix of the system (63) defined by:

R 01 —01 0o -1
\ 2000, —0.83-8, 0 )
Let M = DY3/(D'*2 R) be the left D-module asso-

ciated with (63). Using Algorithm 3, we obtain that the
following matrices

1403 —403(1+02) 0
P= 20, —02 01,
0 0 1

define a projector f € endp(M). Moreover, we can
check that P> = P and Q?> = Q, ie., P and Q are
idempotents. Then, using 2) of Corollary 6, we obtain that
R is equivalent to a block diagonal matrix. Let us compute
it. Using the implementation of the Quillen-Suslin theorem
developed in [27] or the heuristics given in [14], we obtain
the following unimodular matrices:

—20, 93+1 0 0 1
U= -2 D 0 ,V:< >

Using the fact that the inverse of U is then defined by

—302 —3(0341) 0
U= 1 —0s 01,
0 0 1

we finally obtain:

R-vru-i-| 2 / 0
0 0h(03-1) -2 )

As in Example 15 for the tank model, we obtain that the
first scalar diagonal block corresponds to the autonomous
(uncontrollable) subsystem, whereas the second diagonal
block defines the controllable subsystem.

More examples of decomposable modules coming from
mathematical physics can be given. For instance, we refer
the interested reader to [53] for examples of PDEs such
as R = gradodiv or R = (A? —A), A =07+ 03,
which appear in linear elasticity.

V. CONCLUSION AND IMPLEMENTATION

Within a constructive homogical algebra approach
developed in this paper, we have obtained new and
general results on the factorization and decomposition
problems of linear systems over Ore algebras. We
point out that no particular assumption on the linear
functional systems was required. Hence, the different
results of the paper can be applied to underdetermined
or overdetermined as well as D-finite ([12]) or general
determined linear systems. In particular, we have shown
how some classical results of the literature of the
factorization and decomposition problems such as the
ones using the concept of the eigenring ([3], [9], [59],
[33], [22], [15]) can be seen as particular cases of
Theorems 1, 2, 3 and 4.

Moreover, we have shown how our results could be
applied in mathematical physics (e.g., Galois symmetries
of the linearized Euler equations, quadratic first integrals
of motion, quadratic conservation laws, equivalence of
linear systems appearing in linear elasticity) and in control
theory (controllability, autonomous elements, decoupling
the autonomous and the controllable subsystems of a tank
and a flexible rod). More details and applications will be
developed in [20].

Finally, all the algorithms presented in the paper have
been implemented in the package MORPHISMS ([19]) of
OREMODULES (see [13]). This package is available on the
authors’ web pages as well as the ones of OREMODULES
(see [13] for the precise address). A library of examples,
including the ones of the paper, is also available and it
illustrates the main results obtained in this paper and the
main functions of MORPHISMS.
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