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Abstract

Within a constructive homological algebra approach, we study the factorization and decomposition
problems for a class of linear functional (determined, over-determined, under-determined) systems. 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 solutions of R y=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 M is equivalent to the existence of a non-trivial factorization R=RyR; 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 of the same size as
R. We show that the existence of idempotents of the endomorphism ring of the module M allows us to reduce
the integration of the system Ry =0 to the integration of two independent systems Rjy; =0 and Ry y, =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
of the same size as R. Applications of these results in mathematical physics and control theory are given.
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Finally, the different algorithms of the paper are implemented in the Maple package MORPHISMS based on
the library OREMODULES.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Many systems coming from mathematical physics, applied mathematics and engineering sci-
ences can be described by means of systems of ordinary or partial differential equations (ODEs,
PDEs), 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 operators. .. An
important class of such non-commutative rings of functional operators is called Ore algebras [15].
It is a subclass of the so-called skew polynomial rings in several variables (or Ore extensions).
See [46] for a general exposition on skew polynomial rings and Ore extensions.

Algebraic analysis is a mathematical theory first introduced by Malgrange in his study of linear
systems of partial differential equations with constant coefficients [45]. See also [51]. It was then
developed by the Japanese school of Sato to treat partial differential equations with variable
coefficients. See [10,22,34] and the references therein. Ideas of algebraic analysis have recently
been extended to the case of Ore algebras in order to study linear functional systems [16]. The
methods of algebraic analysis give us a way to intrinsically study a linear functional system by
considering its associated finitely presented left module over an Ore algebra. 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 operators, i.e., by performing linear algebra
over a ring which is also called module theory [37,46,66]. The tools of homological algebra have
been developed in order to study the properties of modules [66], and thus, the structural properties
of the corresponding systems. Using recent developments and implementations of Grobner and
Janet bases over Ore algebras [15,40,41,65], it has been shown in [16,55-59,63,64] how to make
effective some of these tools as, for instance, free resolutions, parametrizations, projective dimen-
sions, torsion-free degrees, Hilbert series, extension functors, classification of modules (torsion,
torsion-free, reflexive, projective, stably free, free). The corresponding constructive algorithms
have been implemented in the library OREMODULES [17]. Applications of these algorithms in
multidimensional systems theory have recently been given in [16,17,24,55-59,62—-64]. For related
works, see [50,52,53,73,76,77]. We also refer the reader to [12,14,48] and the references therein
for pioneering works on the development of constructive homological algebra methods in the case
of holonomic systems of PDEs [10,22] and to [40,44,70] for their implementations in computer
algebra software.

Continuing the development of constructive homological algebra for linear systems over Ore
algebras and, in particular [58,63,62], 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 a certain
Ore algebra D, to a left D-module M’ presented by a matrix R’. In particular, a morphism
from M to M’ defines a transformation sending solutions of the system R’z = 0 to solutions
of Ry = 0. In the case where R’ = R, the ring endp (M) of endomorphisms of M corresponds
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to the “Galois transformations” of the system Ry = 0. In the case of 1-D linear systems or
linear systems of PDEs defined by integrable connections, we explain how the endomorphism
ring end p (M) generalizes the concept of eigenring developed in the symbolic computation litera-
ture [4,7,11,18,19,61,68,74,75]. The constructive computation of morphisms between differential
modules was first studied in [49,71] in the case of holonomic differential modules (see also [41]
for morphisms between non-commutative polynomial algebras). As very few systems coming
from mathematical physics and systems theory define holonomic differential modules, this paper
attempts to study the case of general (determined, over-determined, under-determined) systems. To
our knowledge, the only work which goes in the same direction for commutative polynomial rings
is [53] following [59]. Algorithms for computing morphisms are given when Grobner bases exist
over the underlying Ore algebra. As an application, we show how to use morphism computations
to obtain quadratic first integrals of motion and quadratic conservation laws. Within this new
algebraic approach, we find again in a purely algorithmic way the quadratic conservation laws
classically studied in mathematical physics (e.g., electromagnetism, hydrodynamics, elasticity
theory).

We explicitly characterize the kernel, coimage, image and cokernel of a morphism from M to
M’ and deduce a heuristic method to check the equivalence of the corresponding systems Ry = 0
and R’z = 0. In Theorem 3.1, 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 R, 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 3.2, under certain conditions on the morphism (freeness), we show that the system
Ry = 0 is equivalent to a system of the form

T T\ (z1) _
(0 T.%)(m)_o’ M

where T, 7> and T3 are three matrices with entries in D such that the matrix defining (1) has the
same size as R. One of the main interests of (1) is that the integration of Ry = 0 is then reduced
to the cascade integration T3z = 0 and T1z1 = —T»2>.

In the fourth part of the paper, we show how to effectively compute some idempotents of
endp (M) and we prove in Theorem 4.1 that they allow us to decompose the system Ry = 0 into
two decoupled systems S;y; = 0 and S>y; = 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 S>y» = 0. Then, under certain conditions on the
idempotents (freeness), we prove in Theorem 4.2 that the system Ry = 0 is equivalent to a
block-diagonal system of the form

n O 21\ _
e

where 77 and 7> are two matrices with entries in D such that the matrix defining (2) has the
same size 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 [43,66] (e.g., linear system of partial differential equations with constant coefficients).
Moreover, if some rank conditions on the idempotent are fulfilled, then, using a result due to
Stafford [69], we prove that a similar result also holds for the Weyl algebras A, (k) and B, (k)
over a field k of characteristic O (i.e., linear system of partial differential equations with poly-
nomial/rational coefficients). Using recent implementations of both Quillen-Suslin and Stafford
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theorems in the library OREMODULES [17,24,64], we obtain a way to find the decomposition (2)
of Ry = 0 when it exists.

We point out that for all the above-mentioned results, and thus, for the corresponding algo-
rithms, no condition on the system Ry = 0 is required such as D-finite, determined, over-deter-
mined, under-determined, i.e., this approach handles general linear systems over a certain class
of Ore algebras over which Grobner bases exist. To our knowledge, the problem of factoring
or decomposing linear functional systems has been studied only for a few particular cases. For
scalar linear ordinary differential operators or linear determined ordinary differential systems,
we refer to [4,8,9,13,30,32,33,67,68,72]. Generalizations to linear determined difference and
g-difference systems appear in [4,11] and see [42,74,75] for D-finite partial differential systems.
A more general work in that direction is included in [31]. For similar cases where the base field
is of positive characteristic and for modular approaches, see [7,18,19] and the references therein.

All along the paper, we illustrate our results by considering some applications coming from
mathematical physics (e.g., quadratic first integrals of motion and quadratic conservation laws,
equivalence of systems appearing in linear elasticity, factorization and decomposition of linearized
Euler equations and the Dirac equations) and control theory (factorization and decomposition of
systems coming from control theory, decoupling of the autonomous and controllable subsystems,
parametrizations). See also [21,53,58] for other applications to mathematical systems theory.

The different algorithms presented in the paper have been implemented in the Maple package
MorpHISMS [21] based on the library OREMoDULES [17]. This package is available with a large
library of concrete examples which demonstrates the main results of the paper.

Finally, this paper is an extension of the congress paper [20].

2. Morphisms of linear functional systems
2.1. Finitely presented modules and linear functional systems

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 2.1. Let A be a ring, o an endomorphism of A, namely,
Ya,be A, o(a+b)=o0c(a)+aob), oc(ab)=oac(a)o(),
and § a o-derivation, namely, § : A — A satisfies:
Ya,be A, d(a+b)=268(a)+680b), bab)=oc(a)db)+s)b.

1. [46] A non-commutative polynomial ring A[0; o, ] in 9 is called skew if it satisfies the fol-
lowing commutation rule:

Yae A, 0da=o0(a)d+ d(a). 3

An element P of A[9d; o, 8] has the canonical form P = Z?:o a;9', where a; € A and i =
0,...,reZy =1{0,1,2,...}. If a, # 0, then the order of P, denoted by ord(P), is r.

2. [15,46] Let k be a field and A be either k or the commutative polynomial ring k[x1, ..., x,].
The skew polynomial ring D = A[d1; 01, 81] - - - [0m; Om, Sm] is called an Ore algebra if the
o;’s and §;’s commute for 1 < 7, j < m and satisfy the following conditions:

0i(d;) = 9;, 8,‘(3]')20, 1<j<i<m,
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An element P of D has the canonical form P = ZO<|v|<r a,d”, where a, € A, r € 7+,
v=>Wi,...,v,) € Zi denotes a multi-index of non-negative integers, |[v| = v + -+ v,
its length, and 8" = 9" - - 9,". If there exists v € Z, such that [v| = r and a, # 0, then the
(total) order ord(P) is r.

We note that the commutation rule (3) must be understood as a generalization of the Leibniz
rule for functional operators, namely, for an unknown y, we have
d(ay) =0 (@)d(y) +8(a)y.
Let us give a few examples of Ore algebras which will be important in what follows.

Example 2.1

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

2. Letkbeafield, A =kork[t],c =idg and § : A — A the standard derivation %. The skew
polynomial ring A[d; id 4, %] is then the ring of differential operators with coefficients in A
(i.e., constant or polynomial coefficients).

3. If k is a field and A is respectively k or k[x1, ..., x,], then we can consider
. da
0i = 1dAfdyi00.811[0-1:0i-1.811, Va4 € A, di(a) = o
L

the standard derivation of @ € A with respect to x;. Then, the Ore algebra
A[01;1d, 81] - - - [9y; id, 8]

is the ring of differential operators with respectively constant or polynomial coefficients. The
last algebra is called the Weyl algebra and is denoted by

Ap(k) = klx1, ..., x,1[01; 1d, 81] - - - [0y; 1d, 8p].

4. Let k be a field, A =k or k[t], and A[0;;idy4, %] the ring of differential operators with
coefficients in A. Let h € R4 be a positive real and let us denote by o2(a(?)) = a(t — h) the
time-delay operator and 6;(a) = O for all @ € A. Then, A[d1;id4, 51—,][32; 02, 0] is the Ore
algebra of differential time-delay operators with coefficients in A.

By extension, we can consider the previous Ore algebras with rational coefficients instead
of polynomial ones. For instance, the ring of differential operators with rational coefficients
B, (k) = k(x1,...,x,)[01;1d, 81]---[0y;1d, 6,1, 6; = a—ii, is also called the Weyl algebra.

We refer the reader to [15] for more examples of functional operators such as, for instance,
difference, divided difference, g-difference, g-dilation operators and for their applications in the

study of special functions and combinatorics. See also [41] for other polynomial algebras.

Proposition 2.1 [15,36]. Let k be a computable field (e.g., k = Q, F,), A =k[x1,...,x,] the
polynomial ring with n indeterminates over the field k and A[d1; 01, 61]...[0m; Om, 6m] an Ore
algebra satisfying the conditions

O'i(x]‘)zaijxj'—l—bij, (Si(Xj)ZCij, 1<i<m, 1 <j<n, “4)
for certain a;j € k\ {0}, b;j € k, ¢;j € A. Let < be an admissible term order, i.e., a total order
on the set B = {xi1 -~~x,i1"3']"' ~~~8,',/1”’|(i1, cosin) €20, (Jis - -y Jm) € 27} with 1 as smallest
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element and such that tu < tv for all t € B whenever u < v for u,v € B. If the <-greatest
term u in each non-zero c;; satisfies u < x;0;, then a non-commutative version of Buchberger’s
algorithm terminates for this admissible term order and its result is a Grobner basis with respect
to this order.

We refer the reader to [35,36,41] for more general results. In particular, the existence of Grobner
bases and the generalization of Buchberger’s algorithm have been studied in [12,14,40,44,70] for
the Weyl algebras A, (Q) and B, (Q).

In the rest of the paper, we shall only consider an Ore algebra D over which the existence of
Grobner bases for any admissible term order is ensured.

We can prove that the hypotheses of Proposition 2.1 implies that the Ore algebra D is a left
noetherian ring, namely, every left ideal I of D is finitely generated as a left D-module, i.e.,
there exists a finite family {a;};—1,... ;1) of elements of D such that I = Day + - - - 4+ Day(p) [46].
Moreover, an Ore algebra D satisfying the hypotheses of Proposition 2.1 can be proved to be a
domain, namely, the product of non-zero elements of D is non-zero [46]. We note that Proposition
2.1 holds for the examples of Ore algebras described in Example 2.1.

Let us recall the well-known concept of homorphisms as it will play a central role.

Definition 2.2 [66]. Let M and N be two left D-modules.

1. A D-homomorphism or, simply, a D-morphism f from M to N is a map satisfying:
Yai,ay € D,Vmy,my € M,  f(aimy + axma) = ay f (m1) + az f (m2).

2. We denote by homp (M, M) the abelian group of the D-morphisms from M to M’. If M has a
D-D’ bimodule structure, namely, M is a right D’-module which satisfies (am)b = a(mb) for
alla in D and b in D’, then homp (M, M) inherits a right D’-module structure. In particular,
if D is a commutative ring, then homp (M, M’) is a D-module.

. A D-morphism f € homp (M, M') is an isomorphism if f is injective and surjective.

4. If M’ = M, then we denote the non-commutative ring of endomorphisms of M by endp (M).

Moreover, we denote by autp (M) the non-abelian group of automorphisms of M, namely, the
group of injective and surjective D-morphisms from M to M.

(98]

In what follows, we shall assume that a linear functional system (LES) is defined by means of
a matrix of functional operators R € D9*P, where D is an Ore algebra satisfying the hypotheses
of Proposition 2.1. We consider the D-morphism of left D-modules defined by
Dl Xq _R) D] xp,

q q (5)
A1y eeihg) = (A, LA R = Z)»,'R,'],...,Z)»,’R,'p .
i=1 i=1

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

which is the cokernel of the D-morphism .R defined by (5).

This idea can be traced back to the work of Malgrange [45] on linear systems of PDEs with
constant coefficients and it has been extended to the variable coefficients case by Kashiwara [34].
See also [10,22]. We refer to [16] for the extension to linear functional systems.
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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 [66] for more details.

Definition 2.3. A sequence (M;,d; : M; — M;_1);cz of left D-modules M; and D-morphisms
di : M; — M;_; is said to be:

1. A complex if, for all i € Z, d; od;+1 = 0 or, equivalently, imd;;; C kerd;. The complex
(M;, d;)icz is then denoted by
d; d; i di—
.. _+>2Mi+1 —-;IMii)Mi,] —>I...
The defect of exactness of the complex (M;, d;);cz at M; isdefined by H(M;) = kerd; /imd; 1.
2. Exact at M; if kerd; = imd, 41, i.e., H(M;) = 0 and exact if kerd; = imd; 1, foralli € Z.
3. Split exact if it is exact and there further exist left D-morphisms s; : M;_; — M; satisfying:

VielZ, siv1085 =0, sjodi+dit10S8i41 = idM,»-

The complex (M;_1, s;)iez is then also exact.

Using (5), we obtain the exact sequence
p'xa B pixp % pp — plxp(plxagy - o, (6)

where 7 denotes the canonical projection of D!*? onto M that sends an element of D!*? to its
residue class in M. The exact sequence (6) is called a finite presentation of M and M is said to
be a finitely presented left D-module [37,66].

Let us describe M in terms of generators and relations. Let {e; }1<i<p (resp., { fj}1<j<q) be the
standard basis of D1*? (resp., D! *4), namely, the basis of D1*? formed by the row vectors e;
defined by 1 at the ith position and O elsewhere. We denote by y; the residue class of ¢; in M, i.e.,
yi = m(e;). Then, {y;}1<i<p is a set of generators of M as every element m € M is the form
w(u), where u = (1, ..., up) € D'¥P and thus, we obtain m = () = Zle uim(e;) =
Zf’zl wiyi. The left D-module M is said to be finitely generated [37,66]. Now, for j = 1,..., ¢,
we have

1. fiR=(Rj1,...,Rjp) € (DV*IR) = 7 (f;R) =0,
2.7(fiR) =Y r_| Rjxm(ex) = Y 0_, Rjkyk-

Hence, the generators {y; }1<i<p of M satisfy the relations Z,le Rjryr =0forj=1,...,q,
or, more compactly, Ry = 0 where y = (y1, ..., yp)T.

Example 2.2. Letus consider the equations of a fluid in a tank satisfying Saint-Venant’s equations
and subjected to a one-dimensional horizontal move developed in [23]:

{yl(l —2h) + y2(t) — 2u(t — h) =0,

yi(t) + y2(t — 2h) — 2u(t —h) = 0. ™

Let D = Q[d;; idg, %][82; o2, 0] be the Ore algebra of differential time-delay operators with
coefficients in Q defined in 4 of Example 2.1 and let us consider the system matrix of (7):

(31 =281 253
R‘<1 82 —200,) 0 ®)
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The D-module M = D'*3/(D'*2R) is then defined by the following finite presentation:

D2 E pb3 Ly,

We note that kerp(.R) = {A € D'*?|AR = 0} = 0 as the rows of R are D-linearly independent

and we get the following exact sequence 0 — D'*2 5 p1x3 %y ¢

To develop the relations between the properties of the finitely presented left D-module M
defined by (6) and the solutions of the system Ry = 0, we need to introduce a few more concepts
of module theory (see [37,66] for details).

Definition 2.4

1. 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 D'*” where r is a non-negative
integer. r is then called the rank of the free D-module M.

2. 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 M @ N = D'*” where @ denotes the direct sum of left
D-modules and P = Q means that P and Q are isomorphic as left D-modules. Then, N is
also a projective left D-module.

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

d d d d,
S P3PS P S M0, ©9)

where the P; are projective left D-modules. If all the P; are free left D-modules, then (9) is
called a free resolution of M. Finally, if there exists a non-negative integer s such that P, =0
for all » > s and the P;’s are finitely generated free left D-modules, then (9) is called a finite
free resolution of M.

4. Let (9) be a projective resolution of a left D-module M. We call truncated projective resolution

d  d o d
of M the complex defined by - -- = P, 3 Py = Py — 0.

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 2.1 as it is proved in [16]):

0— DIXP’§~-~£>2DIXP1£>1D1X1’01>M—>0. (10)

Let # be aleft D-module. Then, applying the functorhom(-, ) [66] to the following truncated
free resolution of M

R R R
0— D>r S ... plxp 3 plxpo 5 ()

and using the isomorphism ¢ : homp (DY¥Pi | 7= FPi definedby o(f)=(f(e1), ..., f(epl.))T,
forall f € homp(D'*Pi, F), where {e j}1<j<p: denotes the standard basis of the free D-module
D'*Pi  we then get the following complex:

R.. R Ri.
0« gL ... Zgnlgrn (11)
where, fori =1, ...,1[, we have

Ri.: FP-1 — P

=1 )T (R = Rig.



332 T. Cluzeau, A. Quadrat / Linear Algebra and its Applications 428 (2008) 324-381

A classical result of homological algebra proves, up to some isomorphisms, the defects of
exactness of (11) only depend on M and .# and not on the choice of the finite free resolution (10)
of M. See [66] for more details. In particular, these defects of exactness can also be defined by
means of projective resolutions of M and not necessarily a finite free resolution of M as we have
done for simplicity reasons. These defects of exactness are denoted by

ext) (M, )= ker#(R1.) = {n € ZP|Rin =0},
ext (M, F) = kerz(Ri11.)/imz(R;.), i>1.
It is quite easy to show that
ext) (M, #) = homp(M, F)
(see, e.g., [66]) which proves that the abelian group kers(R;.) of % -solutions of the linear
functional system Rin = 0 is isomorphic to homp (M, #). We refer to [34,45,51] for more
details. The abelian group kerz(R;.) is sometimes called the behaviour of the left D-module
M = D™Po/(D'*P1 R) [50,52,54,60,73,76]. Moreover, if we want to solve the inhomogeneous
system Ryn = ¢, where { € P! is fixed, then, using the fact that (10) is exact, we obtain that a
necessary condition for the existence of a solution n € P is given by R2¢ = 0 as we have
Rin=¢= Ry(Rin) = R2{ = R2¢ = 0.

In order to understand if the compatibility condition R>¢ = 0 is also sufficient, we need to
investigate the residue class of ¢ in extlD(M , 7F) =kerz(Ry.)/(R1FP0). If its residue class is
reduced to 0, then it means that { € & P! satisfying Ry¢ = Oissuchthat ¢ € (R1.Z ), i.e., there
exists y € 0 such that Ryy = ¢. The solution 7 is generally not unique as we can add any
element of ker#(R1.) = {n € FP°|R1n =0} to y.

Definition 2.5 [37,66].

1. A ]eft D-module % is called injective if, for every left D-module M, we have
ext, (M, #) =0fori > 1.
2. A left D-module % is called cogenerator if homp (M, #) = 0 implies M = 0.

If # is an injective left D-module, then R2¢ = 0 is a necessary and sufficient condition for
the existence of n € 0 satisfying Rin = ¢{. Moreover, if # is a cogenerator left D-module
and M is not reduced to the trivial module 0, then homp (M, %) # 0, which means that the
system Ryn = 0 admits at least one solution in % 7°. Finally, if Z is an injective cogenerator left
D-module, then we can prove that any complex of the form

0 g gnlgrn ChompM, F) <0
is exact if and only if the corresponding complex (10) is exact [50].

Proposition 2.2 [66]. For every ring D, there exists an injective cogenerator left D-module F .
In some interesting situations, explicit injective cogenerators are known.

Example 2.3

1. If © is a convex open subset of R”, then the space C*®(R2) (resp., Z'(2)) of smooth func-
tions (resp., distributions) on €2 is an injective cogenerator module over the commutative ring
R[0;;id, 81] - - - [9p; id, §,] of partial differential operators with coefficients in R (see, e.g.,
Corollary 7.8.4 of [51] and also [45,50]).



T. Cluzeau, A. Quadrat / Linear Algebra and its Applications 428 (2008) 324-381 333

2. If 7 is the set of all functions that are smooth on R except for a finite number of points, then
Z is an injective cogenerator left R(z)[9; idp(), %]—module. See [77] for more details.

To finish, let us recall two classical results of homological algebra. See [66] for more informa-
tion.

Proposition 2.3

1. Let us consider the following short exact sequence of left D-modules:

0> Mb5MmE M - o.

If M" is a projective left D-module, then the previous exact sequence splits.

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

2.2. Morphisms of finitely presented modules

2.2.1. Definitions and results
Let us first introduce a few definitions of homological algebra. See [66] for more details.

Definition 2.6

1. Let (P;, d;)icz and (P}, d});cz be two complexes of left D-modules. A morphism of complexes
f:(Pi,d)iez — (P{,d})icz is a set of D-morphisms f; : P; — P/ satisfying

VieZ, dofi=fi_10d,

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

diyn di+1 d; di_»
l—+) Pi+] l—+) Pi —l) Pl'fl I—)
b fir b fi b fi
d! d d! d/

i+2 / i+1 / i / i—2
R Pi+l — P; — P_, —

2. A morphism of complexes f : (Pi,d;)icz — (Pi’, di/)ieZ is said to be homotopic to zero if
there exist D-morphisms s; : P; — Pl./ 41 such that:

VieZ, fi= i/+los,'+s,'_10d,'.

By extension, two morphisms of complexes f, f': (P;, d;)iez — (P/, d))icz are homotopic
if f — f’ is homotopic to zero.

3. A morphism of complexes f : (P;, d;)icz — (Pl.’, d,-/)iez is called a homotopy equivalence
or a homotopism if there exists a morphism of complexes g : (Pl./ , d{ )iez = (P;, d;)iecz such
that f o g —idps and go f —idp are homotopic to zero, where idp = (P;,idp,)icz. The
complexes (P;, d;j)icz and (Pl.’ , d{ )iez are then said to be homotopy equivalent.

‘We have the following important result. See [66] for a proof.

Proposition 2.4. Let (P;, d;);cz (resp., (Pl.’, di/),-ez) be a truncated projective resolution of a left
D-module M (resp., M'"). Then, a morphism f : M — M’ induces a morphism of complexes
f 1 (Pi,d)iez — (P, d))icz defined uniquely up to a homotopy equivalence.
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Conversely, a morphism of complexes f (P, di)iez — (Pi’, d,'/)iez from a truncated projec-

tive resolution (P;, d;)icz of M to a truncated projective resolution (P}, d))icz of M' induces a

1
morphism f : M — M'.
From Proposition 2.4, we deduce the following interesting corollary.

Corollary 2.1. Let us consider the following finite presentations of respectively M and M':

R
D45 pxr Loy s 0,
/R’ 1!
PO RE AN ) L N (N}

1. The existence of a morphism f : M — M’ is equivalent to the existence of two matrices
P € DP*P and Q € D9*1 satisfying the relation:
RP = OR'. (12)
We then have the following commutative exact diagram

pxe X pbv Ly o

1.0 L.P Vf (13)
pxd K poo Iy o,
where the D-morphism f € homp(M, M) is defined by
Vi e D>P. f(m(h) =7 (LP). (14)
2. Let us denote by R}, € D%*4" g matrix satisfying kerp(.R') = D'*® R), and let P pr*r’
and Q € D7*1 " be two matrices satisfying RP = QR’. Then, the matrices defined by
{E =P+ Z|R,
Q=0+ RZ\ + Z7R),
where Z, € DP*4 and Z, € D1*% are two arbitrary matrices, satisfy RP = QR’ and:
Vi e D'XP. f(x(h) =x'(AP) =7’ (OP).

We note that a D-morphism f € homp (M, M’) is in fact defined by a matrix P € DP*P
satisfying that (D" 4R)P C (Dlxq/R’ ). Hence, the matrix P plays a more important role than
0, a fact which is also clear from (14).

In the particular case where R’ = R, from Corollary 2.1, we obtain that the existence of an
endomorphism f of M is equivalent to the existence of two matrices P € D?*P and Q € D?*4
satisfying the following relation:

RP = OR. (15)

Example 2.4. Let us consider the left D-module M = D/I, where I = Y_/_, DR; is a finitely
generated left ideal of D. Then, the left D-module M admits the following presentation:

D> EpXpm—0 R=(Ry....R)" € DI\,

By Corollary 2.1, f € endp (M) is defined by P € D satisfying (D'*?R)P C (D'*9R), i..,
by P € Dsuchthat IP C I. Theset £(1) = {P € D|IP C I} is called the idealizer of the left
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ideal I of D. Itis the largest subring of D which contains [ as a two-sided ideal [46]. The eigenring
of I is then the ring defined by &'(1)/I. We have the ring isomorphism o : endp(D/I) = &) /1
defined by o (f) = k(P), where P € &(I) satisfies that, for all A € D, f(x (X)) = w(AP) and
k : &) — &(1)/1 denotes the canonical projection [46].

If D is acommutative ring, we then have &(/) = D andendp(D/I) = D/I.For instance, if we
consider the commutative ring D = Q[d;; id, %][ax; id, %] of differential operators with rational
constant coefficients and I = D(9; — 8%) the ideal of D generated by the differential operator
defining the heat equation, then endp (D /1) = D/I = Q[0,; id, %]. Finally, if we consider the
ring D = Q[d;; id, %][82; id, %][33; id, %1 and the D-module M = D/(Dd; + Dd, + Dd3)

associated with the gradient operator in R, we then get endp(M) = M = Q.

Before illustrating Corollary 2.1, let us give a direct consequence of this corollary which shows
one interest of computing morphisms between finitely presented left D-modules.

Corollary 2.2. With the same hypotheses and notations as in Corollary 2.1, if F is a left D-
module, then the morphism
P 7V — FP
e = (P.)(¢) = P¢,

sends elements of ker 7 (R'.) to elements of ker#(R.), i.e., F -solutions of the system R'¢ =0 to
F -solutions of the system Rn = 0.

Proof. Applying the contravariant left exact functor homp (-, %) to the commutative exact dia-
gram (13), we obtain the following commutative exact diagram (see [66] for more details):

*
71 &z homp(M,F) <0
to. tP. v
/ ! / 12%.1
74 B gz " hompM, F)  <o.

Up to an isomorphism, at the end of the previous subsection, we have seen that we can identify
homp (M, F) (resp., homp(M’, F#)) with ker#(R.) (resp., kers(R’.)). An easy chase in the
previous exact diagram proves that, forall ¢ € ker#(R’.), wehave f*(¢) = P¢ € ker#(R.). O

Remark 2.1. From Corollary 2.2, 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 “Ga-
lois transformations” which send solutions of the second system to solutions of the first one.
This fact is particularly clear when R = R’: we then send a solution of the system to another
one.

As an example, we now apply Corollary 2.1 to a particular case and recover in a unified way
the eigenring introduced in the literature (see [4,11,18,19,61,68,74,75] for more details).

Example 2.5. Let us consider a skew polynomial ring D = A[9; o, §] over a (non-commutative)
ring A and two matrices E, F € AP*P. Let us consider R = (81, — E) € DP*P (resp., R' =
(31, — F) € DP*P) and the finitely presented left D-module M = D'P /(D'*PR)
(resp., M’ = D'*P/(D'*PR’)). Let  (resp., ') be the canonical projection of D!*? onto
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M (resp., M’) and {e;}i<i<, the standard basis of D'¥P_ As we have seen in Section 2.1,
{vi = m(e)}<i<p and {z; = 7'(e;)}1<i<) satisfy the equations:

p
3y,‘=ZE,‘jyj, i=1,...,p,
/=t (16)

14
32,‘:2]7,‘/'2/‘, i=1,...,p.
=1

Let f be a morphism from M to M’. Then, there exists a matrix P = (Pij<i,j<p € DP*P
such that f(y;) = Zﬁ;l P;jz;. Using (16), we easily check that we can always suppose that all
the P;; belongto A, i.e., P € AP>*P. By Corollary 2.1, there exists Q € D?*? satisfying (12).

f is the zero morphism if and only if there exists a matrix Z € DP*P satisfying P = ZR’'. As
the order of P is 0 in d and that of R’ is 1 in 3, we get that Z = 0,i.e., P =0and Q = 0.

Now, let us suppose that P and Q are different from zero. As both the orders of RP and R’ in

d are 1, we deduce that the order of Q must be 0, i.e., Q € A”*P. Then, we get

(12) & (01, — E)P = Q(31, — F)
& o(P)d+8(P)— EP = Q3 — QF

& (0(P)— Q)0+ (8(P)—EP+QF)=0. 17)
The first order polynomial matrix in the left-hand side of (17) must be equal to O so that:
Q=o0(P),
a7) < {5(10) — EP —o(P)F. (18)
We then obtain the following commutative exact diagram:
0 —  Dx» L pxr X M S0
V.o(P) VP Vf 19)
0 — DIxr K pxr L m o

Conversely, if there exist P € AP*P and Q € AP*P which satisfy (18), we can check that (12)
holds, i.e., the commutative exact diagram (19) where the morphism f : M — M’ is defined by
Vm=m(A)eM, reDXP  f(m)=n'(AP).
The previous results prove that we have
P
homp(M, M) = {f :M = M'|f(yi)=)_ Pijzj,1<i<p, PeAr*?,
j=1

8(P)=EP —a(P)F},
p
endp(M) = {f M= MIf(y) =Y Pijyj. 1 <i<p, PeAP”P,
j=1
8(P) = EP—G(P)E}.

For instance, if we consider the ring A = k[¢] or k(t) and D = A[9;id4, d%], then (18)
becomes:
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{Q(t) = P(1),

P(1) = E@)P(t) — POF (). (20)

If we consider A = k[n] or k(n) and D = A[9; o0, 0], where o (a(n)) = a(n + 1), then (18) gives:

On =0 (Py) = Put1, @1)
E,Py—o(P)F, = Ey Py — Py Fy, =0.

We find again in a unified way known results concerning the eigenring of a linear system.
Finally, if # is aleft D-module, then applying the contravariant left exact functor homp (-, %)
to the commutative exact diagram (19), we then obtain the following commutative exact diagram:

TP & P <« hompM,F) <« 0
1o (P). 1P, t e
TP B v < hompWM.F) <« O

If n € homp(M', ), i.e., n € ZP is a solution of the system dn = F, then an easy chase in
the previous commutative exact diagram shows that { = P is then a solution of 3¢ = E¢, that
istosay, { = f*(n) € homp(M, F). This last result can also be proved as follows:

9 — E¢ =0(Pn) — E(Pn) =o(P)dn+8(P)n— (EP)n =0 (P)(dn— Fn) =0.

For instance, if D = A[0; id g4, %], using (20), we then obtain

9L (1) — E(NE (1) = d(P@)n(1)) — (E@)P(0)n(1) = P(0)an(t) — P)n(t) — (EP)n(t)
= P@)@n@) — Fn(1)) =0.

If we now consider D = A[9; o, 0], using (21), then we get
i1 — EnCn = Poging1 — En Py = Pn+1(’7n+1 — Fyn) =0.
Let us introduce the definition of an integrable connection.

Definition 2.7. Let us consider the Weyl algebra D = B, (k), where k is a field of characteristic

0, and n matrices E; € k(x1, ..., x,)P*P. A connection is a linear system of PDEs of the form:
diy — Ery =0,
: (22)
dny — Eny =0.
Let us denote by V; = 9;1,, — E; € DP*P i =1, ..., n. Then, the connection (22) is said to
be integrable if the following integrability conditions hold:
. . OE; an
1<i<j<n, V[Vj—VjV[:————i—EiEj—EjE,':O. 23)
an ax,'

Using a Grobner basis computation, we can always transform a D-finite system of PDEs [15],
namely, a linear system of PDEs whose formal power series solutions at non-singular points only
depend on a finite number of arbitrary constants, into an integrable connection.
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Let us characterize the endomorphism ring of the left D-module M associated with the inte-
grable connection (22).

Proposition 2.5. Let D = B, (k) be the Weyl algebra, where k is a field of characteristic 0, n
matrices E1, ..., E, € k(xy, ..., x,)P*P satisfying (23), the matrix of functional operators
R= (011, — ED" - @adp — E)")T € D"P¥P,
and the finitely presented left D-module M = D'*P /(D" R) associated with (22).
Then, any D-endomorphism f of M can be defined by a pair of matrices P € k(xy, ..., xp)P*?
and Q € k(xy, ..., x,)"P*"P satisfying the following relations
oP

— +PE,—EP=0, i=1,...,n,
Gx,-

Q = diag(P, ..., P),

where diag(P, ..., P) denotes the diagonal matrix with n matrices P on the diagonal.

(24)

Proof. Using the fact that the integrability conditions (23) are fulfilled, we can easily check that
(22) forms a Janet basis with x; as a multiplicative variable for the equations 01y — E;y =0,
x1 and x, as multiplicative variables for the equations dy — E»y =0, ..., and x1, ..., x, as
multiplicative variables for the equations 9,y — E, y = 0 [65]. Let f be an endomorphism of M
defined by a pair of matrices P € D”*? and Q € D"?*"P. Using the special first-order form of
(22), we can assume without a loss of generality that P € k(xy, ..., x,)P>*P. Then, the matrix
P € k(xy,...,x,)P*P defines an endomorphism of M if and only if we have RP € (D"’*"PR),
i.e., if and only if the rows of (9; — E;)P = P9; + dP/dx; — E; P are reduced to zero with
respect to the Janet basis (22) for i = 1, ..., n. Hence, we obtain that the zero-order equations
oP/ox; + PE; — E;P =0,i =1,...,n, must be satisfied and Q = diag(P, ..., P). O

In [7,61,75], the eigenring of the connection (22) is defined by

E={Pckxy,...,x))"" a—P—i—PEi —EP=0,i=1,...,n
6x,~

We refer to [21] for a generalization of the previous result to linear functional systems.

The previous results show that the concept of endomorphism ring endp (M) generalizes the
concept of the eigenring of a 1-D linear system or of an integrable connection.

Finally, we refer the reader to [20,21] for relations between the concepts of endomorphism
rings, eingerings and Lax pairs developed in the integrability theory of Hamiltonian systems and
evolution equations.

2.2.2. 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 2.8. Let £ € D9*P and F € D"** be two matrices with entries in a ring D. The
Kronecker product of E and F, denoted by E ® F, is the matrix defined by

EnF ... EF
EQF = : : : c D(qr)x(ps).
quF Equ
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The next result is very classical.

Lemma 2.1. Let D be a commutativering, E € D"*4, F € D9*P and G € DP*" three matrices.
If we denote by row(F) = (Fla, ..., Fge) € D'X4P 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 2.1 is only valid for commutative rings. o )
Let us consi/der a commutative ring D and the matrices R € D9*P, R’ € D9 *P P € DP*P
and Q € D7*9 . Then, from the previous lemma, we get
{RP = RPIy =1ow(P)(RT ® I,,),
OR' =1,0R =row(Q)(I; ® R'),
which implies that (12) is equivalent to:
T
(row(P) — row(Q)) (Ijq g ;{) —0.

This leads to an algorithm for computing matrices P € D? %1 and Q e D1 xq' satisfying (12)
in the case of a commutative polynomial ring D.

Algorithm 2.1

e Input: A commutative Ore algebra D, R € D9*P and R’ € Da'xp',

e Output: A finite family of generators { f;};c; of the D-module homp (M, M"), where
M=D]Xp/(D]qu), M/:Dlxp’/(DIXq/R/)’
and each f; is defined by means of two matrices P; and Q; satisfying the relation (12), i.e.:

VieDP:  fim(W) =7 OP), i€l

1. Form the following matrix with entries in D:
T
K = <R ® 1p’> e pwp'+aa)xap’ (25)

2. Compute kerp(.K), i.e., the first syzygy left D-module of D' x(pr'+9q) g using, for instance,
a computation of a Grobner basis for an elimination order (see [16])) or a more efficient
method developed in the symbolic computation literature. We obtain L € D**(PP'+49) gsatis-
fying kerp(.K) = D' L.

3.Fori =1,...,s, construct the following matrices

Pi(j, k) =ri(L)(1, (j — D)p' + k),

Qi(l,m) = —ri(L)(1, pp’ + (I — Dq" +m),
where r; (L) denotes the ith row of L, E(i, j) the i x j entry of the matrix E, j = 1,..., p,
k=1,...,p,1=1,...,gandm =1, ..., q’. We then have

RP,=Q:R, i=1,...,s.

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

5.Fori =1, ..., s,reduce the rows of P; withrespect to G by computing their normal forms with
respect to G. We obtain the matrices P; which satisfy P, = P, + Z; R', for certain matrices
Z; € DP*4 which can be obtained by means of factorizations.
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6. Fori =1,...,s, define the following matrices 0, = Qi + RZ;. The pair (P;, Q;) then sat-
isfies the relation RP; = Q; R’.

Remark 2.2. If we denote by R/, € D%*4" a matrix satisfying kerp (.R') = D'*% R),, we then
note that any matrix of the form Q; = Q; + RZ; + Z/R),, where Z| € DY9*% s an arbitrary
matrix, also satisfies the relation RP; = Q; R’.

Remark 2.3. As D is a commutative ring, we know that homp (M, M’) has a D-module struc-
ture. Let us prove that the family { f;};e; obtained in the output of Algorithm 2.1 generates
homp (M, M'). Let us consider f € homp(M, M’). By Corollary 2.1, we know that there exist
P € DP*P and Q € D9*4 such that RP = QR/, i.e., tow(P) —row(Q))K = 0, where K
is defined by (25). Using the fact that the matrix L, defined in Step 2 of Algorithm 2.1, generates
kerp(.K), we obtain that (row(P) —row(Q)) € (D'5L), i.e., there exists (a1, ...,qs) €
D' such that

N
P=3 aP,
(row(P) —row(Q)) = (a1, ..., a5)L = 5!
0=3 a0
i=1
where the matrices P; and Q; are defined in Step 3 of Algorithm 2.1. Using the definitions of P;
and Q; defined in Steps 5 and 6 of Algorithm 2.1, we then get

N N
P = Z Ot,'Fi— (Z oe,-Zl) R/,
l=sl - i=1 s
Q=) a0i—R (Z OliZi>
i=1 i=1

Using 2 of Corollary 2.1, we obtain f = > }_, «; f;, which proves the result.

Hence, if { f;}ics is a family of morphisms obtained by Algorithm 2.1 defined by the pairs of
matrices (P;, Q;), then any element f € homp (M, M’) has the form f = Yier%ifi.i €D
fori € I, and, up to a homotopy equivalence, f can be defined by (3 ,; o; P;, Yier o 0;).

Finally, let us explain how to compute the relations between the generators { f; }i=1, ..
module homp (M, M’). We first define the matrices U = (row(P1)T ...row(Ps)HT e DS*pp
V=I,9R € DPI*PP and W = (UT  vT)T € pG+ra)<rr’ Computing kerp (.W), we get
(X —Y)e DI*6+pd) X e DI*s and Y € D'*P4 | satisfying kerp (W) = D'XI(X  —Y).
If we denote by

Y(l,l) PR Y(l,q/)
Y(-’ 41 .. Y("z D) ,
Zi = n C M L eprrd oL
Yip-vg+1 -+ Yipg)

then, fori = 1, ..., [, we obtain the relations ijl X;jP; = Z;R', and thus, ijl Xijfj =0.

Example 2.6. Let us consider again Example 2.2. Applying Algorithm 2.1 to the matrix R defined
by (8), we obtain that the D-endomorphisms of M are generated by the endomorphisms fe,, fe,,
fe; and f,, defined by fy((1)) = (A Py), for all » € D13, where
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o o 2030102
P, = | a2 + 20401 o1 — 2040 2030102 s
0402 —0a402 ar + o+ o333 +1)
Oy = o] — 20407 a2 + 201401
a = a a s

o = (0y, a2, a3, 04) € D4 and {ei}1<i<4 denotes the standard basis of D1x4, Finally, we can
check that the generators { f,, }1<i<4 of the D-module end p (M) satisfy the following relations:

03 =D foy =0, 83foy+ for — for =0,  for +03fo, — fo, =0.

Let D = A[01; 01,611+ - - [Om; Om, 8] be an Ore algebra, where A = k or k[xy, ..., x,], or
D =k(x1,...,x)[01; 01,81] - - [Om; Om, Sm ], Where k is a field of constants, namely:

k={aecAlsi@=0,i=1,...,m).

The next algorithm computes the morphisms of hom p (M, M) which can be defined by means
of a matrix P with a fixed total order in the functional operators 9; and a fixed degree in x; for
the numerators and denominators of the polynomial/rational coefficients.

Algorithm 2.2

e Input: An Ore algebra D satisfying the hypotheses of Proposition 2.1, two matrices R € D?*?
and R’ € D7 *P and three non-negative integers o, 8, .
e Output: A family of pairs (P;, Q;);cs satisfying:
RP; = QR
ordy(P;) < a,ie., P; = > al(f)a“,
Og\v\ga
andVv e 7/,,0 < |v| < «a, asl) € APXP gatisfies:
deg, (num(a}/’)) < B,
deg, (denom(a})) < .,

where ord, (P;) denotes the maximal of the total orders of the entries of P;, deg, (num(a‘(f)))
(resp., deg, (denom(ag') ))) the maximal of the degrees of the numerators (resp., denominators)
ofal’’. Foralli € I, f; € homp(M, M’) is then defined by f;(w(X)) = 7' (AP;).

1. Take an ansatz for P satisfying the input
P, )= Y b5, 1<i<p1<j<p,

O<v|<e
where bﬁi’j ) is a rational function whose numerator (resp., denominator) has a total degree 8
(resp., ¥).
. Compute R P and denote the result by F.
. Compute a Grobner basis G of the rows of R’ for a total degree order.

. Compute the normal forms of the rows of F' with respect to G.

. Solve the system for the coefficients of bff’j ) 50 that all the normal forms vanish.
. Substitute the solutions into the matrix P. Denote the set of solutions by {P;}ie;.
. For i € I, compute the normal forms P; of the rows of P; with respect to G.

NN AW
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8. Using rj(RFi) € (DIX‘IIR’), j=1,...,q,where rj(RF,-) denotes the jth row of the matrix
RP; € qul’;compute amatrix Q; € DI*d' satisfying RP; = Q; R, i € I, by reducing to 0
the row r; (R P;) with respect to the Grobner basis G.

Remark 2.4. If we search for morphisms with only polynomial coefficients, i.e., ¥ = 0, then
we note that the algebraic system in the coefficients b5/’ that we need to solve in Step 5 of
Algorithm 2.2 is linear. Hence, the solutions of this system belong to field k. However, if we look
for morphisms with rational coefficients, we then have to solve a non-linear algebraic system in
the coefficients b‘(f’] ), meaning that its solutions generally belong to the algebraic closure k of k.

If M and M’ are two finite-dimensional k-vector spaces (e.g., the linear systems defined in
Example 2.5 where A is a field k or k(¢), integrable connections, D-finite modules [15]) or
holonomic modules over the Weyl algebra A, (Q) [49,71], using Algorithm 2.2, we can then
compute a basis of the finite-dimensional k-vector space homp (M, M’). In order to apply this
algorithm, we need to know some bounds on the orders and degrees of the entries of solutions of
(12). In other words, we need to find some bounds for the inputs ¢, 8 and y of Algorithm 2.2 . In
some cases, such bounds are known. Let us recall some known results.

In Example 2.5, we saw that if D = A[9; o, §] was a skew polynomial ring over a commu-
tative ring A, E, F € AP*? and R = (31, — E), R = (3], — F), the morphisms from M =
D'*P /(D'*PR) to M’ = D'*P /(D'*P R) were defined by matrices P € AP*P satisfying:

8(P)=EP —o(P)F. (26)

Hence, we need to solve (26). There are two main cases:

1.If A =k[t] ork(t) and D = A[0; id4, %], then (26) becomes P (t) = E(t)P(t) — P(t)F(1).
A direct method to solve the previous linear system of ODEs is developed in [8]. Another
method, based on the fact that the entries of the matrices E, F and P belong to a commutative
ring A, uses the equivalence of the previous system with the following first order linear system
of ODEs

d
3 (ow(P) = row(P)(ET® 1,) — (I, ® F)), 27)

where ® denotes the Kronecker product (see Definition 2.8). Hence, computing homp (M, M")
is equivalent to computing the A-solutions of the auxiliary linear differential system (27) (see
for example [8,18,19,68]). Consequently, we can use the bounds appearing in [2,5] on the
degrees of numerators (and denominators) of polynomial (rational) solutions to deduce bounds
on the entries of P. These bounds only depend 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; o, 0] with o (a)(n) = a(n + 1),
then (26) becomes P, F, = E, P,. A direct method to solve the previous linear difference
system is developed in [6]. Another one, based again on the fact that the entries of the matrices
E,, F, and P, belong to a commutative ring A, uses the equivalence of the previous system
with the following first order linear discrete system:

row(Pyy)(EY @ 1) = row(Py) (I, ® Fy). (28)
Moreover, if E € GL,(A), i.e., the matrix E is invertible over A, then (28) becomes

row(Py41) = row(P,) (I, ® F)(EX ® 1,)7h.
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Some bounds exist on the degrees of numerators (and denominators) of polynomial (rational)
solutions of the previous system (see [1,6]), and thus, for the matrices P and Q.

It was shown in [49] how to compute the space of polynomial or rational solutions of a
holonomic system of PDEs [10,22]. In the case where M and M’ are two holonomic modules over
the Weyl algebras A, (k), this result was used in [71] to compute bases of the finite-dimensional k-
vector space homp (M, M"). See [44,70] for implementations of these results in computer algebra
systems. The result developed in [49] can be used to compute the eigenring of a linear system of
PDEs defined by means of an integrable connection (see Proposition 2.5). See also [74,75].

Finding bounds in more general situations is a subject for future researches.

If homp(M, M) is an infinite-dimensional k-vector space, we can then only consider the
morphisms of hom p (M, M") which can be defined by means of a matrix P with a fixed total order
in the functional operators 9;’s and a fixed degree in the x ;’s for the numerators and denominators
of the polynomial/rational coefficients (a kind of “filtration of homp (M, M’)”). Hence, giving
bounds «, B8 and y, Algorithm 2.2 computes those matrices P.

Let us illustrate Algorithm 2.2 by means of an example.

Example 2.7. We consider the Euler-Tricomi equation 812u(x1, Xx2) — xlazzu(xl, x2) = 0 which
appears in the study of transonic flow. Let D = A, (Q) be the Weyl algebra with coefficients in Q,
R = (312 — X1 822) € D and M = D/(DR) the associated left D-module. We can easily prove that
M is not a holonomic left D-module [10,22] and endp (M) is an infinite-dimensional k-vector
space. However, using Algorithm 2.2, we can compute the D-endomorphisms of M defined by
P € D with a fixed total order in the 9;’s and a fixed total degree in the x;’s. We denote by
endp (M), g the Q-vector space of all the elements of end p (M) defined by differential operators
whose total orders (resp., degrees) in the 9;’s (resp., x;’s) are less or equal to « (resp., 8), where
a and B are two non-negative integers. Below is a list of some of these (Q-vector spaces obtained
by means of Algorithm 2.2:

e endp(M)g o is definedby P = Q = a,a € Q.

eendp(M)y,1 isdefined by P = a1 + a20> + %amaz + azx101, where Q = P + 2a3, ay, az,
az € Q.

eendp(M)apisdefinedby P = Q =aj +azdr + a3822, where ay, a, az € Q.

e endp(M)3; is defined by (ay, ..., as € Q):

P=a; +ayd + %a3xz82 + azx101 + a4822 + %a5x2822 + as5x101 02,
Q = P +2a3 +2as50;.

2.2.3. Applications: Quadratic first integrals of motion and conservation laws

We 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 PDEs.

We consider the Ore algebra D = A[0; id 4, %] of ordinary differential operators with coeffi-
cients in a commutative k-algebra A (e.g., A = k[t], k(¢)), where k is a field of characteristic 0,
E € AP*P and the matrix R = (91, — E) € D?*P. Using (20), we can check that any solution
P € AP*P of the following Liapunov equation

PO+ ET®)P(t)+ P(EF®) =0
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defines a morphism from the finitely presented left D-module N = D'*p /(D*P R) tothe finitely
presented left D-module M = DIXP/(DD‘PR) where R = (=1, + ET)) € DP*P denotes the
formal adjoint of R [56,57]. As we have D! XPR D! *PoI, + ET), we can also use the matrix
I, +E T) instead of R in the def1n1t10n of N.

We recall that the formal adjoint R of a matrix R of differential operators is obtained by
contracting the column vector Ry by a row vector AT and integrating the result by parts to get

AT(Rn) = n"(RA) + 8((x, n)), (29)

where @ denotes the boundary terms of the integration by parts (see [S6-58]). We note that @ is
a bilinear application in (7, ) constructed from the difference of the two bilinear applications
(7, %) > AT (Rn) and (1, 1) = 0" (R2).

In particular, in our case, we have

A@n—En)=—0@AT+2TEy+ 0 Tn) = n (=01 + ETA) + a(nTh). (30)

If  is a left D-module and n € &P satisfies the system dn — En = 0, then, following the
results obtained in Example 2.5, . = Pn is a solution of A + ET) = 0. Hence, using (30), we
then get

dn'™r) =" Py) =0,

which proves that the quadratic form V = 5T Py is a first integral of the motion of the system
on — En = 0. Hence, we obtain that there exists a one-to-one correspondence between the qua-
dratic first integrals of the motion of the form V = nT Py, P € A9%P, of 3n — En = 0 and the
morphisms between the left D-modules N and M , i.e., the elements of hom D(]F\7 , M).

We note that if E is a skew-symmetric matrix, namely, E T — _E, then we get

~R= @I, +E")=@I,-E)=R
N = M and hom D(If\7 , M) = endp(M). Such a particular case usually appears in mechanics.

Let us illustrate the previous result.

Example 2.8. Let us consider the example of a linear system of ODEs defined in page 117 of
[38] and let us compute its quadratic first integrals. In order to do that, let us introduce the matrix

0 1 0 0
2
—w 0 o 0
E=10o o o 1|
0 0 —w? «

where w and « are two real constants, thering D = Q(w, «)[0; d, ] of differential operators, the
matrix R = (314 — E) € D*** of differential operators and the D-module M = D'*4/(D*4R).
Then, we have R = —(@I4 + ET)and N = D4 /(D! X4§). Using Algorithm 2.1, we obtain that
an element of the D-module hom p (ﬁ , M) can be defined by means of the matrix

c1w4 cza)z —a)z(cla + ¢3) c1w2
p— —cza)2 c1w2 —c1w2 + oo —C)
i ) _ _ 2 2 2 _
w (cia — ¢3) clw ca c1(a” + w?) cie + ¢
clw? I —cloe — 2 cl

where ¢ and ¢; are two arbitrary elements of (Q, which leads to the quadratic first integral:
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xTPx

4 2 2 2 2 2
crw x1(t)” — 2ciawx1(1)x3() + 2crwx1(t)x4(t) + crw”x2(¢)
— 2c1a)2x2(t)x3(t) + c1¢312x3(l)2 + cla)zx3(l)2
— 2c1ax3(t)xq(t) + clx4(t)2.

V(x)

More generally, let us consider a matrix R € D97 of differential operators, R e DP*4
its formal adjoint and the finitely presented left D-modules M = D'*P/(D'*4R) and N =
D4 /(D'*PR).Letus suppose that there exists amorphism f from N to M defined by P € D?*P
and Q € DP*4, i.e., we have the commutative exact diagram:

7’ ~

Dxr —’E pixa I N - 0
1.0 |l .P VS
R T

Dxa 5 plxr Ly - 0.

Applying the left exact contravariant functor homp (-, %) to the previous commutative exact
diagram, we then obtain the following commutative exact diagram

gr B g4 <« ker#(R.) ~ 0
+ 0. P (A
za R <« ker#(R.) ~ 0,

where f*(n) = Pn.If n € #7? is a solution of Ry = 0, then A = Py is a solution of RA=0as
R(Pm) = Q(Rip = 0.

Therefore, using (29), we obtain that V. = ®(Pn, n) is a quadratic first integral of the motion of
system Rn = 0, i.e., V satisfies dV (r) = 0.

An extension of the previous ideas exists for the computation of quadratic conservation laws
of linear system of PDEs, namely, a vector ¢ = (&, ..., &,)7T of quadratic functions of the
system variables and their derivatives which satisfies div® = ) "_, 9;®; = 0, where n denotes
the number of independent variables.

Let us give a simple example as the general theory exactly follows the same lines.

Example 2.9. The movement of an incompressible rotating fluid with a rotation axis lying along
the x3 axis and a small velocity is defined by

0 0
Sl 200Uz + a_p =0,

po ot X1

auz ap

P0—— +2p0R0u; + — =0,
ot axz (31)
Ouj N op —0

M Tonm

Ouy Oup Ous

—~ 4 20,
Ox; Oxp  Ox3
where u = (uy,up, u 3)T denotes the local rate of velocity, p the pressure, pg the constant fluid
density and 2 the constant angle speed. See page 62 of [39] for more details.

Letus denote by D = Q(po, Q0)[3; id, $1[91; id, 5511923 id, 55-1[93; id, 5] the ring of dif-
ferential operators, the system matrix *
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p0d:  —2p00 0 9

R | 2P0820 000y 0 o
B 0 0 P0 3; 83
d1 02 03 0

and the D-module M = D'**/(D'*4R) associated with (31).
If we denote by & = (uy, us, us, p)T, we then have the following identity

po(Aruy + Agup + Azuz)

~ 0 0 0 0 A1Lp + Aauq

A, RE) = RA —_- = — —
(&, RE) = (€, RV + <6t ox;  Oxp 6x3> A2 p + hqun
A3p + Aqu3

where R = —R. Using the fact that R is skew-symmetric, we get that N = D1X4/(D1X4§) =M
and homp (N, M) = endp(M). Hence, if (i, p) is a solution of (31), then A| = uy, A = us,
A3 = u3 and Aq4 = p is a solution of RA = 0. Hence, if we take A = &, using (32), we then obtain

; (32)

E( (u2+u2+u2))+i(2 u )+i(2 u )+£(2 uz) =0
atpol 2 3 ax1pl ale’Z ax3p3—,

i.e., we obtain the following conservation of law of (31):

° (! i %) + div (pii) =0
Py 2,00 u 1w (pu) = 0.

We refer the reader to [21] for examples coming from electromagnetism and elasticity theory.
3. Reducible modules and factorizations

We recall that D denotes an Ore algebra satisfying the hypotheses of Proposition 2.1.
3.1. Modules associated with a morphism and equivalences

Let f : M — M’ be a morphism between two left D-modules. Then, we can define the fol-
lowing 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 3.1. Let Re DY*P R’ € D4 *P' M = D'P/(D'4R)and M' = D' *P/(D'*4'R").
Let f : M — M’ be amorphism defined by means of the two matrices P € DP*P and Q € D9*41
satisfying (12). Then, we have:

1. ker f = (D7 8)/(D'4R), where S € D"*? is the matrix defined by

kerp ( (1’;)) =D (S —-T), TeD™X. (33)
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2. coim f = D'*P/(D'*"§),

3. 1mf — (D]x(erq/) (;,))/(Dlxq/R/),

4. coker f = DIXP//(DIX(”W/) (;))

Proof. 1.Letm € ker f and write m = m (%) foracertain A € D'*?_Then, f(m) = 7'(AP) =0
implies that AP € (D'9'R’), i.e., there exists . € D'*¢ satisfying AP = wR’. Hence, m =
m(A) € ker f implies that there exists u € D' 4" such that AP = wR’. Conversely, we can easily
check that any element (A  — u) € kerp(.(PT R')T) gives m = (1) € ker f.

2. Using the canonical short exact sequence 0 — ker f Lml coim f — 0, where i (resp.,
p) denotes the canonical injection (resp., surjection), M = Dxr / (D4 R) and the fact that
ker f = (D7 S)/(D'*9R), we obtain the following exact sequence

0 — (D' 8)/(D'*4R) 2> D'*P /(D4 R) & coim f — 0,

which proves that coim f = D*? /(D" §) by the third isomorphism theorem (see, e.g., [66]).
3.Forall A € D7, we have f(r(A)) = /(A P), which clearly proves that we have

im f = <D1><(p+q’) ({;’)) /(Dlxq/R/)-

4. Using the canonical short exact sequence 0 — im f L M’ S coker f — 0, where j (resp.,
o) denotes the canonical injection (resp., surjection), M’ = D'*P" /(D'*4 R") and the fact that
im f = (D'™PP + D' R")/(D'*9 R’"), we then obtain the following exact sequence

0— <D1X(”+ql) <I[€)’>> /(DIX‘/R/) EQ DYP /(D' R") 5 coker f — 0,
and thus, coker f = D'*?' /< plx(p+a") ( II; /)> by the third isomorphism theorem [66]. [

Let us state the first main result of the paper.
Theorem 3.1. With the notations of Proposition 3.1, any non-zero morphism f : M — M’ leads
to a factorization of R € D9*P of the form R = LS, where L € D?*" and S € D"*P satisfies
coim f = D*P /(D' S).

Proof. Using (33) and the fact that RP = QR’, we obtain that
1xq P _ nlxr
(D>UR  — Q) Ckerp (. ( o)) =D""(s -1,
and thus, there exists a matrix L € D?*" satisfying

{R =LS, (34)

0=LT.
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We then have the following commutative exact diagram

0
\
0 ker f
\ \
pxe X pr E oy (35)
VL [ s
pxr 3 pbo K coim f — 0,
\ \
0 0

where p : M — coim f denotes the canonical projection onto coim f = M/ker f. U

We point out that the results of Proposition 3.1 and Theorem 3.1 are constructive as Grobner
bases exist for the class of Ore algebras we are considering (see Proposition 2.1), a fact allowing us
to compute syzygy modules and factorizations of matrices. We note that the problem of factoring
R by S can be reduced to a membership problem as we need to check that every row of R belongs
to the left D-module D'*" S. We refer to the library OREMODULES [17] for more details.

Definition 3.1

1. A non-zero left D-module M is called simple if it only admits O and M as left D-submodules.
2. A factorization R = LS of the matrix R € DY9*P where L € D?*" and S € D"*?, is said to
be non-trivial if we have (D!*4R) C (D> ).

If R = LS isatrivial factorization of a full row rank matrix R, namely, kerp (.R) = 0, using the
equality (D'*7S) C (D'*9R), then there exist a matrix L' € D"* such that S = L’R. Hence,
we get (I, — LL")R = 0 and, using the fact that kerp(.R) = 0, we obtain that LL" = I, i.e., L
admits a right-inverse over D. Moreover, if R is a square matrix, i.e., p = g, we then get that
L'L=1 p» showing that L is an invertible matrix over D, which explains the name of non-trivial
factorization.

Using 1 of Proposition 3.1, we obtain the following corollary of Theorem 3.1.

Corollary 3.1. With the notations of Proposition 3.1, we obtain that the existence of a non-
injective endomorphism of M defines a non-trivial factorization of R and proves that M is not a
simple left D-module.

If M is a simple left D-module, Corollary 3.1 then shows that any non-zero endomorphism f of
M is injective. Moreover, as im f is a non-zero left D-submodule of M and M is a simple left D-
module, we obtain that im f = M. Hence, any element 0 # f € endp (M) is a D-automorphism
of M,ie., f € autp(M). This is the classical Schur’s lemma saying that the endormorphism ring
endp (M) of a simple left D-module M is a division ring (see, e.g., [46]).

Let us illustrate Theorem 3.1 and Corollary 3.1 on an example.

Example 3.1. We consider the linearized Euler equations for an incompressible fluid (see page
356 of [39]) defined by



T. Cluzeau, A. Quadrat / Linear Algebra and its Applications 428 (2008) 324-381 349

divo(x,t) =0,
ov(x, 1) (36)
o + grad p(x, 1) =0,
where x = (x1, x2, x3) and ¥ = (v1, v2, v3)T (resp., p) denotes the perturbations of the speed
(resp., pressure). Let us denote by D = Q[9,; id, a—'@t][al; id, %][82; id, %][83; id, %] the ring
of differential operators with rational constant coefficients, the system matrix corresponding to
(36) is then defined by
0p 9 d3 O
o 0 0 0
O 3; O 82
O 0 8[ 83
Let M = D"*/(D"*R) be the D-module associated with the system (36). Using
Algorithm 2.1, we obtain that an endomorphism f of M is defined by the following two matrices:

R = e DY,

0 3 —d 0 0 0 0 0
-9 O g 0 10 0 3 —
P=1a o o o 2%lo - o o
0 0 0 0 0 9 -0 0
We then obtain the following factorization R = LS of R where

0 1.0 0 0 % 000

-1 0 0 0 3 6 % & 0

L= "I, s=lo & o o

0 0 1 0 o
0 0 0 -1 3@ 0 0 =5 0
’ 0 0 o0 1

We can check that ker f = (D'*38)/(D'**R) + 0, which shows that R = LS is a non-trivial
factorization of R and M is not a simple D-module as coim f = D'**/(D'*38) is a non-trivial
D-submodule of M. If we consider # = C°°(2), where €2 is an open convex subset of R*, we
easily check that all & -solutions of Sn = 0 satisfy

3(x, t) = curl ¥ (x),

divo(x) =0, px. 1) =0,

px,1) =0,
where IZ = (Y1, Y2, ¥3)T is any vector of smooth functions on N R3 and curl denotes the

standard curl operator (see, e.g., [38]). Finally, we can easily check that the solutions of the
system Sn = 0 are particular solutions of (36).

v(x,t) = v(x), {

Let us state a useful lemma.

Lemma 3.1. Let R € D9%P, R’ € D9 P R" € D99 be three matrices satisfying the relation
R =R'R and let T' € D" %9 be such that kerp(.R') = D" T'. Let us also consider the
canonical projections w1 : D4 R' — M; = (D'*? R")/(D'*4R) and:

o D]xq’ — My = D]xq’/(Dlqu//+ Dlxr’T/).
Then, the morphism  defined by

v My — M

my = m (1) = Y(ma) = T (AR"),
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is an isomorphism and its inverse ¢ is defined by

¢: My — M,
mi =m1(AR) > ¢(m) = ma(R).

In other words, we have the following isomorphism of left D-modules:

(Dqu,R/)/(DquR) ngxq’/(Dlqu// + Der,T/)' (37)

Proof. Let us prove that v is a well-defined morphism. Let us assume that my = 2 (1) = (1),
where A, A’ € D1*9'_ Then, we have mo(A — /) = 0,1.e., A — A" € (D9 R” + DY T’ so that
there exist & € D'*% and v € D" such that A — ' = uR” + vT’. We then have

(= W)R = (uR" + vT)R = uR = 711((h — M)R') = 71, (uR) = 0
= 11(A'R") = 711 (AR) = Y (my).

Let us prove that ¢ is also well-defined. Let us suppose that m; = 71 (AR") = 71(A'R’), where
A, A € D'*4_ Then, we get 11 (A —A)R') =0, ie., (A —A)R € (D'*4R), and thus, there
exists . € D' such that (A — A’)R’ = wR. Now, using the factorization R = R”R’, we then
get(A— A — uR")R' =0sothath — ' — uR” € kerp(.R) = D' T’ Therefore, there exists
v e D suchthat A — A’ = wR” + vT’ and then

mo(A) —ma(A) =m(h — ) = m(uR" +vT') = 0.
Finally, for all m| = m;(AR") € M| and my = mp(A) € M, where A € D4 we have

{(w o ¢p)(my) = Y(m2(A) = w1 (AR") = my,
(¢ o ¥)(m2) = p(m(AR")) = m2(X) = ma,

which proves that ¢ o ¢ = idy,, ¢ o ¥ = idy, and we thus obtain (37). [
We deduce the following corollary of Lemma 3.1 and Proposition 3.1.

Corollary 3.2. With the notations of Proposition 3.1, if L € D?*" denotes a matrix satisfying
R = LS andkerp(.S) = D'*"28,, S, € D"™2*" | we then have:

L
~ nlxr 1x(g+r2)
ker f =D /(D <S2))'

We recall that the first isomorphism theorem says that we have coim f = M/ker f =Zim f
(see, e.g., [66]). This result can also be checked again as follows. Using the following two facts

R=0 I (11:,), kerp ( (;)) =D =1,

where S € D™*P, T € D™, and applying Lemma 3.1 to 3 of Proposition 3.1, we then get:

imf%DlX(p"’q/)/ <D1X<q’+r> <(S) f’T)) = D'P /(D" S) = coim f.

We give a corollary of Proposition 3.1 and Corollary 3.2.
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Corollary 3.3. With the notations of Corollary 3.2 and Proposition 3.1, f € homp(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*4" such that P = ZR'. Then, there exists Z' € D?*9 such
that Q = RZ + Z'R),, where R}, € D=4’ satisfies kerp(.R) = DlxqéRé.
(b) The matrix S admits a left-inverse over D.
2. Injective if and only if one of the following conditions holds:
(a) There exists a matrix F € D"*4 such that S = FR.
(b) The matrix (LT SzT)T admits a left-inverse over D.

3. Surjective if and only if (PT R'T admits a left-inverse over D.
4. An Isomorphism if the matrices (LT SZT)T and (PT R'MT admit left-inverses over D.

Proof. 1. Using 3 of Proposition 3.1, im f = 0 if and only if we have D!*P P + D!*¢'R' =
D4 R’ that is, if and only if (D'*? P) C (D'*4'R’) which is equivalent to the existence of a
matrix Z € DP*4 such that P = ZR’. Now, substituting P = ZR’ into (12), we then get

RZR' = QR = (Q — RZ)R' =0.

Thus, there exists Z' € D9*% satisfying Q — RZ = Z'R),, which proves the result. We also note
that 1.a is a trivial consequence of Corollary 2.1.
Let us prove 1.b. Using the canonical isomorphism € : coim f — im f, defined by

Vm e M : e(p(m)) = f(m),

where p : M — coim f denotes the canonical projection, we obtain that im f = 0 if and only if
coim f = D*P /(D' §) =0 < DS = D'*P,
i.e., if and only if S admits a left-inverse over D.

2. From 1 of Proposition 3.1, ker f = 0 if and only if D'*"S = D'*4R, i.e., if and only if
there exists F € D"*4 satisfying S = FR.

Moreover, using Corollary 3.2, we have ker f = 0 if and only if DX 4 plxrg, = plxr,
i.e., if and only if the matrix (LT ST)T admits a left-inverse over D.

3. f is surjective if and only if coker f = 0, i.e., from 4 of Proposition 3.1, if and only if
D'*Pp 4 pD'*4'R" = D'*P which is equivalent to the fact that the matrix (PT R")T admits
a left-inverse over D.

4. The result is a direct consequence of 2.b and 3. [

‘We note that the results of Corollary 3.3 can algorithmically be checked as factoring matrices
and deciding the existence of left-inverses have been made constructive and implemented in the
library OREMODULES [17]. Moreover, we can sometimes use the previous results in order to check
that two given modules are isomorphic, i.e., that the two corresponding systems are equivalent
(see also [53] for a commutative polynomial ring).

Let us illustrate Corollary 3.3.

Example 3.2. We consider two systems of PDEs appearing in the theory of elasticity (see [55]):
one half of the so-called Killing operator, namely, the Lie derivative of the euclidean metric
defined by w;; =1 for i = j and 0 otherwise (1 < i, j < 2) and the Spencer operator of the
Killing operator:
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d1z1 =0,

02z1 — 22 =0,
0161 =0, 2ol
5(0281 + 0162) =0, _
dnfr = 0 0123+ 22 =0,
2 2 - E) 82Z3 — O,

oz =0.

Let D = Q[0y; id, %][82; id, %] be the ring of differential operators with rational constant
coefficients and let us define the following two matrices:

q 0 d &% 0 0 0 O0\'
R=|[1a la|eD™ R=|0 -1 8 1 0 &| D%,
0 0 0 0 0 9 o9 O

and the associated finitely presented D-modules M = D'*?/(D'3R) and M’ = D'*3/
(D'™®R’). Using Algorithm 2.1, we find that the matrices

2000 0 0
P=<(1) X (1)) o=1lo 1 0 1 0 o0
0000 20

bl

satisfy the relation RP = QR’, i.e., define a morphism f : M — M’ given by f (&) = z; and
f(&2) = z3. The morphism f is injective as the matrix

T
g (2 % 0
g 0 0 o

defined by Proposition 3.1, satisfies the relation S = F R, where

0o 2 0
10 o0

F=1o0 20, -3
0 0 1

Moreover, f is surjective as the matrix (PT  R'T)T admits the following left-inverse over D:

1 0O 0 0 0 0 0 O
0 -9¢ 0 0 O 1 0 O
0 1 0 0 0 0 0 O

This proves that f is a D-isomorphism and M = M’.

3.2. Reducible modules and block-triangular matrices

In what follows, we shall denote by GL , (D) the general linear group over D, namely,
GL,(D) ={U € DP*P|3V € DP*P : UV =VU = I},

where I}, denotes the unit of GL, (D), i.e., the identity p x p matrix. An element of GL (D)
will be called a unimodular matrix.
The next proposition will play an important role in what follows.
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Proposition 3.2. 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 matrix U € GL (D) and a matrix J € DP*P of the form

7= (0 0>’ Ji € D=mxm g e pp=mx(p-m).

J1 D
where (J1  Jp) has full row rank, i.e., kerp(.(J1 J2)) = 0, satisfying the relation:
UP=JU. (38)

The matrix U has then the form

_ (U
U= <U2) , (39)

where the matrix Uy € D™*P defines a basis of kerp (. P), i.e., U is a full row rank matrix satisfy-
ingkerp(.P)=D""U\, and Uy € DP~™*P defines a basis of coimp(.P) = D'*? /(D" Uy),
i.e., Uy is a full row rank matrix such that we have the following split exact sequence

.U W,
0— Dbxm = plxr 3 plxtp-m
Wi .Uy

for certain matrices Wi € DP*™ and Wy € DP*(P~m),
In particular, we have the relations:

UP =0, UyP=J1U;+ JLU,.
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' U;. Using the fact that we have the short exact sequence

0 — kerp(.P) — D? 5 coimp(.P) — 0

and kerp(.P) = DY ™y, we then obtain the following short exact sequence:

0— D™ 4 DY*P 5 coimp(.P) — 0.

If we denote by N = D'*P/(D'"™U), then we get coim(.P) = D'*?/kerp(.P) = N.
Using the fact that N is a free left D-module of rank p — m and denoting by ¢ : N — D! *(P—m
the associated isomorphism, « : D!*? — N the canonical projection and W, € DP*(P=™) the
matrix corresponding to the D-morphism ¢ o « in the canonical bases of D7 and D<=
we then obtain the short exact sequence:

0 — DV G ptxr 22 pixto-m _, g,

Using the fact that D'*(P=") is a free left D-module, by 1 of Proposition 2.3, the previous
short exact sequence splits, and thus, there exist two matrices Wy € DP*™ and U; € Dp—m)xp
such that we have the Bézout identities:

U U
(U;>(W1 W) =1, (W W2><U;>=1p.
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Using the fact that U~! = (W) W) € DP*P, we have

_ (U P\ _ 0 . 0
ur= (UQP) - <(U2PU‘1)U> - (UzPU‘l) v,

which proves a part of the result with the notations:
0 0 o0
= -1 = = pxp
J1 Jh)=UPU ", J <U2PU]) <J1 J2> eD .
Finally, if A € kerp (.(U,PUY)), we then have

MU PUTY =0 & (WU2)P =0 & AU € kerp(.P) = DU,
& 3p e DM AU, = U
& Jp e DM (—p, 1) € kerp(.U) =0,
which proves that A =0 as U € GL,(D), i.e., kerp(.(UyPU~1)) = 0, and thus, the matrix
(J1  J) has full row rank.

(2 = 1). Using the relation (38) and the fact that U is a unimodular matrix, we have the
commutative exact diagram

0 0
0 0

0— kerp(P) — DXr 5 plxp
+ U U

0> kerp(.J) — Dxr =4 Dxp,
0 0
0 0

which shows that kerp (. P) = kerp(.J) (more precisely, kerp(.P) = (kerp(.J))U). Let us char-

acterize kerp (.J). Let us consider (A1, A7) € kerp(.J). We then have A»(J; J2) = 0 and using

the fact that (J;  J») has full row rank, we obtain that A = 0 and A 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 = (WU HNHU,

(uHU = (nU)P.

Therefore, we have imp (.P) Zimp(.J) = D'*P~™(J; ). Using the fact that the matrix
(J1 J2) has full row rank, we obtain that D1*®=m (J;  J,) = DX(=m) which proves that
coimp(.P) =Zimp(.P) is a free left D-module of rank p —m. O

Vi, € DY¥P, {

We note that (38) is equivalent to P = U~ JU, which means that P and J are similar.

Remark 3.1. We refer to [29,64] (resp., [24,43]) for constructive algorithms for computing bases
of free left modules over the Weyl algebras A, (Q) and B, (Q) (resp., over a commutative polyno-
mial ring with coefficients in Q). These algorithms and heuristic methods have been implemented
in the packages QUILLENSUSLIN and STAFFORD of the library OREMODULES [17,24,64].

The constructive algorithms developed in [24,29,43,64] compute bases of finitely presented
free left D-modules, i.e., modules of the form DIXZ/(DIX’”L), where L € D™*! Hence, if we
want to compute a basis of the free left D-module ker p (. P), we first need to compute the beginning
of the free resolution of kerp (. P):
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. .L
DI pixo Bgery(.P) = ¥ Ly — 0.

If Ly =0, then we get kerp(.P) = D0 [y= D'*0 a5 the rows of L are left D-linearly
independent. Hence, we can take m = [y and U; = L¢. Otherwise, we need to use the constructive
algorithms or the heuristic methods developed in [16,24,29,43,56,57,64] to compute two matrices
K € D™ and §; € D™ such that we have the split exact sequence:

K
—

Dl><11 i)l D1><l() D1><m — 0.

.S1
<~

A basis of the free left D-module kerp (. P) is then defined by the rows of the matrix Sy L.

Moreover, we have coimp(.P) = D'*?/kerp(.P) = D'*P/(D"*0 L) and we can use the
constructive algorithms developed in [24,29,43,64] to obtain the matrices Ko € D? x(p=m) and
So € D(P=™*P guch that we have the split exact sequence:

pixol pixp K plx=m g
.So
<~

Then, a basis of coimp(.P) = D'*P /(D'*0 L) is defined by the residue classes of the rows
of the matrix Sg € DP~"™*P in coimp (. P). Hence, we can take Uy = Sj.

We shall need the next two lemmas.

Lemma 3.2. LetR € D9*P, P € DP*P and Q € D?*1 be three matrices satisfying (15). Assume
further that there exist U € GL, (D) and V € GL4(D) such that

UP=JpU,
{VQ =JoV, (40)
Sfor certain matrices Jp € DP*P and Jg € D9*4. Then, we have the following equality:
(VRU™YJp = Jo(VRU™Y). (41)
Proof. We can easily check that we have the following commutative diagram
pixa (VRU™Y pixp
A% U
/ Jq / Jp
D1><q R D1><p
Q l (VRU™Y) P
Dlxq D1><P
v i v
1 / ) 1 /
D1 D P

from which we obtain (41). Let us give the corresponding explicit computations. Starting with
the second equation of (40) and post-multiplying it by R and using (15), we obtain

JoVR=VQR=VRP = (VRU H)UP).

Using the first equation of (40), we get JoVR = (VRU ~1)(JpU) and post-multiplying the
previous equality by U !, we finally have JQ(VRU_I) = (VRU~")Jp, which proves (41). O
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Lemma 3.3. Let us consider two matrices of the form

0 0
Jp = (Jl Jz) ,

0 0
0=(5, 1)

with the notations 1 <m < p, 1 <1 < q and:

Ji € D(p—m)Xm’ Jr € D(P—m)X(P—m)’ 5 € D(q—l)xl’ Ji € pa—bx=h

Moreover, let us suppose that the matrix (J;  Jp) has full row rank. If the matrix R € D9*P
satisfies the relation

RJp = JgR,
then there exist three matrices Ry € D™ Ry € D!*(P—m) Ry e Da—Dx(p=m) gych thar:

— R, 0
R=(= — . 4
( f R3> “3)
Proof. Let us write
= R En)
R=(Z" 212,
GZ] R2»
where Rj; € D'*™ Ry, € DI*P—m) Ry € DU—Dxm Ryy e pa—DHx(p—m) Then, we have
- Ri2Ji R - 0 0 )
i (;22J1 Rzzh) e <J3R11 + 4R J3R1i2+ JaRn

Ther_efore, we obtain Elz(l 1 J2) = 0. Using the fact that (J; J>) has full row rank, we then
get Ri» = 0, which proves the result. [J

(42)

Let us state the second main result of the paper (the fairy’s first theorem).

Theorem 3.2. Let us consider R € D9*P, M = D'*? /(D"9R) and f : M — M an endomor-
phism defined by two matrices P € DP*P and Q € D7*Y satisfying (15). If the left D-modules
kerp(.P), coimp(.P), kerp(.Q) and coimp(.Q) are free of rank respectively m, p — m, | and
q—1,wherel <m < pand 1 <1 < q, then the following results hold:

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

P=U""JpU,
0=VvVliv,
where Jp and Jg are the matrices defined by (42). In particular, U and V are defined by

U= (g;) , U e D™P, U,e DP—mxp,

V= (“ﬁl> . VieD*i  vyeDpuhxa,
2

where the full row rank matrices Uy and V| respectively define bases of the free left D-modules
kerp(.P) and kerp(.Q), i.e.,

kerp(.P) = D*™yy,

kerp(.Q) = D'V,
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and the full row rank matrices Uy and V; respectively define bases of the free left D-modules:
coimp(.P) = D'*P/(D"™*™U}), coimp(.Q) = D9 /(D™¥v)).

2. The matrix R is equivalent to R = VRU ™.
3. Ifwe denote by U~! = (W;  Wa), Wi € DP*™ W, € DP*(P=™ \pe then have:

— VIRW; 0 %
k= <V2RW1 V2RW2) € DTr.
Proof. 1. The result directly follows from 2 of Proposition 3.2.

2. Using the fact that U and V are unimodular, we obtain R = V~'RU.

3. From Lemma 3.2, the matrix R = V RU ~! satisfies (41). Then, applying Lemma 3.3 to the
matrix R, we obtain that R has the triangular form (43), where Ry € D'*™ R, € D*P~™ and
R3 € DU=Dx(=m) Finally, we have

ViRW;  ViRW;

— 1
R=VRU " = <V2RW1 VoRW;

) = qup’
where  ViRW; € D'*™_ VoRW; € DP=Dxm  and  ViRW, € DI*XP—m) VLRW, €
DwP—Dx(p—m)

We refer to Remark 3.1 for more details on the computation of the unimodular matrices U and
V defined in Theorem 3.2.

Remark 3.2. Let us consider a skew polynomial ring D = A[d; o, §] over a ring A, the matrix
R=(0I,—E)e DP*?and M = D'*P /(D'*4R) the left D-module associated with the linear
functional system dy = E'y. Using the results proved in Example 2.5, we know that any endomor-
phism f can be defined by means of two matrices P € AP*? and Q € A?*9.If Ais afield (e.g.,
A = k(t), k(n)), then we can use standard linear algebra techniques to compute the bases of the
A-vector spaces ker4 (. P), coimy (. P), kera(.Q) and coimy4 (.Q), i.e., to compute the matrices
Uy € AP Uy € AP~*P V€ A4 and V; € A4~D*4 defined in Theorem 3.2 as we have

kerp(.P) = D ®4 kera(.P), coimp(.P) =D ®4 coimu(.P),

and similarly forkerp(.Q)=D ®4 kera(.Q) andcoimp(.Q)=D ®4 coims(.Q),where D ®4 -
denotes the tensor product of A-modules (see, e.g., [66]). Finally, if A is a (left) principal ideal
domain (e.g., Z, k[t], k is a field), then we can compute bases of ker 4 (. P), coim4(.P), ker4(.Q)
and coimy4 (. Q) by means of a (Jacobson) Smith form (see, e.g., [24]).

Example 3.3. Let us consider the Weyl algebra D = A (Q), the following matrix

3 —t t 9
_ Jd td—t 0 —1 Axd
R=1y ¢+ oa4¢ 9-1]€P > (a4)
9 9—1 ¢ 9

and the finitely presented left D-module M = D'**/(D'**R). Using Algorithm 2.2 with o = 0,
B = land y = 0, we obtain that an endomorphism f of M is defined by means of the two matrices

1 0 0 0 fH1 1 -1 -t

ot oo o 1 1 -1 0 i

P=1o 0 o ol 2=|ig1 1 -1 - [SKIT, G
00 0 0 t1 -1 —t+1
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i.e., RP = QR. Using linear algebra techniques and Smith form computations, we can prove
that the left D-modules kerp (. P), coimp(.P), kerp(.Q) and coimp(.Q) are free of rank 2 with

bases:
0 1 0 1 0
Ur= (o 0 1) N A <o I
1 0 0 00 1 0
U2=<0 0 0)’ V2=<0 0 -1 1>'
If we denote by U = (U]  U;)T € GL4(D) and V = (V' V,))T € GL4(D), then we obtain
that R is equivalent to the following block-triangular matrix:

- o O O

—9 10 0
= -1 _fto—-t —-9—-t 0 O
R=VRU =131y o9-1 o8 —

—3 10 9

Example 3.4. Let us consider the following four complex matrices:

00 0 —i 0 0 0 -1
o o —i o > o o1 o
YZlo i o ol V= 1lo 1 0 ol

i 0 0 0 1 0 0 0

0 0 —i 0 1 0 0 0
; o o o s o1 0 o
V=1i o o ol Y Tlo o -1 o

0 —i 0 0 00 0 —I

=0, (46)

where ¥ = (Y1, ¥, Y3, 1&4)T is Dirac spinor and x = (x1, X2, X3, X4) is the space-time coordi-
nates.

Let us consider the ring D = Q()[81; id, 52-182; id, 55 1[83, id; 52 1[84; id, 521 of differen-

> 0xp > 0xp ox3
tial operators, the system matrix associated with (46)
04 0 —i03 —(01 + 92)
. 0 04 —id] + 02 i03 Axcd
R=1 i  i0+0 o 0 €D
0] — 0y —id3 0 —04

and the finitely presented D-module M = D'**/(D**R).
Using Algorithm 2.1, we obtain that an endomorphism f of M is defined by the matrices:

10 -1 0 1 01 0
1lo 1 o -1 1o 1 o 1
P=31-1 o 1 ol 2=3!1 0 1 o
0 -1 0 1 01 0 1
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As the entries of P and Q belong to Q, using linear techniques, we can easily compute bases
of the free @-modules kerg(.P), coimg(.P), kerg(.Q) and coimg(.Q), i.e., bases of the free
D-modules kerp (. P), coimp(.P), kerp(.Q) and coimp(.Q):

10 1 0 1 0 -1 0
U= <0 -1 0 —1)’ = (o 1 0 —1)’

00 -1 0 00 -1 0
V2= <0 0 0 1)’ V2= (0 0 0 1)'

Forming the matrices U = (UlT U2T)T € GL4(D)and V = (VlT VZT)T € GL4(D), we then
obtain that the matrix R is equivalent to the following block-triangular one:

04 — 103 0y +1i0p 0 0
— _ 0) —idy —(04+1i03) 0 0
R=VRU ! = ) . . .
VRU i —(Oa4id) —(atidy) Oy +id
0y — 0] —i03 —(0r —id1) —(04 —103)

Example 3.5. Let us consider again the equation of the tank subjected to a one dimensional
horizontal move defined by (7). Using Algorithm 2.1, we obtain that an endomorphism f of
the D-module M = D'*3/(D'*?R), defined in Example 2.2, can be generated by the pair of
matrices:

0 0 0 0 0
P = 28132 _2_3132 8 ’ Q:<28132 —28182>'

Using algorithms developed in [16,24,56,64], we can prove that ker p (. P), coimp (. P), kerp(.Q)
and coimp (.Q) are free D-modules with bases

vi=(L % %) vi=a o,
0 —1 239 V=0 1)
Up=@0 0 1, 2= ’

Finally, if we form U = (U] UNT € GL3(D) and V = (V! V,))T € GL2(D), we then
obtain that the matrix R is equivalent to the following matrix:

2
— (9 -1 0
R=VRU "= (1 —37 231,07 - 1)"

We refer the reader to the library of examples of MorpHISMS [21] for more difficult examples.
4. Idempotents and decompositions

We recall that D denotes an Ore algebra which satisfies the hypotheses of Proposition 2.1.
4.1. Idempotents of endp (M) and solution space decompositions

Let us introduce the definition of an idempotent of a ring.

Definition 4.1. An element a of a ring A satisfying a> = a is called an idempotent of A.
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We give alemma which characterizes the idempotents of end p (M) and we deduce an algorithm
for computing them.

Lemma 4.1. Let us consider the beginning of a finite free resolution of a left D-module M
pxa e ptxa K pxr Iy g,

and a morphism f : M — M defined by two matrices P € DP*P and Q € D?*1 satisfying (15).
Then, f is an idempotent of endp (M) if and only if there exists a matrix Z € DP*4 satisfying:

P =P+ ZR. 47
Then, there exists Z' € D1*92 such that:

0*=Q+RZ+ZRs. (48)
In particular, if R € D?*P has full row rank, namely, Ry = 0, we then have:

Q> =Q+RZ. (49)

Proof. Post-multiplying (15) by P, we obtain R P?> = Q R P and using again (15), we get RP? =
Q?R, which shows that f2 : M — M canbe defined by the matrices P2 and Q2. By 1 of Corollary
3.3, the morphism f2 — f is 0 if and only if there exist two matrices Z € D”*4 and Z’' € D%
satisfying (47) and (48) holds. The end of the lemma is straightforward. [

From this lemma, we deduce an algorithm which computes idempotents of endp (M) defined
by matrices P with a fixed total order in the 9;’s and a fixed degree in the x;’s for the numerators
and denominators of the polynomial/rational coefficients.

Algorithm 4.1

e Input: An Ore algebra D, a matrix R € D?*? and the output of Algorithm 2.2 for fixed «,

and y.
e Output: A family of pairs (P;, Q;);e; and a set of matrices {Z;};; satisfying
RP; = Q;R,

Fiz = P; + Z;R, for certain Z; € DP*4,
ordy(P;) <, ie., Pi = o pi<a aDyv.
and V0 < v| < a.ay) € AP*P satisfies:
deg, (num(a;)) < B.

deg, (denom(al)) < v,

where ord, (P;) denotes the maximal of the total orders of the entries of P;, deg, (num(al(,i)))
(resp., deg, (denom (al(f)))) the maximal of the degrees of the numerators (resp., denominators)
of a,(,l). The morphisms f; are defined by f;(w (1)) = w(AP;), forall . € D'*P i e I.

1. Consider a generic element P = ), ; ¢; P; of the output of Algorithm 2.2 for fixed «, f and
¥, where ¢; € k fori € I and k denotes an algebraic closure of k.

2. Compute P2 — P and denote the result by F.

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

4. Computing the normal forms of the rows of F' with respect to the Grobner basis G.

W
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. Solve the system on the coefficients of ¢; so that all the normal forms vanish.
. Substitute the solutions into the matrix P. Denote the set of solutions by {P;}c;.
. For j € J, compute the normal forms P ; of the rows of P; with respect to G.

. Using rk(Fi - Fj) € (D'™4R), k=1,..., p, where rk(Fi — Fj) denotes the kth row of

00 3 N

P? — P, compute a matrix 7]- € DP*1 satisfying ?? - ?j = 7jR, for j € J, by reducing

to 0 the row ry (F? -P ;) with respect to the Grobner basis G.

We shall say that an idempotent f of endp (M) is trivial if either f = 0 or f = idy;. We note
that the trivial endomorphisms f = 0, defined by P =0 and Q = 0, and f = id),, defined by
P =1, and Q = I, are always outputs of Algorithm 4.1.

In the forthcoming Theorem 4.1, we shall show how the knowledge of an idempotent f of
endp (M), namely, an element f € endp (M) satisfying f 2 = f, can be used to decompose the
system Ry = O into two decoupled systems S1y; = 0 and S2y» = O or, in other words, how to
decompose the left D-module M into two direct summands M| and M», namely, M = M| & M>.
In order to do that, we first need to start with the following lemma.

Lemma 4.2. Let R € DY*P M = D'*P/(D'4R) and f € endp(M) be an idempotent.

1. We have the following split exact sequence:

0 — ker f LN M 5 coim f =0,
idy—f ki
<~ —

where f% : coim f — M is defined by

Vme M, fi(p(m) = f(m). (50)
2. We have the following isomorphism:

¢ : ker f — coker f

m = o(m),

whose inverse is defined by

Y :coker f — ker f

o(m) = m— f(m),

where o : M — coker f denotes the canonical projection onto coker f = M /im f.

Proof. 1. For all p(m) € coim f, we have
((dy — ) o fH(p(m)) = f(m) — f2(m) =0,

ie., (idy — f)o f11 = 0. Moreover, we can easily check that (idy; — f) oi = idger . Now, for
all m € M, we have

(io(dy — f)+ fFop)m)=m— f(m)+ f(m) =m,

ie., (i o(idy — f)) + f* o p = idy. Composing the last identity by p on the left and using the
fact that p oi = 0, we get p o f* o p = p which proves p o ¥ = idcoim £ and the result.
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2. Let us check that ¢ is well-defined. We first note that m — f(m) € ker f. Let us consider
o (m) = o (m’) and let us prove that ¥ (o (m)) = ¥ (p(m’)). The fact that we have o (m) = o (')
implies thato (m — m’) = 0,i.e.,m —m’ € im f, and thus, there existsn € M suchthatm — m’ =
f(n). Then, we get Y (o(m)) — ¥ (p(m')) = ¥ (p(m —m')) = Y (p(f(n)) =0as p(f(n)) =0,
which proves that ¢ is a well-defined morphism.

For all m € ker f, we have (¥ o )(m) = (o (m)) =m — f(m) =m, ie., ¥ o @ = idge f.

Finally, for all o (m) € coker f, we have (¢ o ¥)(o(m)) = ¢(m — f(m)) = o(m), which
proves ¢ o ¥ = idcoker ¢ and the result. [

Let us introduce the definition of a decomposable left D-module.

Definition 4.2. A non-zero left D-module M is said to be decomposable if it can be written as
a direct sum of two proper left D-submodules. A left D-module M which is not decomposable,
i.e., which is not the direct sum of two proper left D-submodules, is said to be indecomposable.

By Lemma 4.2, we obtain that the existence of a non-trivial idempotent f of end p (M) implies
that we have M = ker f @ coim f,i.e., M is a decomposable left D-module. Conversely, if there
exist two left D-modules M| and M> such that M is isomorphic to M| & M» and if we denote
this isomorphism by ¢ : M — M| & M> and p; : M1 & M> — M; @ 0 the canonical projection
(.e., p% = p1), then p = ¢! o p; o ¢ is an idempotent of endp(M). We obtain the following
well-known corollary of Lemma 4.2 (see, e.g., [46,37]).

Corollary 4.1. A left D-module M is decomposable if and only if end p (M) admits a non-trivial
idempotent.

If we consider again the example of the heat equation defined in Example 2.4, we proved
that the endomorphism ring endp (M) of the corresponding D-module M is isomorphic to a
univariate commutative polynomial ring @[Bx; idg, %] Hence, we obtain that M is an indecom-
posable D-module. A similar result holds for the gradient operator in R® defined in Example
2.4.

Checking whether or not a finitely presented left D-module M is decomposable is generally a
difficultissue. Indeed, we can easily check that the set of idempotents of end p (M) has no algebraic
structure (the only main thing that we can say is that if f is an idempotent of endp (M) then so is
idyr — f). Hence, Algorithm 4.1 only gives a heuristic method for checking that a left D-module
M is decomposable. However, in [21], it was shown to be quite efficient on different classical
linear functional systems appearing in engineering sciences, control theory and mathematical
physics.

The next proposition gives a necessary and sufficient condition for f € endp(M) to be an
idempotent. This result will play an important role for decomposing the solution space kerz (R.).

Proposition 4.1. Let R € D?*P, M = D'*P /(D'¥9R) and f : M — M be an endomorphism
of M defined by a pair of matrices P € DP*P and Q € D9*9 satisfying RP = QR. Then, the
following results are equivalent:

1. f is an idempotent of endp (M), namely, > = f.
2. There exists X € DP*" satisfying
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P=1,— XS, (51)

where S € D"*P is the matrix defined in Proposition 3.1, i.e., coim f = D'*? /(D'*"S).

Finally, we have the following commutative exact diagram where f* is defined by (50)
0

!

DI ptxr 5 coim f - 0
V.7 \.P b fr

D'x4 p»xr 5 M - 0.

1
ker f

\
0

L 1

\ES

Proof. (1 = 2).By 1 of Lemma 4.2, the morphism f* defined by (50) satisfies p o f* = idcoim £
and thus, we have M = i (ker f) @ f*(coim f), where i denotes the canonical injection of ker f
into M. Using the relation SP = T R, we obtain that £ induces the morphism of complexes:

pxr 3 pbxr K comf — 0
1.7 l.P i
R T

plxa &5 plxp & M — 0.

Composing the morphisms of complexes corresponding to p (see Theorem 3.1) and f*, we obtain
that the morphism id — p o f* = 0 is defined by the following morphism of complexes

S

Dlxrg _S§ D1><r g D1><p
VU =TL) V.Up=P)
D1><r2 _S; Dl><r _S) D1><[7

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

I, — P =XS,
{Ir —TL=SX+X55. (52)

(2= 1).Using (51)and SP = TR, we get P = Iy —XS)P =P —XSP =P —(XT)R,
which proves that f is an idempotent of endp (M) by Lemma 4.1. [J
We note that, substituting (51) into SP = T R, we obtain
SU,—XS)=TR& S—-SXS=TR.
We give a necessary and sufficient condition for a left D-module M to be of the form
M=NoP
for a given left D-module N.
Proposition 4.2. Let R € D?*P and S € D"*P be two matrices satisfying (D'*4R) C (D'*"S).

Then, the left D-module M’ = D'*? /(D'X"S) is isomorphic to a direct summand of the left
D-module M = DlXP/(Dlx‘fR), i.e., we have
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M=M &kerp, (53)

where p : M — M’ is defined by p( (1)) = k (), for all » € D'*P and k : D'*P — M’ de-
notes the canonical projection onto M’ if and only if there exist two matrices X € DP*" and
T € D"*1 satisfying the relation:

S—SXS=TR. 54

Proof. (=). The isomorphism (53) is equivalent to the existence of a morphism g : M’ — M
which satisfies p o g = idyy (see, e.g., [66]). Following the same techniques as the ones used in
the proof of Proposition 4.1, (53) is then equivalent to the existence of three matrices P € DP*?,
T € D" and X € DP*" satistying the relations:

SP=TR,
I, —P=XS,
(«<). From (54), we get S(I, — XS) = TR, and, if we set P = I, — X §, then we have the
following commutative diagram

.S
p>xr 5 pbr S M - 0

VT L.P
pxe £ pr Ly o o,

=S5 -SXS=TR.

which induces a morphism g : M’ — M defined by g(x (1)) = w(AP), for all A € D'*?. Using
the fact that k = p om, forall A € DX we then get

(pog)kR) =pE@@AP)) =k(AP) =K —k((AX)S) =«@),
i.e., p o g = idyy, which proves that the exact sequence 0 — ker p LYV YN 0 splits, which
implies that M = ker p ® g(M'), i.e., M=M' @ ker p as g is an injective D-morphism (i.e.,
gm) =0=m = p(gm)) =0). 0
Remark 4.1. If § has full row rank, i.e., kerp(.S) = 0, the second equation of (52) becomes:
SX+TL=1,. (55)

Note that the factorization R = LS satisfying (55) 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[x, ..., x,],
where k is a field, then (55) becomes X S + T L = 1 (Bézoutidentity), i.e., the ideal of D generated
by S and L is 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 4.1.
Corollary 4.2. With the hypotheses and notations of Proposition 4.1, we have the equality:

Proof. Using the factorization R = LS and (51), we obtain the following equality:

("e")=()s
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which proves the first inclusion. The second one is a direct consequence of (54) as we have
XS=1,— Pand:

S=SXS+TR=(S T)(fes)z(s T)(IP;‘D). O

Let us state the third main result of the paper.

Theorem 4.1. Let R € D9*P and let us assume that the left D-module M = D'*? /(D'*4R)
is such that there exists a non-trivial idempotent f of endp(M). Moreover, let us denote by
SeD'*P, L e DI X € DP*" and S, € D"?*° the matrices defined by

coim f = D*P /(D" §),

R=1LS,

I, —P=XS,

kerp(.S) = D128,
If 7 is an injective left D-module, then we obtain that a solution n € P of Rn = 0 has the form
n=2¢ 4 Xt, where { € FP is asolution of S¢ = 0and t € F" is a solution of the system:

Lt =0,

St =0.
The integration of the system Rn = 0 is then equivalent to the integration of the two independent
systems S¢ = 0 and (56).

(56)

Proof. Applying the functor homp (-, %) to the commutative exact diagram (35) and using the
fact that & is an injective left D-module, we obtain the following commutative exact diagram:
71 & FP C kets(R) <« 0
T L. I T p*
g 2 g 2 Fr  kers(5) <« O
Let us first prove that any element of the form n = ¢ + X1, where { € #7? (resp., 1 € #")
satisfies S¢ = 0 (resp., (56)), is a solution of Rn = 0. Using R = LS and S¢ = 0, we get
Rn = R{ + R(X7) = L(S¢) + R(XT) = R(X71).
Using the fact that t satisfies the second equation of (56) and the exactness of the last horizontal

sequence of the previous commutative exact diagram, there exists 77 € # P satisfying t = 7.
Substituting this relation into the first equation of (56), we obtain

Lt =L(Sn) =Rn=0.
Then, using (51) and the relation RP = QR, we obtain
N—Pn=XSn=Xt= Rn—RPyp=R(Xt)=> R(Xt)=Ryn— QRn=0.

This last result proves that Rn = 0, i.e., n = ¢ + Xt is a solution of the system Rn = 0.

Secondly, let us prove that any solution n € # 7 of Rn = 0 has the form of n = ¢ + Xt,
where ¢ € P satisfies S¢ = 0 and T € F" satisfies (56). Let us consider n € 7 satisfying
Rn =0, ie., (LS)n =0. Using the previous commutative exact diagram, we obtain that the
element T € " defined by T = Sn satisfies (56). Then, from (54), we obtain

Sn—S(X(Sn) = T(Ry) =0 = S(X7) = 1.
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All the solutions of the inhomogeneous system Sn = t are defined as the sum of a particular
solution of S77 = t and any of solution of S¢ = 0, i.e., wehave n =¢ + Xt. U

Let us suppose that an idempotent f € endp(M) defined by the pair of matrices (P, Q) is
obtained by Algorithm 4.1. Then, the matrices S, S and L defined in Theorem 4.1 can easily be
obtained by means of Grobner bases computations. We refer to [16,17] for more details.

The previous result has already been obtained in [62] in the particular case where

M=t(M)® (M/t(M)), (57)

where the torsion submodule t (M) is defined by t (M) = {m € M|30+ P € D : Pm = 0}.

We recall that the previous decomposition is generally only true over a left hereditary ring D
[46] (e.g., D = A1 (k))oroveraleft principal ideal domain (e.g., D = Bj(k)).In[62], we construc-
tively characterize when the exact sequence 0 — t(M) — M — M /t(M) — O splits, i.e., when
we have (57). In control theory, the previous result gives a general answer to the question of know-
ing when a behaviour hom p (M, %) can be split into the autonomous behaviour homp (t (M), F)
and the parametrizable behaviourhomp (M /t (M), F) (see, e.g., [52,56,57,73,76]). We refer the
reader to [62,63] for more details and examples.

Let us illustrate Theorem 4.1.

Example 4.1. Let D be the Weyl algebra A1(Q) = Q[¢][9; ik, %] and the finitely presented
left D-module M = D'**/(D'**R) defined in Example 3.3, where R € D*** is defined by (44).
We consider again the endomorphism f of M defined by the pair of matrices (P, Q) given in
(45). We can check that P2 = P which implies that f2 = £, i.e., f is a non-trivial idlempotent
of endp (M). With the notations used in this section, we obtain the following matrices:

5 —t 0 0 10 9 00 0 0
0 9 0 0 B 00 0 0
5=1o o 1 ol Y=|1 0 a4¢ a1 =0 0o 1 o
0 0 0 1 R 9 00 0 1

We can also verify that kerp(.S) = 0 which implies S = 0. Theorem 4.1 then asserts that the
integration of Rn = 0 is equivalent to both the integration of S¢ = 0, which easily gives

1
§1=§C1t2+C2, H=C, =0, =0,

where C| and C, are two arbitrary constants, and the integration of Lt = 0, i.e.:

‘L’1=0, T1=0, ‘L’1=0,
‘L’2=0, N 7.'2=0, N ‘L'2=0,
113+ 914 =0, 23 4+113=0, 13(t) = C3Ai(t) + C4Bi(1),

013 — 14 = 0. T4 = 013, 74(2) = C30Ai(t) + C40Bi(z),

where Ai and Bi denote the two independent solutions of 3%y(r) — ty(t) = O called the Airy
functions and C3 and Cy4 are two constants. The general solution of Rn = 0 is then given by
lai? + ¢
Cq
C3Ai(r) + C4Bi(t) |’
C30Ai(t) + C40Bi(1)

where Cy, Ca, C3 and Cy are four arbitrary constants.

n=¢+ Xt = (58)
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4.2. Idempotents of DP*P and block-diagonal decompositions

We recall that P € DP*P is an idempotent of the ring DP*? if it satisfies P2 = P.

We are now going further by proving that, under certain conditions, the existence of idempotents
P of DP*P defining f € endp(M) allows us to obtain a system Rz = 0 equivalent to Ry = 0,
where R is a block-diagonal matrix of the same size as R.

We shall need the following three lemmas.

Lemma 4.3. Let R € D?*P be a full row rank matrix, i.e., kerp(.R) =0, and P € DP*P,
Q € D% be two matrices satisfying (15). Then, if P is an idempotent of DP*P , namely P> = P,

sois Q, i.e., Q2 =0.

Proof. Post-multiplying (15) by P, we obtain RP? = QRP. Using again (15), we get RP? =
Q?R. Then, the relation P? = P implies RP = Q?R, and using again (15), we obtain Q>R =
OR,i.e., (0> — Q)R = 0. Finally, the fact that R has full row rank implies Q> = Q. [

Example 4.2. Let D = A[0; o0, §] be a skew polynomial ring over a ring A, a matrix E € AP*P,
R=@01,—E)e DP*Pand M = D'*P /(D% R) the left D-module associated with the linear
functional system dy = Ey. In Example 2.5, we proved that we could always suppose without
any restriction that f € endp (M) is defined by P € AP*P and Q € A9*7 satisfying (18) where
F = E. By Lemma 4.1, we obtain that any idempotent f of endp (M) is defined by a matrix
P € AP*P satisfying P2 = P 4+ ZR, where Z € DP*9. Using the fact that R is a first order
matrix in 8 and P is a zero order matrix in d, we obtain that Z = 0, i.e., P2 = P. Now, using the
fact that R has full row rank, i.e., kerp(.R) = 0, by Lemma 4.3, we obtain that Q2 = Q.

Lemma 4.4. Let R € D1*P be a full row rank matrix and M = D'*P /(D'¥4R). Let us consider
an idempotent f : M — M defined by two matrices P € DP*P and Q € D1*9 satisfying RP =
OR, P2 = P + ZR and Q* = Q + RZ (see Lemma 4.1). If there exists a solution A € DP*4
of the algebraic Riccati equation

ARA+ (P = Ip)A+AQ +Z =0, (59)
then the matrices defined by
P=P+ AR
— ’ 60
{Q — 0 +RA, (€0

satisfy the following relations:

RP=0R, P°=P, 0°=0.

Proof. By hypothesis, the matrices P and Q satisfy (47) and (49). Let us define P = P 4+ AR
for a certain matrix A4 € DP*4. Then, we have

P =(P+ AR)(P + AR) = P>+ PAR + ARP + ARAR.

Using (15), we get Fz = P24 (PA+ AQ 4+ ARA)R. From (47) and P = P + AR, we then
obtain

PP=P+(Z—A+PA+AQ+ ARNR.
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Hence, we have P> =Pifand only if A satisfies the following equation:
(Z—A+PA+AQ + ARA)R =0,
i.e., since R has full row rank, if and on if A satisfies the Riccati equation (59).
Finally, we have

62 = (Q 4+ RA(Q + RA) = Q> + QRA+ RAQ + RARA.

Using (15), we get EZ = Q>+ R(PA+ AQ + ARA), and using (49) and Q = Q + RA, we
obtain
0 =04+RZ—-A+PA+AQ+ARN) =0. 0O

Remark 4.2. Determining whether or not the algebraic Riccati equation (59) admits a solution
seems to be a difficult issue. This problem will be studied in detail in the future.

For instance, if we consider the trivial projector f = 0 defined by the matrices P =0, Q =0
and Z = 0, we then obtain the equation ARA = A, i.e., we need to determine when a given matrix
R is a generalized inverse of a certain matrix /A and, if so, compute it. It does not seem that this
problem has been studied in the algebra contrary to the problem of determining whether or not a
matrix /A admits a generalized inverse. This first problem plays an important role in recognizing
when a matrix R is equivalent to its Smith form (see [21]).

We can compute a solution A of (59) with fixed order and fixed degrees for numerators and
denominators by substituting an ansatz in (59) and solving the quadratic algebraic system obtained
on its coefficients. Similarly, we can compute some idempotent matrices P of DP*P with fixed
order and fixed degrees for numerators and denominators by solving a quadratic algebraic system
in the unknowns of the linear k-combinations of the P; given in the output of Algorithm 2.2.

Example 4.3. Letusconsider D = A;(Q),R = (8> —13d — 1)and M = D'*?/(DR). Search-
ing for idempotents of endp (M) defined by matrices P and Q of total order 1 and total degree 2,
Algorithm 4.1 gives P = Q1 =0, P, = Q2 = I and

(-t H+ad+1 24at _(t—a)d —t®+at
P3_( 0 1 ) P4_< 0 0 >
O3 =—(t+a)d+1), Q4= —a)d+2,

where a is an arbitrary constant of (. We can check that Pl.2 =P+ Z;R,i = 3,4, where
Zi=(t+a)? 0T, Zi=((—-a? 0.
Using Remark 4.2, we obtain that (59) admits respectively the following solutions:
A3 =(at ad—1DT, As=(at ad+ DT
The matrices (60) are then defined by

B, _ (@ —(+ad+1 2(1 — ad)
3= (ad — 1)3? —atd*+ (t —2a)d +2)°
03=0,
B, atd* + (t —a)d —12(1 + ad)
4 @+ 132 —atd® —(t+2a)d—1)°
@4 = 11

and we can easily check that we have F,»z =P, 612 = Q;, fori =3, 4.
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The next lemma characterizes the kernel and the image of an idempotent P of DP*P.
Lemma 4.5. Let P € DP*P be an idempotent, i.e., P2 = P. Then, we have the following results:

1. kerp(.P) and imp (. P) are two projective left D-modules of rank respectively m and p — m,
with) < m < p.
2. We have the following equalities:

{imD(.P) =kerp(.(I, — P)),
imp(.(I, — P)) =kerp(.P).

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

0 — kerp(.P) — D' X imp(.P) = 0.

Let us define the D-morphism i : imp(.P) — D'*P by i(m) = m, for all m € imp(.P).
For every element m € imp(.P), there exists A € D'%P such that m = A P. Therefore, we have
((.P) 0i)(m) = mP = A P? and, using the fact that P> = P, we get ((.P) oi)(m) = AP = m,
i.e., ((.P)oi) =idimp(p), which shows that the previous exact sequence splits, and thus, we
obtain

D'™P = kerp(.P) ®imp(.P). (61)

This proves that kerp (. P) and imp (. P) are two finitely generated projective left D-modules.
Finally, from the previous short exact sequence, we get (see, e.g., [66])

rank p(D'*P) = rank p (kerp (. P)) + rank p(imp (. P)),

and using the fact that, by hypothesis, D is a left noetherian ring, and thus, D has the Invariant
Basis Number (IBN) [37,46], we finally get rank p (D'*P) = p, which proves the first result.

2. The fact that P2 = P implies that P({, — P) = 0,i.e.,imp(.P) € kerp(.({, — P)). Now,
let A € kerp(.(I, — P)) and let us prove that A € imp(.P). Applying A on the left of the iden-
tity I, = P + (I, — P), we obtain A = A P, which proves kerp(.(I, — P)) € imp(.P) and the
equality.

The second result can be proved similarly. [

We note thatif P = O (resp., P = 1)) is the trivial idempotent, then we have kerp (. P) = Dlx»p
and imp(.P) = 0 (resp., kerp(.P) = 0,imp(.P) = D'*P), i.e., kerp(.P) and imp(.P) are two
trivial free left D-modules, namely, defined as the images of the trivial matrices I, and 0. 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 block-diagonal decomposition problem.

Proposition 4.3. 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 j.e., U € GL,(D), and a matrix Jp € DP*P
of the form

0 0
=00
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which satisfy the relation:

UP =JpU. (62)
The matrix U has then the form
_ (U
U= (U2> , (63)

where the matrices Uy € D"™*P and Uy € DP~™*P have full row ranks and satisfy:

kerp(.P) = D>y,
{imD(.P) = pxr=my,, (64)

In particular, we have the relations Uy P = 0 and Uy P = U,.

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., Uy € DP™™*P) be a basis of kerp(.P) (resp.,
imp(.P)), i.e., (64) holds. Let us form the matrix U defined by (63).

Using (61), for all A € D'*P, there exist unique A; € kerp(.P) and A, € im (.P) such that
A = A1 + A2. Then, there exist unique p| € D™ and s € DYXP=m guch that A} = u U,
and A» = pusUs, and thus, a unique = (1, u2) € D'*P satisfying A = uU. Hence, using the
standard basis {e;}1<i<p of D™*P fori=1,..., p, there exists a unique V; € D' P guch that
e; = V;U.The matrix V = (V[I, ..., VPT)T is then a left-inverse of U. By hypothesis, D is a left
noetherian ring, and thus, stably finite [37], which implies that UV = I, i.e., U € GL,(D).

Finally, forall u € D'*P_ we have Uy € imp(.P), and thus, there exists v € D'*P guch that
wUy = vP. Using the fact that P2 = P, we get

wUsP =vP?> =vP = puU,.

Hence, for all u € DY*P_ we have w(Us P — Us) = 0, which proves that Uy P = U,. Using
U1 P = 0, we finally obtain

_(uP\_ [0\ _(0 0O
vr= ()= ()= o))

(2 = 1). Using the relation (62) and the fact that U is a unimodular matrix, we get the com-
mutative exact diagram

0 0
T T
0 — kerp(.P) > DYP £ Dxp
+.U +.U
0 — kerp(.Jp) = D*P i}; DxP,
t T
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 ker p(.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 = (WU HI,HU,

VA, € DP,
a {(;up)U = (nU)P.
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Therefore, we have imp(.P) =imp(.Jp). We can easily check that imp(.Jp) = DIxp—m)
which proves that imp (. P) is a free left D-module of rank p —m. O

We note that (62) is equivalentto P = U ~1JpU, which means that P and Jp are similar.
We shall need the next lemma.

Lemma 4.6. Let us consider the following two matrices:

0 0
— pXp
JP = <O ]p_m> eD s
Iy

(65)
Jo = (O 0 € D14,
0 q
where | <m < pand 1 <1 < q, and a matrix R € DI*P satisfying the following relation:
EJP = JQE. (66)
Then, there exist Ry € D™ and Ry € DY=D>(=m) sych that:
— (R 0
R = - ). 67
(5 &) 67

Proof. If we write

= Ry En)

R=(=1 212)

<R21 R2

where Ry € D!*™ Ry, € D'*(P=m) Ry € DU—Dxm Roy e DA=Dx(p=—m) then, we have
Ty — Ri1 R\ (O 0\ (0 Rn
P=\Ry Rn)\0 I,-n) " \0 Rn)
(0 0\ (Ru R\ _ (0 0
2% = 1o Ig— Ryi R») \Ray Rn)/)’

Therefore, (66) implies that Ri> = 0and Ry, = 0, which proves the result. [

=

~

We are now in position to state the last main result of the paper (the fairy’s second theorem).
Theorem 4.2. Let R € D?*P M = D'*? /(D' R) and f : M — M be an idempotent defined
by two matrices P € DP*P and Q € D91 satisfying (12) and:

P’=P, 0°=0.
If the left D-modules kerp(.P), imp(.P), kerp(.Q), imp(.Q) are free of rank respectively m,
p—m,landq — 1, where |l <m < pand1 <1 < q, then the following results hold:
1. There exist U € GL,(D) and V € GL, (D) satisfying the relations

P=U"'JpU,
0=Vv-1JyV,

where Jp and Jg are the matrices defined by (65).
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In particular, the matrices U and V are defined by

U= (g;) , Uy eD" P, U,eDP—mxp

V= (V1> , VieD*4, v,eDuhxa,
V>

where the full row rank matrices Uy, Uz, Vi and V, are respectively bases of the free left

D-modules kerp(.P), imp(.P), kerp(.Q) and imp(.Q), i.e.:

kerp(.P) = D"y,
imp(.P) = DI*P—my,,
kerp(.Q) = DXy,
imp(.Q) = D@Dy,

2. The matrix R is equivalent to R = VRU ™.
3. If we denote by U= = (W;  Wa), Wy € DP*™ W, € DP*P=™ e then have:

= _(VIRW 0 axp
R_< 0 VaRW, € DI*P, (68)
Proof. 1. The result directly follows from 2 of Proposition 4.3. .

2. Using the fact that the matrices li and V are unimodular, we obtain R = V- RU.

3. From Lemma 3.2, the matrix R = VRU ~1 satisfies the relation (66). Then, applying
Lemma 4.6 to R, we obtain that R has the block-diagonal form (67), where Ry € D!*™ and

R, € DY=Dx(p—m) Finally, we have

ViRW;  ViRW,
VoRW;  VoRW»

where ViRW; € D!*m, VaRW, € D—Dxm, VIRW, € D!*(p—m) VaRW, €
Dr=hHx(p—m)

E:VRU*:( )eDW’,

Remark 4.3. Using 2 of Lemma 4.5 and Remark 3.1, we can compute a basis of the free left
D-module imp(.P) = kerp(.({p — P)).

Let us illustrate Theorem 4.2 on two examples.

Example 4.4. Let us consider again the Dirac equations studied in Example 3.4. We can check
that the matrices P and Q defined in Example 3.4 are idempotents of D**4 ie., P2 = P and
0% = Q. As the entries of P and Q belong to @, by linear algebra, we know that the D-modules
kerp(.P),imp(.P), kerp(.Q) and imp(.Q) are free. Hence, by Theorem 4.2, the system matrix
R of the Dirac equations defined in Example 3.4 is equivalent to a block-diagonal matrix. In order
to compute this equivalent form, we only need to compute a basis of the free D-modules imp (. P)
and imp (. Q) instead of a basis of the free D-modules coimp (. P) and coimp(.Q). Using linear
algebra techniques, we obtain imp(.P) = D'*?U and imp(.Q) = D'*?V;, where

, (-1 0 1 0 , (1 0 1 0
U2_(0 1 0 —1)’ VQ_(O -1 0 —1)'
Hence, if we defineby U’ = (UlT UéT)T € GL4(D)and V' = (VlT V2’T)T € GL4(D), where
the matrices Uy and V| are defined in Example 3.4, we then obtain
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i03 —04 —i0] — 02 0 0

= -1 _ |01 =02 i03 4 04 0 0
R=VRU"" = 0 0 i03 + 04 id; + 02
0 0 10 —0dp —id3+ 04

Example 4.5. Let us consider again system (7) defined in Example 2.2. Using Algorithm 4.1, we
obtain that the matrices

1 1 0

1 1
ot 1) el ),
0 0 2

define an idempotent f € endp(M). Moreover, we have P? =P and Q2 = Q. As P and Q
are two matrices with rational coefficients, we obtain that kerp(.P), imp(.P), kerp(.Q) and
imp(.Q) are free D-modules. Using linear algebra techniques, we then get

kerp(.P) = DUy, U = (11 —11 0(>))’ {kerD(.Q) =DV, V= (] _])’

imp(.P) = D'¥?U,, U= (O 0 1 imp(.Q) =DV,, Va=(1 1).

If we define the matrices U = (U]  U))" € GL3(D) and V = (V{' V)T € GLy(D), by
Theorem 4.2, we obtain that the matrix R is equivalent to the following block-diagonal matrix:

= o (B-1 0 0
k=VRU _( 0  3F+1 —49%)

Hence, we get the following isomorphism:
MZ=D/(D@® — 1) ®D2/(DB3+1 —48132)).

In particular, we have t (M) = D/(D (33 — 1)) and M/t (M)= D2 /(D33 + 1 —43,3,))
as the second direct summand of M is torsion-free because the greatest common divisor of 822 +1
and —4010; is 1 and D is a greatest common divisor domain (see, e.g., [16,56,57] for algorithms
testing torsion-freeness). With the notation (z1, z2, nI=U 1, y2, u)T and within a system
theoretic language [16,52,57,73,76], we obtain that the first scalar diagonal block corresponds to
the autonomous subsystem

z1(8) = y1(1) — y2(0),
z1(t —2h) — z1(¢) =0,

i.e., z1 is a 2h-periodic function, and the second one corresponds to the parametrizable subsystem

22(0) = y1(2) + »2 (1),
v(t) = u(t),
22(t) + z0(t —2h) —40(t — h) =0,

of the system R(y1, y2, u)T = 0. We note that the parametrizable subsystem is not flar [16,24,47]

as the corresponding D-module D'*?/ (D(822 +1 —4910,)) is torsion-free but not free (see

[16,24,56] for more details). The previous decomposition can be seen as a generalization of the

Kalman decomposition of state-space control systems [54] for multidimensional systems.
Finally, if # = C°°(R) and v is any smooth 2/A-periodic function, then

21(0) = ¥ (®), ,
VE € 7,4 22(1) = 4010:6(1) = 4E(t — D),
v(®) = (2 + DE®W) = £t — 2h) + (),
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is a solution of the system ‘Rz = 0. Hence, we obtain that

i) z1(1) JU () + 26 —h)
»0 | =U" 20| =|-Lve) +2860—n
u(t) v(t) E(t —2h) +£(1)

is a solution of (7) for any smooth function & and any smooth 2A-periodic function v [23].
We have the following important corollary of Theorem 4.2.

Corollary 4.3. Let R € D9*P, M = D'*? /(D' R)and f : M — M be an idempotent defined
by two matrices P € DP*P and Q € D1*Y satisfying (15) and.:

P>=P, (Q*=0.

Assume further that one of the following conditions holds:

1. D=A[0; o, §] 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; idk(), (%] of differential operators with rational
coefficients or the ring D = k(n)[0; o, 0] of shift operators with rational coefficients,

2. D=A[01; 01, 61]...[0; 0u, 8,] is a commutative Ore algebra where A is a field k or a prin-
cipal ideal domain as, e.g., the ring of differential operators with coefficients in Q or Z,

3. D=A[0;;1d, %] -+ [0, 1d, %] isaWeylalgebra, where A=k[x1, ..., xp]ork(xy, ..., xn),
k is a field of characteristic 0, and moreover:

rankp (kerp(.P)) > 2, rankp(kerp(.Q)) > 2,
rankp (imp (. P)) > 2, rankp (imp (.Q)) = 2.

Then, there exist U € GL, (D) and V € GL4(D) such that

— _ R 0
R=VRU ! = — | e DI*P,
C) Rz)

where Ry € D™ Ry € DWP=Dx(=m) "1y — rank p(kerp(.P)) and [ = rankp(kerp(.Q)).

Proof. 1.ByLemma4.5, we know thatkerp(.P),kerp(.Q),imp(.P) andimp (. Q) are projective
D-modules. By (ii) of Theorem 1.2.9 of [46], 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 [37,46] for more details). Then, the result follows from Theorem 4.2.

2. By Lemma 4.5, 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 or a principal ideal domain
A, by the famous Quillen-Suslin theorem (see Theorem 4.59 of [66]), we know that they are free
D-modules of rank respectively m, [, p —m and g — [. Then, the result directly follows from
Theorem 4.2.

3. By Lemma 4.5, 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 the
Weyl algebras A, (k) and B, (k), where k is a field of characteristic 0, are free (see Theorem 3.6
of [69]). Then, the result directly follows from Theorem 4.2. [

In order to constructively obtain the unimodular matrices U and V defined in Corollary 4.3, we
need to compute bases of the free left D-modules kerp (. P) andimp (. P), kerp(.Q) andimp (. Q).
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In the first case of Corollary 4.3, we can use Smith or Jacobson forms in order to compute bases
of these modules over D = A[9d; o, §] (see [46,54]). In the second case of Corollary 4.3, we can
use constructive versions of the famous Quillen-Suslin theorem of Serre’s conjecture [43,66].
For more details, see Remarks 3.1 and 4.3. See also [24] for an implementation of the Quillen-
Suslin theorem in the package QUILLENSUSLIN. In the last case of Corollary 4.3, we can use
the constructive algorithm recently obtained in [29,64] and the implementation of the algorithm
developed in [64] in the package STAFFORD of OREMODULEs [17]. Hence, we get constructive
ways to obtain the unimodular matrices U and V defined in Theorem 4.2.

Remark 4.4. Theorem 4.2 supposes that we already know an idempotent f of endp (M) defined
by idempotents P of DP*? and Q of D9*9. Algorithm 4.1 gives a way to get an idempotent of
endp (M) defined by means of a matrix P with a fixed total order in the 9;’s and a fixed degree in
the x;’s for the numerators and denominators. We then need to solve the algebraic Riccati equation
(59). Hence, the existence of bounds for total order and degree of P as well as the existence of a
solution of (59) need to be studied in great detail in the future for different classes of functional
systems appearing in applied mathematics (e.g., control theory, mathematical physics).

All the previous algorithms, implemented in the package MORPHISMS [21], were recently used
to decompose many classical linear functional systems coming from mathematical physics and
control theory. Let us illustrate Theorem 4.2 and Corollary 4.3 on different examples.

Example 4.6. We consider again Example 4.1. Let D = A;(Q) be the Weyl algebra, R € D***
the matrix defined by (44) and the left D-module M = D'**/(D'**R). Using Algorithm 4.1,
we obtain that the matrices P and Q defined by (45) define an idempotent f € endp (M), which
proves that M is decomposable. Moreover, we easily check that P> = P, i.e., P is an idempotent
of D33, Using the fact that the entries of P belong to the field @, we can easily compute bases
of kery (. P) and imy (. P) = kery(.(I4 — P)) and we get the following unimodular matrices:

0 0 1 0 0 0 1 0
o 0o o 1 4 o 0o o0 1
U=11 0 0 0" Y =11 0 0 o
01 0 0 01 0 0
Moreover, if we denote by
1 0 -1 0 1 0 0 -1
V‘=<0 1 -1 1)’ V2:<0 1 -1 1)’

we can then check that we have

{kern(.Q) = D'2y,,
imp(.Q) =kerp(.(I4 — Q)) = D'*2V,,

and V = (VlT V2T )T € GL4(D). The matrix R is then equivalent to the block-diagonal matrix:

) 10 0

e |t0=1 —@+n 0 0

R=VRU"=1 "o o 0 -
0 0 9 (+Do—1
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Moreover, if we denote by

-1 0 0 0
- -1 0 0
E=1o o 41 1]€GD:
0 0 -1 0
and W = E'V, we can easily check that we have
a —-1 0 O
= N a 0 O
R=WRU " = 0O 0 0 —t
o o0 o0 o0

If we denote by W = (WT  WI)T, where W, € D*** and W, € D?*4, then we have
ket (.Q) = k[t1V2 Wy, imy(.Q) = k112 Wa,

i.e., W1 (resp., W) defines a basis of kerp (. Q) (resp., imp (. Q)) with coefficients in k[¢], whereas
V1 (resp., V,) defines a basis with coefficients in k.

Finally, the diagonal blocks of the matrix R are equivalent to the two systems that we had to
solve in Example 4.1 in order to integrate the solutions of Rn = 0. In particular, the solution of
the first diagonal block is 71 (f) = C3Ai(t) + C4Bi(¢) and z2(¢) = C30Ai(t) + C40Bi(t), whereas
the solution of the second diagonal block is z3(f) = %Cltz + C5 and z4(t) = C1, where C1, C3,
C3 and Cy4 are four arbitrary constants. Hence, using the fact that n = U -1 (z1, 22, 23, z4)T, we
find again that the general solution of Ry = 0 is given by (58).

Example 4.7. If we consider D = A;(Q) and the idempotent P3 € D>*? defined in Example 4.3,
then we have rank D(kerD(.?3)) = 1 and rank p (im D(.?3)) = 1. Hence, we cannot use 1 or 3 of
Corollary 4.3 in order to conclude that R = 3% —t3—1Dis equivalent toR=(a 0),x€D,
by means of unimodular matrices over D. Indeed, we can prove that ker D(.ﬁ3)) =D@O -—1),
which implies that kerp (. P3)) is a free left D-module of rank 1. However, we have

imp(.P3)=D"?/(D@ —1)

and it was proved in [64] that the last left D-module was not free. A similar comment holds for P4
as we have kerp((P4) = D% /(D@ —1t)). Of course, if we consider the Weyl algebra B (Q)
instead of A1(Q), namely, B1(Q) = Q(#)[9; ida(), %], using a computation of a Jacobson form,
we can easily prove that R is equivalent to R = (3 0) (see 1 of Corollary 4.3). However, we
point out that singularities then appear in the matrices U and U ! defined in Theorem 4.2 as, for
instance, we have RU~! = (3  0), where U is the matrix defined by

) —t
U_<—t8+1 tz)'

U does belong to GL3(B1(@)) but not to GL3(A(Q)) as the matrix U ! is singular at = 0:

o (r 1
v —<a %a)-

Finally, even if the hypotheses of Theorem 4.2 are not fulfilled as im p (. P3) is not a free left D-
module, we can use The(lrem 4.1to compute the solutions of R ) = 0. Indeed, we can check tEat
the matrices defined by S3 = (0 — 1), X3 =(t +a 0T and L; = 9 satisfy Pz = I, — X353,
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R = L3S; and kerp(.S3) = 0. Hence, we need to solve 9t = 0 which gives T = ¢, where c is
an arbitrary constant, as well as 9] — 1{p = 0. If # is any left D-module (e.g., # = C*(R)),
then, using the results developed in [16,56], all the Z -solutions of 3¢ — ¢ = 0 are of the form:

L1(1) = PE1(1) + 162 (1) — £2(0),
$o(1) = 15 (1) + 281 (1) + &2(1).
By Theorem 4.1, all the % -solutions of Rn = 0 are then parametrized by

m() = ( +a)c + 1261 (1) + 12(t) — £2(0),
m(t) =t (1) + 261(1) + &2(0).

Vé,6 e 7, {

VE],Ezeg;,Va,Cé@, {

Example 4.8. Let us consider the differential time-delay model of a flexible rod with a torque
developed in [47]:

yi@) =yt = 1) —u() =0,
{2y] (t = 1) — §2(t) — 32t —2) = 0. (69)

Letus define the Ore algebra D = Q[9d;; idg, %] [32; 02, 0] of differential time-delay operators
with rational constant coefficients defined in 4 of Example 2.1 and the matrix of the system (69):

_( % —0102 —1 2x3
k= (28182 —92 -9 0 ) <D

Let us introduce M = D'*3/(D'*?R). Using Algorithm 4.1, we obtain that the matrices

1+07 —393(1+3) O L _lg
P=1 20, —32 0]. Q=<0 62>’
0 0 1

define an idempotent f € endp(M). Moreover, we can check that P2 = P and 0% = Q. Then,
using 2 of Corollary 4.3, 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 [24] or the heuristics
given in [16], we obtain the following unimodular matrices:

—20, 3 +1 0 0 1
U=[20(1-33) 3@ -1 -2]|eCLyD), V= <2 3 ) € GLy(D).
-1 19, 0 2

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

— o (0 0 0
Fevrot= (00,

Hence, we get the following isomorphisms:
M=D"3/(DV?R) = D/(Dd;) @ D*?/(D(1 0)=D/(Dd)® D,

which show that t (M) = D/(D9;), M/t (M) = D and M is extended from the ring Q[9;; idg, %]
(see [66] for more details). This last result shows that, as in Example 4.5 for the tank model,
the first scalar diagonal block corresponds to the autonomous subsystem, whereas the second
diagonal block defines the flat subsystem (see [47]).

Finally, all smooth solutions of Rz = 0 are defined by z = (c, 0, z3)T, where ¢ € R and z3 is
an arbitrary smooth function. Hence, all smooth solutions of (69) are then parametrized by
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yi(®) c 3¢ —z3(t —2) — z3(t)
o | =v" 0 = c—2z3(t—1) ,
u(r) 23(1) 23(t —2) — 23(1)

where c is an arbitrary real constant and z3 an arbitrary smooth function.

We refer the reader to [21,24] for more examples of decomposable modules coming from
mathematical physics and control theory such as the Cauchy-Riemann equations, the Beltrami
equations, acoustic waves, transmission lines, 2-D rotational isentropic flow, wind tunnel/(stirred)
tank/string/network models. .. Finally, we refer to [21] for a description of the package MORPHISMS
in which the different algorithms described in this paper were implemented.

5. Conclusion

Within a constructive homological algebra approach, we have obtained new and general results
on the factorization and decomposition problems of linear functional systems over a certain class
of 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 determined, over-determined
and under-determined linear functional 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 [4,11,18,31,61,68,74,75] could be seen as particular cases of Theorems
3.1, 3.2, 4.1 and 4.2. However, we point out that some open questions need to be studied in the
future such as the computation of bounds for «, 8 and y in Algorithms 2.2 and 4.1 for important
classes of linear functional systems, the structure of the set of idempotents of an endomorphism
ring, the existence of solutions of the Riccati equation.

We have shown how these results could be applied in mathematical physics (e.g., computation
of quadratic first integrals of motion and quadratic conservation laws, testing the equivalence of
linear systems of PDEs appearing in mathematical physics, factoring, decomposing and com-
puting Galois transformations of the classical linear systems of PDEs appearing in elasticity
theory, electromagnetism, hydrodynamics) and in control theory (factorization, decomposition
and computation of Galois transformations of classical linear functional systems appearing in the
literature of control theory, parametrizations, decoupling the autonomous and the controllable
subsystems). We refer the reader to [20,21] for more examples and applications (e.g., study of the
KdV equation by means of the eigenring and Lax pairs).

Moreover, all the algorithms presented in the paper have been implemented in the package
MorpHISMS [21] of OREMODULES (see [17]). This package is available with a library of examples,
including the ones of the paper, which illustrates the main results obtained in this paper and the
main functions of the package MorpHIsMS. In the case of a commutative polynomial ring, tools of
homological algebra such as the computation of morphisms have also recently been implemented
in the package HOMALG [3].

This work opens interesting questions such as proving whether or not the differential modules
associated with the main linear systems of PDEs appearing in mathematical physics (e.g., the
Maxwell equations, the Navier equations in elasticity theory, the linearized Einstein equations) are
simple or indecomposable. This problem will be studied in the future. Applications of our results
to the important issue of characterizing the minimal number of generators of a finitely presented
module will soon be developed. For some results going in this direction, see [21]. Computing a
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minimal set of generators for the classical functional systems appearing in mathematical physics
seems to us an important issue of constructive algebraic analysis.

The results obtained in this paper can also be used for studying classical problems in control
theory such as the decoupling problem or equivalence problems (e.g., when is a multidimensional
system equivalent to its Smith form?). We also need to study how the algebraic properties of the
underlying module (e.g., torsion-free, reflexive, projective) can be taken into account to charac-
terize the endormorphism ring and the set of its idempotents (e.g., projective modules). Finally,
applications of these results to the behavioural approach to multidimensional systems need to be
developed following the lines developed in [28,53].
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