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Réduction de Serre des systemes linéaires d’équations aux
dérivées partielles dont les adjoints sont holonomes

Résumé : Etant donné un systeme fonctionnel linéaire (e.g., systeme d’équations différentielles
ordinaires, systeme d’équations aux dérivées partielles, systeme d’équations différentielles a re-
tard, systeme d’équations aux différences), la réduction de Serre a pour but de trouver un systéme
fonctionnel linéaire équivalent contenant moins d’équations et d’inconnues. L’objectif de ce pa-
pier est I’étude de la réduction de Serre des systemes linéaires sous-déterminés d’équations aux
dérivées partielles a coefficients polynomiaux, séries formelles ou séries localement convergentes,
dont les adjoints sont holonomes au sens de ’analyse algébrique. Nous prouvons que de tels
systemes peuvent étre définis par une seule équation aux dérivées partielles. Dans le cas des
coefficients polynomiaux, nous donnons un algorithme permettant de calculer I’équation corre-
spondante.

Mots-clés : Réduction de Serre, systemes linéaires sous-déterminés d’équations aux dérivées
partielles, D-modules holonomes, théorie constructive des modules, théorie mathématique des
systemes, calcul formel.
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1 Introduction

One of the main goals of symbolic computation is the problem of rewriting linear/polynomial/
algebraic/differential systems of equations in such a way that interesting information on the
systems, which does not clearly appear in their original forms, can be easily extracted from
their new forms (e.g., Gaussian elimination, Smith or Jacobson normal forms, Grébner or Janet
bases, triangular sets, formal integrability).

Serre’s reduction problem aims at simplifying linear functional systems (e.g., ordinary (OD)
or partial differential (PD) equations, time-delay equations, difference equations) in the sense of
finding an equivalent presentation of the linear functional system which contains fewer unknowns
and fewer equations. Serre’s reduction generally helps studying the structural properties of the
linear functional system and it can sometimes be used to compute its closed-form solutions.
This problem also finds applications in numerical analysis. In module theory, Serre’s reduction
is related to the problem of characterizing the minimal number of generators (and relations)
of a module finitely presented by a full row rank matrix. The efficient generation of ideals of
commutative polynomial rings and its interpretation in terms of complete intersection of affine
algebraic varieties of codimension 2 were the reasons for which Serre studied this problem ([30]).

The constructive study of Serre’s reduction problem has recently been initiated in [2] [3].
Despite a precise mathematical characterization of the existence of Serre’s reduction (see Sec-
tion , to effectively recognize it and compute its reduced form is quite an issue. Moreover,
as indicated by Serre in [30], this problem is connected to the difficult problem of recognizing
whether or not certain projective or stably free modules are free (e.g., Serre’s conjecture for the
commutative polynomial case, nowadays known as the Quillen-Suslin theorem (see, e.g., [29])).
An important case where Serre’s reduction can be constructively tested is the case of a full
row rank matrix R € D?*P where D = k[x1,...,z,] and k is a computable field, for which
the D-module D?/(R DP) is 0-dimensional, namely, is a finite-dimensional k-vector space. In
this case, we can test whether or not two invertible square matrices V' and W exist such that
V RW = diag(I,, S), where diag(A, B) stands for the block-diagonal matrix formed by the two
matrices A and B, and I, is the r x r identity matrix. In particular, the computation of the
matrices V and W requires the computation of bases of finitely generated free D-modules using
an implementation of the Quillen-Suslin theorem such as can be found in the QUILLENSUSLIN
package for instance ([I4]). As explained in [3], the class of controllable linear OD time-delay
systems studied in control theory fits in the above situation, which explained why it was possible
in [2, B, 9] 26] to exhibit Serre’s reductions for many linear OD time-delay systems studied in
the literature of control theory.

The purpose of this paper is to study Serre’s reduction of underdetermined linear PD sys-
tems. More precisely, we focus on the situation which generalizes the case of a 0-dimensional
D = k[z1,...,xy)-module D?/(R DP), namely, the case where the right D = A, (k)-module
D4/(R DP) is holonomic in the sense of algebraic analysis (see [1, 20] and the references therein),
where A, (k) denotes the first (polynomial) Weyl algebra, i.e., the noncommutative ring of PD
operators with polynomial coefficients over a base field k of characteristic 0. In this case, if
p — q > 1, then, combining a classical result in algebraic analysis which asserts that a holo-
nomic module is cyclic (see Section |3)) with Stafford’s theorem proving that finitely generated
projective left A, (k)-modules are free when their ranks are at least 2 (see Section [2)), we prove
in Section [5| that the left D-module M = D'*?P/(D'*4 R) always admits Serre’s reduction, i.e.,
there exists always a row vector @ € D=9+ guch that M = D>*P—4+t1) /(D Q). If F is a
left D-module (e.g., F = R[x1, ..., 2], R(z1,...,2,), C(R™), D'(R™)), then this result shows
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that the solution space kerr(R.) = {n € FP | Rn = 0} of the linear PD system defined by the
matrix R € D?*P of PD operators is equivalent to the solution space defined by a sole linear PD
equation kerr(Q.) = {¢ € FP=9+tD | Q¢ = 0}. In particular, the knowledge of kerz(Q.) fully
characterizes kerz(R.) and conversely. In order to compute the matrix @, we first need to com-
pute a cyclic element for the cyclic right D-module D?/(RDP) using, for instance, an algorithm
developed in [19], and then compute bases of certain finitely generated free left D-modules using,
for instance, the algorithm obtained in [27] and implemented in the STAFFORD package ([27]).
Moreover, if ¢ > 3, then we prove that the matrix R is equivalent to diag(l,—1,Q), i.e., two
square invertible matrices V' and W exist such that V RW = diag(I,—1, Q). The corresponding
algorithms, described in Section |5, are implemented in the SERRE package ([9]) built upon the
OREMODULES package ([6]).

Extensions of the above results are then studied when polynomial coefficients are replaced
by formal power series or locally convergent power series coefficients. Using the recent extension
of Stafford’s theorem to the case of the ring D of OD operators with either formal power series
or locally convergent series coefficients ([28]), we prove that every linear OD equations with
either power series or locally convergent power series coefficients and represented by a full row
rank matrix R € D7*P, where p — ¢ > 1, can be defined by a row vector Q € DY*P=¢+1 which
yields kerz(R.) = kerz(Q.) for all left D-modules F. Moreover, if ¢ > 3, then the matrix R is
equivalent to the matrix diag(l,—1,@Q). This result is particularly interesting in control theory
where p — ¢ is the number of inputs of the system. We point out that the above results allow
us to avoid singularities which may appear in the Jacobson normal forms of the matrix R (see
[18 [32]). Finally, in Section {4} we explain the connections between Serre’s reduction of first
order linear OD system or linear evolution PD systems with the concepts of observability and
controllability developed in control theory and show how Serre’s reduction extends the concept
of cyclic vectors classically used in the literature of linear OD systems with coefficients in a
differential field (e.g., R(¢), R[¢J[t!], R{t}[t7!]) (see, e.g., [4, [10]) to linear OD systems with
coefficients in a differential ring (e.g., R[t], R[t], R{t}).

This paper is an extension of the results obtained in [§].

2 Algebraic analysis approach to linear systems theory

In this section, we recall the algebraic analysis approach to mathematical systems theory that
will be used in the next sections. Moreover, we introduce the main notations and state a few
results which will be used in what follows.

We shall denote by D'*P (resp., D7) the left (resp., right) D-module formed by row (resp.,
column) vectors of length p (resp., ¢) with entries in D and by R € D?*P a ¢ X p matrix with
entries in D. The general linear group of D of index p, namely,

GL,(D)={U eDP*? |3V eDP?: UV =VU = I,},
is the subgroup of the ring DP*P formed by invertible (unimodular) matrices.
In what follows, we shall use the following notations:

R:DY>1 — Dxp R.:DP — D1
po— pR, n — Rn.

Within algebraic analysis (see, e.g., [, 5, 20]), a linear functional system (e.g., linear systems
of ODEs or PDEs, OD time-delay equations, difference equations) can be studied by means of
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module theory and homological algebra. More precisely, if D is a noncommutative polynomial
ring of functional operators (e.g., OD or PD operators, time-delay operators, shift operators,
difference operators) R € D?P and F a left D-module, then the linear functional system
kerr(R.) = {n € FP | Rn = 0}, i.e., the abelian group formed by the F-solutions of the linear
system R7n = 0, can be studied by means of the left D-module M £ D'*P/(D'¥4 R) finitely
presented by the matrix R. Indeed, Malgrange’s remark ([21]) asserts the existence of the abelian
group isomorphism

kerr(R.) = homp (M, F), (1)

where homp (M, F) denotes the abelian group (i.e., Z-module) of left D-homomorphisms from
M to F (i.e., maps f : M — F satisfying f(dimj + damg) = di f(m1) + d2 f(mg) for all
dy, d2 € D and all my, mo € M) and = is the equivalence relation of being isomorphic ([29]).

Let us describe the isomorphism . To do that, we first give an explicit description of M
in terms of generators and relations. Let m : DYP — M = D*P/(D'¥4 R) be the canonical
projection onto M, namely, the left D-homomorphism which sends a row vector of D*P to its
residue class m(\) in M, {f;}j=1,..p the standard basis of D*P  namely, f; is the row vector
of length p defined by 1 at the j* entry and 0 elsewhere, and y; = m(f;) the residue class
of fj in M for j = 1,...,p. Since every element m € M is the residue class of an element
A= (A1 ... \) € DY*P_ then we get

P p P
m=7n(A)=m Z)\jfj :Z)‘jﬂ(fj)zz)‘jyj’
j=1 j=1 j=1

which shows that {y;};=1,.p is a family of generators of the left D-module M. Now, if R;,
denotes the i*" row of R, then R;s € D'*9 R, which yields 7(Rje) = 0 and thus

p p p
VZ'::[,...,q7 W(Ri.):ﬂ' ZRijfj :ZRijﬂ'(fj):ZRijyj:O, (2)
j=1 j=1 j=1

and their left D-linear combinations. Therefore, if we set y = (y1 ... yp)T € MP  then (2
becomes Ry = 0.

Let x : kerr(R.) — homp(M,F) be the Z-homomorphism defined by x(n) = ¢,, where
¢y(m(N)) = An € Ffor all A € D'*P. The Z-homomorphism ¢, is well-defined since () = 7(\')
yields 1(A — X) = 0, i.e., A — N = pR for a certain g € D¥9, and thus ¢,(7()\)) = An =
Nn+uRn = Nn= ¢y(m(N)). Moreover, x is injective since ¢, = 0 yields An = 0 for all
A € DY and thus n; = fjn =0 for all j = 1,...,p, i.e.,, n = 0. It is also surjective since for
all ¢ € homp(M,F), n=(¢(y1) ... d(yp))T € FP satisfies x(n) = ¢ and

which shows that the set of generators {y;};=1,. . of M satisfies the left D-linear relations
2)

p
Vi=1,...,q, ZRU’OJ ZR”(ZSy] Zszy] = ¢(0) =0,
j=1

i.e.,, n € kerg(R.). Thus, the Z-homomorphism x is an isomorphism.

Theorem 1 ([21]). Let D be a ring, M = D'*P/(D'*4 R) the left D-module finitely presented
by the matriz R € D9P, m : DY*P — M the canonical projection onto M, {f;}j=1.., the

RR n°® 7486
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standard basis of DY¥P, y; = w(f;) for 5 =1,...,p, and F a left D-module. Then, we have the
following Z-isomorphism:
homp(M,F) — kerg(R.)={ne FP|Rn=0}
¢ — n=(6) ... oy)"

Hence, there is a one-to-one correspondence between the elements of homp(M,F) and the ele-
ments of kerr(R.).

(3)

Remark 1. Theorem [I| shows that kerz(R.) can be studied by means of the finitely presented
left D-module M and the left D-module F: M = D'*P/(D'*4 R) intrinsically defines the linear
system of equations defined by the matrix R € D?7*P and F is the functional space where we
seek the solutions of the linear functional system.

In what follows, D will denote a noncommutative noetherian domain, namely, a unital ring
satisfying that dd’ is not necessarily equal to d’'d for all d, d € D, containing no nontrivial
zero-divisors, i.e., dd’ = 0 yields d = 0 or d = 0, and every left (resp., right) ideal of D is
finitely generated, i.e., can be generated by a finite family of elements of D as a left (resp.,
right) D-module (see, e.g., [29)]).

A differential ring (A,{01,...,0,}) is a commutative ring A equipped with n commuting
derivations 6; : A — A for ¢ = 1,...,n, namely, maps satisfying:

51'05]':5]'0(51',
Vi,j=1,...,n, VYai, as € A, 5i(a1+a2):5¢(a1)+5¢(a2),
(51'(611 a2) = 5¢(a1) as + ay (51(@2).

If we take a1 = ag = 1, then the above equality yields 6;(1) = 26;(1), i.e., §;(1) = 0. If A
is a field and @ € A\ {0}, then &;(a)a! + ad;(a™!) = §(aa™!) = §(1) = 0, which yields
§i(a™1) = —a=24;(a) and A is then called a differential field.

In what follows, we shall mainly focus on the differential ring <A, {%, ces %}), where
A =klxy,...,zy), k[z1,...,2,] (i.e., the ring of formal power series at 0 with coefficients in k),
where k is a field of characteristic 0 (e.g., Q, R, C), k{x1,...,x,} where k = R or C (i.e., the
ring of locally convergent power series at 0 or equivalently, the ring of germs of real analytic or
holomorphic functions at 0) or on the differential fields A = k and k(x1,...,z,), where k is a
field.

The ring D = A(01,...,0,) of PD operatorsin 0y, ..., 0, with coefficients in the differential
ring (A, {d1,...,0,}) is the noncommutative polynomial ring in the 9;’s with coefficients in the
ring A satisfying:

Vi,j=1,...,n, Va€A, 81'(9]‘:8]‘81', 8ia:a8i+5i(a).

An element d € D can be written as d = > o<, av 0", Where v = (11 ... vn)T € N7,
v|=vi+- 4y, 0¥ =0{"...04 and a, € A. If n = 1, then we shall simply use the notations

0= % instead of d1, O instead of 0y and k[t], k(t), k[t] and k{t} instead of k[x1], k(x1), k[x1]

and k{x}.
The first (polynomial) and the second (rational) Weyl algebra are defined by:

An(k) 2 Kk[z1, ..., 2,)(01,...,00), Bnlk) 2 k(z1,...,2,)(01,...,00).

RR n°® 7486
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The ring D = A(01,...,0n), where A =k, k[z1,...,x,], k(z1,...,2,) or k[z1,...,2,], and k is
a field, or k{x1,...,zn}, where k = R or C, is a noetherian domain (see, e.g., [23]).

Let us recall a few definitions of module theory.

Definition 1 ([I7, 29]). Let D be a left noetherian domain and M a finitely generated left
D-module, namely, M can be generated by a finite family of elements of M as a left D-module.

1. M is free if there exists r € N = {0, 1,...} such that M = D*". Then, r is called the rank
of the free left D-module M and is denoted by rankp(M).

2. M is stably free if there exist r, s € N such that M @ D'*$ =2 D'X"_ Then, r — s is called
the rank of the stably free left D-module M.

3. M is projective if there exist » € N and a left D-module N such that M & N = DX,
where @ denotes the direct sum of left D-modules.

4. M is torsion-free if the torsion left D-submodule of M, namely,
t(M)={meM|3de D\{0}: dm =0},
is reduced to 0, i.e., if (M) = 0. The elements of t(M) are called the torsion elements.
5. M is torsion if t(M) = M, i.e., if every element of M is a torsion element.
6. M is cyclic if there exists m € M such that M = Dm = {dm | d € D}.

A free module is clearly stably free (take s = 0 in 2 of Definition , a stably free module is
projective (take P = D'*¢ in 3 of Definition [1)) and a projective module is torsion-free (since it
can be embedded into a free, and thus, into a torsion-free module).

The converses of the previous results are generally not true. However, some of them hold in
the following interesting situations for mathematical systems theory ([17, 23] 28] 29]).

Theorem 2. 1. If D is a principal left ideal domain, namely, every left ideal of the domain
D is principal (e.g., the ring A(Q) of OD operators with coefficients in a differential field A
such as A =k, k(t) and k[t][t ], where k is a field of characteristic 0 (e.g., k = Q, R, C),
or k{t}[t™1], where k = R or C), then every finitely generated torsion-free left D-module
is free.

2. If D = k[x1,...,xy,] is a commutative polynomial ring with coefficients in a field k, then
every finitely generated projective D-module is free (Quillen-Suslin theorem ).

3. If D is the Weyl algebra A, (k) or By (k), where k is a field of characteristic 0, then every
finitely generated projective left D-module is stably free and every finitely generated stably
free left D-module of rank at least 2 is free (Stafford’s theorem).

4. If D = A(0) is the ring of OD operators with coefficients in a differential ring A = k[t],
where k is a field of characteristic 0, or k{t}, where k = R or C, then every finitely
generated projective left D-module is stably free and every finitely generated stably free left
D-module of rank at least 2 is free.

If the matrix R has full row rank, namely, kerp(.R) = {u € DY |u R = 0} = 0, i.e., the
rows of R are left D-linearly independent, then the next proposition characterizes when the left
D-module M = D'*?P/(D'*4 R) is a stably free or free module.

RR n°® 7486
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Theorem 3 (see, e.g., [14, 27]). Let D be a noetherian domain, R € D?*P a full row rank
matriz, i.e., kerp(.R) = 0, and the finitely presented left D-module M = D'*P/(D'*4 R).

1. M is a projective left D-module iff M is a stably free left D-module.

2. M is a stably free left D-module of rank p — q iff R admits a right inverses, namely, iff
there exists a matriz S € DP*? satisfying RS = 1.

3. M is a free left D-module of rank p — q iff there exists U € GLy(D) such that:
RU = (1; 0).
IfU=(S Q), where S € DP*? and Q € DP*P=9) | then we have

v: M — D@9 Yl DX N
T(A) — AQ, po— w(uT),

where the matriz T € DP~=DXP s defined by:

Ut = < n ) € DP*P,
T

In particular, M = DY>PQ = DY™W-9_ The matriz Q is then called an injective
parametrization of M. Finally, {n(Tie)}i=1,. p—q is a basis of the free left D-module M of
rank p — q.

The Quillen-Suslin theorem (resp., the Stafford’s theorem) has recently been implemented
in the QUILLENSUSLIN package ([14]) (resp., STAFFORD package ([27])). Hence, we can com-
pute bases and injective parametrizations of finitely generated free left D-modules, where D =
klzq,...,zy] and k = Q or F,, (p is a prime number), A, (Q) or B,(Q).

3 Holonomic D-modules

In this section, we consider the ring D = A(di,...,0,) of PD operators with coefficients in
the differential ring A = k, k[x1,..., 2], k(z1,...,2,) or k[z1,...,2,], where k is a field of
characteristic 0, or k{x1,...,z,}, where k = R or C. The purpose of this section is to recall two

important results on the so-called holonomic D-modules, namely, the forthcoming Theorems
and [5] which will play a central role in Section [5

The ring D is endowed with the order filtration defined by:

VreN, D,= Z ao, 0% | aq € A

0<|al<r
We can check that the filtration properties hold, namely:
1.Vr,seN,r<s = D, CD,.
2. D=, en Dr-

3.Vr,seN: D, Dy C Dyys.

RR n°® 7486



Serre’s reduction of linear partial differential systems with holonomic adjoints 9

The ring D is called a filtered ring and an element of D, has a degree less than or equal to
r. We can easily check that Dy = A and D, is a finitely generated A-module.

If dy, da € D, then we can define the bracket of dy and dy by [d1,ds] = dy da—dody. Ifdy € D,
and dy € Dy, then di ds and do dy belong to D,s since D, Dy C D,,s and Dg D, C D, 4, and
we can check that [dy,ds] € Dyys—1, i.e., [Dy, Dg] € Dyys_1.

Let us now introduce the following A-module

gr(D) =P Dv/Dy1,

reN

where we have set D_; = 0. If m, : D, — D,./D,_1 is the canonical projection for all r» € N,
then the A-module gr(D) inherits a ring structure defined by

7r(d1) + ws(d2) £ m(dy + do) € Dy/Dy1,

Vdiy € D., Ydy€ Dy, A
7T7"(d1) Ws(dQ) = 7T7"+s(d1 d2) S Dr+s/Dr+s—17

where t = max(r, s). The ring gr(D) is called the graded ring associated with the order filtration
of D.

Let x; = m1(0;) € D1/Dy for all i = 1,...,n. Then, m1([9;,0;]) = 0 and m1([0;,a]) = 0 for
alla € Aandall 4,5 =1,...,n since [0;,0;] = 0 and [0;, a] € Dy, which shows that

gr(D) = Alx1, -+, Xn)

is the commutative polynomial ring in x1, . . . , x» with coefficients in the commutative noetherian
ring A.

We can now extend the concepts of filtered and graded rings to modules.
Definition 2 ([I}, 11], 20]). Let M be a finitely generated left D = A(01, ..., d,)-module.

1. A filtration of M is a sequence {M}q4en of A-submodules of M (with the convention that
M_; = 0) such that:

(a) Vg, reN,g<r = M, CM,.

(b) M =U,en My
(c) Vg, 7€ N: D, My C Mgyy.

The left D-module M is then called a filtered module

2. The associated graded gr(D)-module gr(M) is defined by:

(a) gr(M) = @qu My /Mq—1.
(b) For every d € D, and every m € M,, we set

T (d) ag(m) £ ogyr(dm) € Myyy/Myyra,
where o4 : My — M,/M,_1 is the canonical projection for all ¢ € N.

3. A filtration {M,}qen is called a good filtration if one of the two following equivalent con-
ditions is satisfied:

RR n°® 7486
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(a) M, is a finitely generated A-module for all ¢ € N and there exists p € N such that
D, M,, = My, for all r € N.

(b) gr(M) = @B ey Mg/Mg-1 is a finitely generated gr(D)-module.

Example 1. Let M be a finitely generated left D-module defined by a family of generators
{y1,...,yp}. Then, the filtration M, = >-¥_| D, y; is a good filtration of M since

p
= er(D)y;,
=1

which proves that gr(M) is a finitely generated left gr(D)-module.

If M is a finitely generated left D = A(0y, ..., 0,)-module, then gr(M) is a finitely generated
module over the commutative polynomial ring gr(D) = Alxi,...,xs]. Hence, we are back to
the realm of commutative algebra. Based on techniques of algebraic geometry and commutative

algebra, one can then use invariants of gr(M) (e.g., dimension, multiplicity) to characterize the
left D-module M (see, e.g., [1l 1T, 20]).

Definition 3 ([13]). A proper prime ideal of a commutative ring A is an ideal p C A which
satisfies that ab € p implies a € p or b € p. Endowed with the Zariski topology defined by the
Zariski-closed sets V(I) = {p € spec(A) | I C p}, where I is an ideal of A, the set of all the
proper prime ideals of A, denoted by spec(A), is a topological space.

We can now introduce the concept of a characteristic variety of a differential module.

Proposition 1 ([, 11}, 20]). Let M be a finitely generated left D = A(01, ..., 0pn)-module and
G = gr(M) the associated graded gr(D) = A[x1,...,Xn]-module for a good filtration of M.
Then, the characteristic ideal I(M) of M is the ideal of the commutative polynomial ring gr(D)

defined by:
= /anmn(G) £ {a € gr(D)|In € N: a" G = 0}.
It does not depend on the good ﬁltmtzon of M. The characteristic variety of M is then the subset
of spec(gr(D)) defined by:
charp(M) = {p € spec(gr(D)) | vann(G) C p}.

According to Example |1, every finitely generated left D = A(0y,...,0,)-module M admits
a good filtration and thus a characteristic variety.

The dimension of the left D-module M can be defined as the geometric dimension of the
characteristic variety charp(M) of M.

Definition 4 ([I 11} 20]). Let M be a finitely generated left D = A(d, ..., dy)-module. Then,
the dimension of M is the supremum of the lengths of the chains pg C p1 C p2 C ... C pg
of distinct proper prime ideals in the commutative ring gr(D)/I(M) = A[x1,...,xn]/I(M). If
M =0, then we set dimp (M) = —1.

In what follows, we shall simply write dim(D) instead of dimp(D).

Example 2 ([I, 11}, 20]). We have
dim(k[z1,...,2,)) =n, dim(B,(K')) =n, dim(A(d,...,0,)) =2n,

where k is a field, £’ is a field of characteristic 0 and A = k[z1, ..., zy], k[z1,...,z,], where k
is a field of characteristic 0, or k{x1,...,2,}, where k =R or C.
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Example 3. Let us consider the linear PD system:

@1:(84—1‘382—1)1/:0,
(I)QZ (83—95461)31:0.

We can check that is not formally integrable since
(84 *2?382 — 1)(1)2 + ($431 *83)(131 = (82 *81)3/ =0

is a new non-trivial first order PD equation which does not appear in . Adding this new
equation to , then we can check that the new linear PD system defined by

(84—:E382 — 1)y:O,
(03 —2401)y =0, (5)
(02 —01)y =0,

is formally integrable and involutive (see, e.g., [25] and the references therein). Therefore, using
the Cartan-Kéhler-Janet’s theorem (see, e.g., [25]), there exists a formal power series (locally
convergent power series) solution of (5)) in a neighbourhood of the point a = (a1, as, a3, as) € R*
which satisfies an appropriate set of initial conditions which can be determined (see, e.g., [25]).

Using , the characteristic variety of the left D = A4(C)-module M = D/(D'*? R) finitely
presented by R = (04 — 2302 —1 03 — 24 01)7 is defined by the ideal

I(M) = (X4 — T3X2, X3 — T4 X1, X2—X1)

of gr(D) = Clz1, z2, 3, T4, X1, X25 X3, X4)- The characteristic variety charp (M) of M is then the
affine algebraic variety of C® defined by the ideal I(M) of gr(D):

charp (M) = {(z1, 22, 73,24, X1, X1, 4 X1, 23 X1) | X1, 2 € C, i =1,... 4},
The Krull dimension of charp(M) is then 5, i.e., dimp(M) = 5.

Definition 5 ([I 11, 20]). Let M be a non-zero finitely generated left D = A(di,...,0n)-
module. If dimp (M) = n then M is called a holonomic left D-module.

Example 4. The time-varying OD equation ¢y — y = 0 defines the holonomic left D = A;(C)-
module M = D/D (t0 — 1). Indeed, the characteristic variety charp(M) of M is defined by the
characteristic ideal I(M) = (¢ x) of the commutative polynomial ring gr(D) = CJ[t, x|, which
implies that charp(M) = {(t, 0)|t € C} U {(0, x)|x € C} is a 1-dimensional affine algebraic
variety of C2, and thus dimp (M) = 1.

The next two theorems will play important roles in Section

Theorem 4 ([1, 11, 20]). If D = A(0) is the ring of OD operators with coefficients in A = k[t],
k[t], where k is a field of characteristic 0, or k{t}, where k =R or C, then a left (resp., right)
D-module M is holonomic iff M is a torsion left (resp., right) D-module.

Theorem 5 ([I, 11, 20]). If A = k[z1,..., 2], k[z1,...,2,], where k is a field of characteristic
0, or k{z1,...,xn}, where k =R or C, then a holonomic left D = A{(01,...,0n)-module M is
cyclic, i.e., M can be generated by one element as a left D-module. More precisely, if {y;}i=1,..p
is a set of generators of the holonomic left D-module M, then there exist do,...,d, € D such
that M is generated by z = y1 + day2 + -+ + dpyp. Stmilar results hold for holonomic right
D-modules.
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Remark 2. For D = A, (k), where k is a computable field of characteristic 0 (e.g., k = Q), a
constructive algorithm for the computation of a cyclic element of a finitely presented holonomic
left D-module M is given in [19]. The corresponding algorithm is implemented in the package
SERRE ([9]) built upon OREMODULES ([6]).

4 Serre’s reduction of linear systems

In this section, we study when a finitely presented left (resp., right) D-module M = D'*?/(D'*4 R)
(resp., N = D%/(R DP)) can be generated by less than p (resp., q) generators. Then, we recall
recent results on Serre’s reduction ([30]) obtained in [2, B]. They will be used in Section [5| to
study Serre’s reduction of the class of linear PD systems with holonomic Auslander transposes
or adjoints.

If R € D¥P and {f;}j=1,.p is the standard basis of D'*P_ then the beginning of Section
shows that {y; = 7(f;j)};j=1,.p is a family of generators of the finitely presented left D-module
M = DY*?/(D1*4 R), where 7 : D'*P — M is the canonical projection. Moreover, {y;};=1..
satisfies the relations Ry = 0, where y = (y1 ... y,)T.

Let us first investigate when the left D-module M = D'*?/(D'*4 R) can be generated by
less generators than p. Let 0 <r <p—1and A € D®P=7)%P he such that

pa ( R ) c platp—r)xp
A

admits a left inverse S = (S1 S3) € Dr*(a+p=7) where S; € DP*4 and Sy € DP*(P=") We note
that this result always holds if we take A = I,,, which shows that the interesting case starts with
r > 1. By hypothesis, we have D1*(@+tP=") p — DIxP_which yields

M = DV?/(D11 R) = (D™*(@*2=1) P) /(DY R), (6)

and shows that {zx = 7(Age) = Z?Zl Akjyjti=1,. p—r is a family of generators of M. Let us
give another way to understand this result. The identity S R + Sa A = I, yields

y =51 (Ry)+ S2(Ay) = 52 (Ay),

which shows that z £ Ay € M®~") satisfies y = Sy 2, ie., {2z = Z§:1 Akjyjte=1,. pr is a
family of generators of M. In particular, if » = p — 1, then A € D'*P and M is generated by
m(A), i.e., M = D7(A) is a cyclic left D-module.

Moreover, let Q = (Q1 Q) € D7) where Q1 € D**? and Qy € D**P™"), be a
matrix such that kerp(.P) = D** Q. Using the identity R = (I, 0) P, Lemma 3.1 of [7] then
yields

M = <D1><(q+pfr) P)/(Dlxq R) ~ D1><(q+pfr)/ D1><(q+s) Iq 0
Q1 Q2

= 2 pU0n /(D1 Qy),

where the left D-isomorphism ¢ : M — L is defined by ¢(m(u P)) = o(pe) for all p = (1 p2),
where € DY, py € D>P) and ¢ : DY~ — L is the canonical projection, and
¢~ L — M is defined by ¢~ (co(u2)) = m(u2 A) for all po € D=7 1f {gp }r—1.. pr is the
standard basis of D™*(®~") then the generators {vik, = 0(gk) k=1, p—r oOf the left D-module L
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satisfy the relations Q2v = 0, where v = (v1 ... v,—,)T. We also have ¢~ L(vy) = 7(gr A) =
T(Ake) = 2k, i€, ¢(2) = vy for all k = 1,...,p — r, which shows that, up to isomorphism, M
can be generated by p —r elements satisfying s relations. Finally, we can interpret this result by
noticing that Q2 z = 0 generates the compatibility conditions of the following inhomogeneous

linear system:
Ry =0,
Ay=z.

Conversely, let us suppose that the left D-module M = D'*P/(D'*? R) can be generated
by a family of p — r generators {z = m(Ake) = Z?Zl Akj yjti=1,. p—r for a certain r satisfying
0 <r <p-—1 and a certain matrix A € DWP=r)xp, Then, there exists a matrix U € Dpx(p=r)
such that y; = > P | Ujrz for all j = 1,...,p, which yields (I, — UA)y = 0, and thus
there exists a matrix V' € DP*? such that I, = UA + V R, which proves that the matrix
P2 (RT ATYT ¢ Dlatr=m)xP admits a left inverse.

Lemma 1. The finitely presented left D-module M = DY¥P/(D'*4 R) can be generated by
p — 1 elements, where r satisfies 0 < r < p — 1, iff there exists A € DP~"XP such that

= (RT AT ¢ DWtP=1%P qdmits a left inverse. Then, {m(Age) th=1,...p—r is a family
of generators of M, where w : DY*P — M s the standard projection onto M.

Let us illustrate Lemma [I] with the class of linear time-varying first order OD systems. Let
D = A{(9) be the ring of OD operators with coefficients in a noetherian differential integral
domain (A4, dt) FeA”™ R=0I,—F € D", Usmg Lemma the finitely presented left
D-module M = DlX"/(Dlxn R) can be generated by p = n—r elements {m(Hye) k=1, p, Where
0<r<n-—1land He€ DP*" iff P=((01,— F)T HT)T admits a left inverse, i.e., iff the left
D-module E £ D™ /(D™(+P) P) is reduced to 0. In terms of generators and relations, the
left D-module E is generated by {x;};—1 ., which satisfies the relations:

-----

{aw—F:L’—O, 7)

Hax=0.

Since dx = Fx and F € A", without loss of generality, we can take H € AP*"™. Pre-
multiplying the second equation of (7)) by 0 and taking into account the first equation of (|7} .
we obtain Hdx + Hx =0 and thus (H F + H)z = 0. We can now repeat the same operations
with this new zero-order equation and so on. We obtain:

ox—Fx=0,
(7 < .
Hix=0, VieN,

where the matrices H;’s are inductively defined by:

Hy=H, (8)
Hii1 = H; F + H;.

Let £; = Z{:o AP H; be the A-submodule of the left A-module A" generated by the H;’s
for i =1,...,j. Since L; C L;41 for all j € N, the sequence (L;);en of A-submodules of the
noetherian A-module A ™ stabilizes, namely, there exists s € N such that:

S
ViEN, Loj=Li=)> AVPH,
=0
RR n° 7486



Serre’s reduction of linear partial differential systems with holonomic adjoints 14

Therefore, we get:

or— Fx=0,
Hox:(),

7 <
H,z=0.

If Lo = A" e, if (H ... HI)T admits a left inverse, then yields z = 0, i.e.,
E = D" /(D (+P) P) = (), which shows that P admits a left inverse, and thus M is generated
by {m(Hye)}k=1,..p by Lemmal(l}

Conversely, let us suppose that there exists a left inverse (X Y') of the matrix P, where
XeD"™ andY € D"P ie., X (01, — F)+Y H = I,. Using , we have:

VieN, 0H;=H;0+H;=H;0+Hi  —H F=H; (I, —F)+ H, 1.
Moreover, we have:

VieN, 0°H;=0(0H;)=0(H;(0I,—F)+H; )= (0H;) (01, — F)+ 0 Hi 4,
= (Hi(0In—F)+ Hi41) (01, — F)+ Hit1 (01, — F) + Hiyo
= H; (01, — F)*+2H;,1 (01, — F) + H;».

More generally, we can inductively prove:

l
! .
J=0 . .

Ity = Zld:O C; 8", where C; € A™ P, then using Hy = H and @ with ¢ = 0, we obtain

VieN, YH= chal ZZ V H; (01, — F)'™
lO]O
d
Z VHy+ Z (91, — F),
=0

for a certain matrix Z, which implies that X (01, — F') + Y H = I,, is equivalent to:

d
(X+2)(0L,— F)+ > _ CiH =1I,. (10)
=0

Since each entry of the matrix 9 I, — F' has degree 1 in 9, the identity can only hold when
X = —Z, which yields >} ,C; H; = I, and shows that the existence of a left inverse of P
implies the existence of a left inverse of the matrix (H ... HI)T.

Corollary 1. Let (A, dt) be a noetherian differential integral domain, F € A™*"™ D = A(0)
the ring of OD operators with coefficients in A and R = 01, — F € D"*™. Then, the finitely
presented left D-module M = D" /(D™ R) can be generated by p elements {m(Hye) tk=1.. p;
where H € AP*™ iff the matriz P = (RT  HT)T admits a left inverse, i.c., iff there exists s € N
such that the matriz (HI ... HD)T admits a left inverse, where the matrices H;’s are defined

by (@
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If we want to check whether or not the left D-module M can be generated by {7(Hpye) k=1, p,
then we first have to saturate (formal integrability of ), namely, find s € N such that
Lsij = L for all j € N, and then test whether or not the matrix (H{ ... HI)T admits a left
inverse. For instance, if A = k{t}, where &k = R or C, then the last step can be achieved by
checking whether or not rankg (HJ ... HI)T(0) is equal to n (an element a of the local ring A
is an invertible iff a ¢ (¢), i.e., a(0) # 0).

In control theory (see, e.g., [I5,[31]), the state z of & = Fx is said to be observable from the
output y £ H z if x can be expressed by means of y and its derivatives, which means that the
matrix P = ((01, — F)T  HT)T admits a left inverse. Using the above results, z is observable
by y = H x iff M = D'*" /(D" R) can be generated by {y, = m(He) = > i1 Hij v} i=1,..p»
namely, M = le;:l D y;,. Moreover, in control theory, the sequence of matrices H;’s is called
the observability distribution and the condition that there exists s € N such that the matrix
(HE ... HI)T admits a left inverse is the observability condition. Hence, the search for a
generating set of M can be interpreted as the search for outputs y = H z of the linear system
& = F z such that z is observable. Finally, if A = k[t] or k[t], where k is a field of characteristic
0, or A = k{t}, where k = R or C, then Theorem [5| shows that the state  of & = Fz can
always be observed by a single output y = H =, where H € A" is a certain matrix which can
be computed by means of Algorithm 3 of [19] in the case of A = k(t), where k is a computable
field of characteristic 0 (see Remark [2)).

If A is now a differential field (e.g., A = k{t}[t™!], where k = R or C), then, in the lit-
erature of linear OD systems, the vector H € A" is called a cyclic vector of & = Fx if
det(HI ... HI )T # 0, where the row vectors H;’s are defined by . In particular, if

A = k(t), where k is a field of characteristic 0, then a cyclic vector always exists for & = F'x,
where F' € A™™ ([4, [10]).

Finally, if % is a trivial derivation of A, i.e., %a =a=0foralla € A (eg.,, A =R),
then yields H; = H F? for all i € N, and the Cayley-Hamilton theorem (see, e.g., [29])
for a commutative ring A then shows that F" = Z?:_(]l a; F* for certain a; € A, and thus
Lyp-1+i = Ly for all i € N, ie., we can take s =n — 1.

Let us state a right module analogue of Lemma [} the right D-module N = D?/(R DP) can
be generated by {7(Aei)}i=1,.. q—r, Where A € D?(a=7) and A,; denotes the ™ column of A, iff
P2 (R —A) admits a right inverse, i.e., iff the right D-module D9/(P D®+t4=")) = 0. If R
has full row rank, then 2 of Theorem [3| shows that the left D-module E £ D*(®+4-7) /(D1xq p)
is stably free iff P admits a right inverse. Moreover, the right D-module N depends only on M
since we can easily prove that N is equal to ext},(M, D) (up to isomorphism) (see, e.g., [29]).
The right D-module N is called the Auslander transpose of M (see, e.g., [5]). These results are

particular instances of the following result.

Theorem 6 ([2, B]). Let D be a noetherian domain, R € DT*P a full row rank matriz, i.e.,
kerp(.\R) =0,0<r<qg—1,Ae D@ P=(R —A)and M = D™?/(D'™4R) (resp.,
E = DWwta=r) /(D14 P)) the left D-module finitely presented by R (resp., P) which defines
the following short exact sequence

0— D@ 2 g Py Lo,

namely, a is injective, B is surjective and ker 5 = ima. Then, the following results are equiva-
lent:

1. The left D-module E is stably free of rank p — .
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2. The matriz P = (R —A) € D*PHa=") qdmits a right inverse, i.e., there exists a matriz
S € DWP+a=m)xa gych that P S = I,

3. D/ (P DP+a=r)) = 0.

4. {7(Nei)}iz1,..q—r generates the right D-module exth (M, D) = D9/(R DP), where the right
D-homomorphism T : D9 —s DI/(RDP) is the canonical projection and Ae; is the it
column of the matrix A.

Finally, the previous results depend only on the residue class p(A) of A € D=7 in the
following right D-module

exth (M, D1X(qﬂ")> & paxla=r)y <RDP><(Q*T)) 7 (11)
i.e., they depend only on the following row vector:
(7(Ae1) ... T(Ae(g—r))) € extp(M, D)),

A main point of the above result is that the equivalences of Theorem [6] depend only on the
residue class p(A) of A in extl, (M, Dlx(q_r)), i.e., the matrix A £ A+ R X can be taken instead

of A for all X € ppx(a—r),

Remark 3. If we take r = q — 1, i.e., A € D%, then Theorem [f shows that the left D-module
E = D@+D) /(D4 P), where P = (R — A) € DIt s stably free of rank p — q + 1 iff
7(A) generates the right D-module ext}, (M, D) = D?/(R DP*Y), i.e., iff ext],(M, D) is a cyclic
right D-module. This result was first pointed out by [30].

Remark 4. If the ring D admits an involution 8, namely, a map 6 : D — D satisfying
Vdy, dy €D, 6(dy+dy)=0(dy)+0(dz), 6(dyds)=0(dy)0(dy), 6*=idp,

then (R — A) admits a right inverse iff (R — A)T admits a left inverse, where R £ (O(Ri;)T
and A £ (0(Ai;))T (see [B]). Hence, the right D-module N = D9/(RDP) can be gener-
ated by {7(Aei)}i=1,.q—r iff the left D-module N 2 Dxa/(D'*p ﬁ) can be generated by
{m (7\1.) }iil o’ where % : D4 — N is the canonical projection. For instance, if D is a

commutative ring, then # = idp is an involution of D, and an involution 6 of D = A(0dy,...,0,)
is defined by:
Vae A, 6(a)=a, Vi=1,...,n, 60(0;)=—0;.

The matrix R is called the formal adjoint of R and the left D-module N = D*4/(D'*P R) is
adjoint of the left D-module M = D'*P/(D'*4 R).

Let D = A(0) be the ring of OD operators with coefficients in a noetherian differential
integral domain (A,%), F e Avn G € A" R = 0I, — F and M = DY"/(DY™" R).
Theorem |§| then shows that the right D-module exth(M,D) = D"/(RD") is generated by
{7(Gei)}i=1,..m, where 7 : D" — D" /(R D™) is the canonical projection onto ext})(M,D), iff
the matrix P £ (01, — F — G) € D™ (™™ admits a right inverse, i.e., iff the left D-module
E = DY*(+m) /(D1X" P) is stably free. Using the involution @ of D defined by #(a) = a for all
a € Aand§(0) = -0, Remarkshows that P admits a right inverse iff P = —(8 I, + FT GT)T

admits a left inverse, i.e., iff the left D-module E = D" /(DY*(n+m) (_PY)) defined by

dr=—FTy
GTz =0,
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is reduced to 0. Using the results obtained in the beginning of the section, the right D-module
ext})(M, D) = D"/(RD") is generated by {7(Gaei)}i=1,..m iff the increasing sequence

J
L;=>Y A>mH;
=0

of A-submodules of the noetherian A-module A" satisfies £, = A" for a certain s € N,
where the matrices H;’s are defined by

HOZGTa
HZ'_H:HiFT—Hi VieN,

i.e., iff the matrix (HI ... HI)T admits a left inverse, and thus iff the matrix (Go ... Gj)
admits a right inverse, where the matrices G;’s are defined by:

Gy =G,
. , (12)
GH_l:FGZ'—Gi, VieN.

Corollary 2. Let (A, %) be a noetherian differential integral domain, F € A™*"™, D = A(0Q) the
ring of OD operators with coefficients in A and R = 0 I,—F € D™*"™. The finitely presented right
D-module N = D" /(R D™) can be generated by m elements {m(Gex)}k=1,.. m, where H € A™*™,
iff the matrix P = (R G) admits a right inverse, i.e., iff there exists s € N such that the matriz
(Go ... Gs) admits a right inverse, where the matrices G;’s are defined by (@

In control theory (see [15] B1]), a linear OD system
i=Fz+Gu (13)

is called controllable on [ty, ;] if for every z1 € R™, there exists an essentially bounded function
u: [to, t1] — R™ such that z(¢;) = 1, where z satisfies with the initial condition z(tg) = 0.
The sequence of matrices G;’s is called the controllability distribution and the condition that
there exists s € N such that the matrix (Gy ... Gg) admits a right inverse is the controllability
condition.

If % is a trivial derivation of A, i.e., % a=a=0foralla € A, then yields Gj11 = FIt1 G
for all 7« € N. Using the Cayley-Hamilton theorem, the controllability condition becomes the
existence of a right inverse of the following matrix:

Q& (G FG F*G ... F"l@)ecamnm, (14)

Example 5. Let us consider the trivial derivation % of A= Q(0;) = Q[0y], the commutative
polynomial ring D = A(9;) = Q[0,, ;] of PD operators in d; and 0,

0 O,+1
F = GAQXQ,
( % 0 )

R = 0,1, — F € D**2 and the D-module M = D'*2?/(D'*2 R), then N = D?/(R D?) is a cyclic
D-module iff there exists G € A? such that the matrix P = (R — G) admits a right inverse by

Theorem [6] Then, we get:
0_ G1 (8;3 + 1) GQ
S\ G &G '
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Since det Q = (9, G1)? — (9, +1) G3 is a polynomial in 9, of degree at least 1, (2 is not invertible
in A, which proves that the D-module N is not cyclic. Now, if we consider

0 1
F/ — A2><2 15
(%@+w0>€ | 1o

R =0, I, — F' € D**? and M’ = D'*2/(D'*2 R'), then

0 _ Gy Gs
T\ Gy 20, +1)G )]

and thus det ' = 92 (0, + 1) G — G2, which shows that N’ = D?/(R' D?) is a cyclic D-module
generated by 7((0 1)T). Finally, since N = exth(M, D) and N’ = extl,(M’, D), we obtain
that M and M’ are not isomorphic D-modules.

Let us give a necessary and sufficient condition for the existence of Serre’s reduction.

Theorem 7 ([2, B]). Let D be a noetherian domain, R € D?*P a full row rank matriz, i.e.,
kerp(.R) =0,0<r < qg—1 and A € D) such that there exists U € GLy1q—(D) satisfying

(R —NU=(, 0).If
U= ( S1 Ql ) : (16)
Sy Q2

where Sy € DP*1, Sy € Dla=")*xa Q, ¢ DP*=7) gnd Qy € DWU*P=)  and if we introduce
the left D-module L = D=7 /(D1(=") Q4 finitely presented by the full row rank matriz Qo,
i.e., defined by the following short exact sequence

0 Dlx(q—r) _Q_Q_) D1><(P—T) EEANNGY SN 0, (17)

then we have:
M = Dlxp/(Dlxq R) ~ [ — Dlx(pfr)/(Dlx(qfr) QQ) (18)

Conversely, if M is isomorphic to a left D-module L defined by the short exact sequence ,
then there exist two matrices A € D™ and U € GLyyq—r(D) satisfying:

(R —MNU=(, 0).

Corollary 3 ([2,[3]). With the notations of Theorem[], the left D-isomorphism (18) obtained
in Theorem[7 is defined by

M = DVw/(DIXUR) £ L= D0 /(DX @)
W()\) — ﬁ()\ Ql)a

and its inverse o~ : L — M is defined by o~ (k(p)) = w(nT1), where

1 R -A
u- = T, —T € GLp1q—r(D),

Ty € DP=)%P and Ty € DP=)X=7)  These results depend only on the residue class p(A) of
A € D7) n the right D-module ext], (M, DlX(q_T)) defined by .
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A straightforward consequence of Corollary [3]is the following result.

Corollary 4 ([2,13]). Let F be a left D-module and:
kerr(R.) ={n€ FP | Rn=0}, kerp(Qa.)={C€F%™|Qy¢=0}.
Then, we have kerr(R.) = kerz(Q2.) and, more precisely:

ker]:(R.) = Ql ker}-(QQ.), ker]:(Qg.) = Tl ker]:(R.).

Corollary 5 ([2, B]). Let R € DYP be a full row rank matriz and A € DP*=") such that
P=(R —A) admits a right inverse over D. Then, Theorem@ holds when D satisfies one of
the following properties:

1. D is a principal left ideal domain (e.g., the ring A(Q) of OD operators with coefficients in
a differential field A such as k or k(t), where k is a field),

2. D =k[x1,...,x,] is a commutative polynomial ring over a field k,
3. D is Ap(k) or By(k), where k is a field of characteristic 0, and p —r > 2.

4. D = A{(D) is the ring of OD operators, where A = k[t] and k is a field of characteristic 0,
or k{t} and k=R or C, and p—r > 2.

Example 6. Let us consider again Example 5| If the matrix P = (01, — F — G) admits a
right inverse, then the left D = A(d)-module E = D*(+m) /(DX P) is stably free by 2 of
Theorem [l

1. If A is a differential field (e.g., A = R, R(¢), R{t}[t"!]), then 1 of Corollary [5|shows that
there exists a matrix Qo € D™*™ such that:

M:Dlxn/(Dlxn (6In—F)) gLéDlxm/(Dlmeg). (19)

2. If A = Kk[t] or k[t], where k is a field of characteristic 0, or k{t}, where k = R or C,
and n > m > 2, then there exists a matrix Q2 € D™*™ such that holds by 4 of
Corollary [5

3. If % is a trivial derivation of the differential ring A = k[z1,...,x,], where k is a field,
then 2 of Corollary [5| that there exists a matrix Qo € D™*™ such that holds. For
instance, if we consider again the D = A[9;] = Q[0,, d;]-module M’ = D'*2/(D'*2 R/),
where R’ = 9;I, — F' and F’ is defined by (15), then, in Example [5] we proved that
the D-module exth(M’, D) = N’ = D?/(R' D?) was cyclic and generated by 7((0 1)T).
Using 2 of Theorem [2, we obtain that the stably free D-module E = D'*3/(D'*2 P),
where P = (R' — A)and A = (0 1)7T, is free of rank 1. Using a constructive proof of
the Quillen-Suslin theorem implemented in the QUILLENSUSLIN package ([14]), we obtain:

o -1 0 0 0 1
-02(0,+1) o -1 -1 0 Oy = I3. (20)
1 0 0 —0 —1 02 —0,(0%+1)

Thus, we get M = D/(D Q2), where Q = 02 — 9, (92 + 1). Moreover, if we consider the
D-module F = C*(R?) or D'(R?), then:

kery:(R/.) = ( !

N ) kerr(Q2.), kerr(Q2.) = (1 0)kers(R'.).
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Example 7. Let D = A[0] be a commutative polynomial ring in d with coefficients in a
commutative ring A, F € A" R=01I,—F € D" and M = D" /(D" R). Let us suppose
that there exists G € A" such that the finitely presented D-module E = D™ "+ /(D1x7 p) ig
free, where P = (9I,—F —@). Fori=1,...,n+1,let m; £ det P; be the determinant of the
n x n submatrix of P obtained by removing the i*" column of P (e.g., m,.1 = det(d I, — F)).
Since P admits a right inverse, we can prove that there exist di,...,d,11 € D such that
Z?Ill di m; = 1 (see, e.g., [14]). If T1 = (—1)" (d1 — d2 dg N (_1)n+1 dn) and T2 = —dn+1,
then developing the determinant of the following matrix

ol,—F -G c pintDx(n+D)
T —T5

along its last row using Laplace’s formula, we get that its determinant is 1, i.e., the above
unimodular matrix corresponds to the matrix U~! defined in Corollary [3l Moreover, we have
Q2 =det(0I, — F) and Q1 = (—1)"(m1 —ma ma ... (=1)""1m,)T. For more details, see
[14]. For instance, if we consider again the end of Example @ we get mp = 1, mg = —30; and
m3 =det(0Iy — F') = 0} — 92 (0 + 1), d1 = 1, dp = 0 and d3 = 0, and we find again (20).

Corollary 6 ([2,[3]). With the notations of Theorem@ and Corollary@ if A € D) qdmits a
left inverse T € DW=")%4 je T A= I, then Q1 admits the left inverse T1 —T>T' R € Dp=r)xp
and the left D-module kerp(.Q1) is stably free of rank r.

Moreover, if the left D-module kerp(.Q1) is free of rank r, then there exists Q3 € DP*"
such that W = (Q3 Q1) € GL,(D). If we write W1 = (YL Y)T, where Y3 € D™ P and
Y1 € DP=XP then the matriz X = (RQs A) is unimodular, i.e., X € GL,(D) and:

V=xl= ¥s 5
QY151 -5 |

The matriz R is then equivalent to the matriz X diag(I.,Q2) W1, i.e.:

I, 0
VRW = .
0 Q2
Finally, the left D-module kerp(.Q1) is free when D satisfies 1 or 2 of Corollary @ or if
D = A, (k) or By(k), where k is a field of characteristic 0, and r > 2 or if D = A(0) is the ring

of OD operators with coefficients in A = k[t], where k a field of characteristic 0, or in A = k{t}
and k=R or C, and r > 2.

Example 8. Let us consider a model of a two reflector antenna studied in [16, 24] which is
defined by the linear differential time-delay system kerz(R.), where

0 K 0 0 0 0 0 0 0
Ks K, K.. K

— -2y ——5 ——4
0 0+ T, 0 0 0 0 T, T, T,
0 0 0 —-K; 0 0 0 0 0

R= K, K. K, K|,

0 0 0 8—{—?@ 0 0 —i5 —i5 —?85
0 0 0 0 0 —-K; 0 0 0
K K. K. K,

0 0 0 0 0 0+—= —§ —§f ——§
T T TT.° T
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0 0 0 0 0 0
1 0 0 0 0 0
K,y
0 0 0 0 0 0
1
0 0 - 0 0 0
Ky
0 0 0 0 0 0
1
0 0 0 0 e 0
S:
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
T. + Ko
- -1
KT, 0 0 0 0 0
Te+K2
0 0 - —1
KT, 0 0 0
Te + K2
0 0 0 0 - 0 -1
KT,

Figure 1: MatriX S

and 0y(t) = y(t), 0y(t) =y(t —1) for all y € F = C*°(R), and K, K», K., K., K}, and T, are
constant parameters. Let D = Q(Ky, Ko, K., K., T,) [0, 0] be the commutative polynomial ring
of OD time-delay operators and M = D**9/(D'*% R) the D-module finitely presented by R. If
we introduce the following matrix

010000\"
A=l 000100 e D53,
00000 1

then the matrix S € D'2%6 defined in Figure [1]is a right inverse of P = (R — A) € D5*12,
Hence, the D-module E = D'*!2/(Dx6 P) is projective, and thus free by the Quillen-Suslin
theorem. Using the packages QUILLENSUSLIN ([I4]), we can compute a basis and an injective
parametrization of E. We get that the matrix @ € D'?*6 given in Figure [2| defines an injective
parametrization of E, i.e., kerp(.Q) = D'*¢ P = D1X6_ Using Theorem 7| and Corollary {4 we
obtain that M = L = D'*6/(D*3 Q5), where Q5 is the matrix defined by the last three rows
of @, and thus kerr(R.) = kerr(Q2.), i.e.:

T, Ci(t) + K2 Gi(t) + (Kp + 2 Ko) (K. — K,) Go(t — 1) =0,
T, G5(t) + K2 G3(t) + (Kp + 2 Ko) (K. — K,p) Ga(t — 1) =0,
T (5(t) + Ko Gs(t) + (K + 2 K.) (K. — K,) Gs(t — 1) = 0.

We note that the equations of the previous system are uncoupled, i.e.:

M= [DY?/(D(T.0+ Ks) 0 (K, +2K.) (K. — K,) d)]°. (21)
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KT, 0 0
T.0 0 0
0 0 K\ T,
0 0 T.0
0 0 0
0 0 0
@= 0 T. (K, + K,) 0
0 KT, 0
0 ~-K,T, 0
(T.0+ Ks) 0 (K, +2K,) (K.~ K,) 0
0 0 (T. 0+ K») 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 KT, 0
0 T.0 0
~K.T. 0 —K.T.
T. (K, + K.) 0 ~-K,T.
~K.T. 0 T. (K, + K,.)
0 0 0
(K, +2K.) (K. — K,) 6 0 0
0 (T.0+K2) 0 (2K.+K,) (K.—K,)d

Figure 2: Matrix )
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W=(Qs Q)=
0 0 0 KT 0 0
Kb 0 0 T.0 0 0
0 0 0 0 0 K\ T,
0 —-K;* 0 0 0 T.0
0 0 0 0 0 0
0 0 -K;* o0 0 0
0 0 0 0 T.(Ky+K) 0
0 0 0 0 ~K.T, 0
0 0 0 0 ~-K.T. 0
0 0 0
0 0 0
0 0 0
0 0 0
0 KT, 0
0 T.0 0
~K.T. 0 ~K.T.
T.(K,+K.) 0 ~K.T,
~K.T, 0 T.(K,+K.,)

Figure 3: Matrix W

We note that A admits a left inverse I' over D defined by:

=

|
o O O
S O =
oS O O
oS = O
o O O
= o O

Hence, let us compute V' € GLg(D) and W € GLg(D) such that V RW = diag(I3,Q2). The
D-module kerp(.Q1) is a stably free and thus a free D-module of rank 3 by the Quillen-Suslin
theorem. This last result can be checked again by computing the D-module kerp(.Q1): we have
kerp(.Q1) = DV3 F = D13 where the matrix F is defined by:

Ky 0 0 0 0 000
F=|l0 0 0 -K;f 0 0 0 0 0 |eD*.
0 0 0 0 9 —-K;y 000

Computing a right inverse of F, we obtain that the matrix Q3 € D?*3 defined by

' 010000000\~
Q=—-7=[000100000
"\ooooo01000

is such that the matrix W defined in Figure |3|is unimodular, i.e., W € GLg(D). Forming
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the matrix X = (RQ3 A) € D%*6 namely,

1 0 0 0 0 0
T.0 + Ko
- 1
KT, 0 0 0 0
0 1 0 0 0 0
X = T.0+ Ko )

1

0 KT, 0 0 0

0 0 1 0 0 0

T.0 + Ko

1

0 0 T, 0 0

then X € GLg(D). Its inverse is defined by

1 0 0 0 0 0
0 0 1 0 0 0
0 0 0 0 1 0
T, 0+ Ko
=X1= L | 0 0 0 0
V=X KT, ,
T. 0+ Ko
0 0 —— 1 0 0
KT,
T.0 + Ko
0 0 0 0 ——
KT,

and R =V RW has finally the form diag(I3, Q2):

100 0 0
010 0 0
_ 00 1 0 0 0
R=VRW =
000 (TLo+Ky) 0 (K,+2K.) (Ke—K,) 6 0
000 0 0
000 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
(T.0+ K2) 0 (Kp+2K,) (K.—Kp) 0 0 0
0 0 (T.0+K2) 0 (K, +2K,) (Ke—K,) 6

Finally, the D-module L = DY*2 /(D ((T. 9 + K3) 0 (K, +2K.) (K. — K}) 0) is clearly torsion-
free and d-free ([24]) and, using (21)), so is M = N3.

Example 9. Let us consider again the PD linear system defined by R’ = 9; I — F’, where
F’ is given by . In Example @, we showed that we could take A = (0 1)7. Since A
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admits the left inverse I' = (0 1) and D = Q[05, 0 is a commutative polynomial ring over
the field Q, Corollary [5| shows that R’ is equivalent to the diagonal matrix diag(1,Q2), where
Q2 = 02 — 0, (0% + 1). Let us compute two matrices V, W € GLa(D) such that VR'W =
diag(1,Q2). We have kerp(.QQ1) = D K, where K = (0; — 1), and K admits the right inverse
Q3= (0 —1)T. Hence, if we introduce the following matrices

0

W =(Qs Ql):< 1

0 1>emdm,xzmwgm:<i%

€ GLao(D),
~1 o, ) 2(D)

then the matrix R’ is equivalent to the following diagonal matrix:

X 'RW= ! 0
N0 -0,02+1) )

T

As explained in [3], the existence of Serre’s reduction can be constructively checked when
exth,(M, D) = D1/(RD) is a O-dimensional D = k[z1,...,2,]-module (k a computable field),
namely, when D?/(R D) is a finite-dimensional k-vector space. The purpose of Section [5|is to
study the corresponding case when D = A, (k) or A(0y,...,0y,), where A = k[z1,...,z,] and
k a field of characteristic 0, or A = k{z1,...,2,} and k =R or C, i.e., the case where the right
D-module D?/(R D) is holonomic. Let us give a simple example in the commutative case.

Example 10. Let us consider the wind tunnel model studied in [22] which is described by an
OD time-delay linear system defined by the following matrix

0+a kad 0 0
R= 0 0 -1 0 ,
0 w2 042w —w?

where 0 y(t) = y(t) is the differential operator and ¢ y(t) = y(t—1) is the time-delay operator and
¢, k, wand a are constant parameters of the system. We note that the functional operators 9 and
d commute since (00d)y(t) = (y)(t—1) = (600) y(t). Hence, we can consider the commutative
polynomial ring D = Q((, k,w,a)[0,d] of differential time-delay operators with coefficients in
the field Q((, k,w, a), where we simply denote the composition of two functional operators by
the standard product (e.g., o 0 is written as 90). Now, if we introduce the finitely presented
D-module M = DY*/(D'3 R), then exth (M, D) = D3/(RD*) and we can easily check by
means of Grébner basis techniques that ext}, (M, D) is a Q(¢, k,w, a)-vector space of dimension
Land 7((1 0 0)7) is a basis, where 7 : D3 — ext},(M, D) is the canonical projection. If we
consider the column vector A = (1 0 0)7 then the matrix P = (R — A) € D35 admits the
right inverse

0 0 0
0 0 0

s=1| o 1 0o |
0 —w?2(0+2¢w) —w?

-1 0 0

which shows that 7((1 0 0)7) generates the cyclic D-module exth (M, D). Therefore, using
Remark 3, £ = D*5/(D'3 P) is a stably free, and thus, a free D-module of rank 2 by the
Quillen-Suslin theorem (see 2 of Theorem [2). Using a constructive version of the Quillen-Suslin
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theorem implemented in the QUILLENSUSLIN package ([14]), we obtain that the matrix @Q € D3*?
defined by

1 0
0 2
Q= 0 w20
0 9?4+2¢wd+uw?
Jd+a Wwrkad

is an injective parametrization of the free D-module E, i.e., U = (S Q) € GL5(D) is such that
PU = (I3 0). Theorem [7|then shows that M = D'2/(D Qs), where Q2 = (+a w?kad) is
the last row of the matrix Q).

We note that I' = (1 0 0) is a left inverse of A, which shows by Corollary [6] that kerp(.Q1)
is a free D-module of 1, where ()1 is the matrix formed by the four first rows of (). In particular,
we can check that kerp(.Q1) = D'*? K, where the full row rank matrix K is defined by:

- 0 w? 0+2¢w —uw? '
0 0 -1 0

Computing a right inverse of K, we get that the matrix

0 0
0, 0 0
S ) -1

is such that W = (@3 @1) € GL4(D) and:

X=(RQ3 A)=

- o O

01
1 0 |€GLy(D), V=X'1=X.
00

Corollary [6] shows that the matrix R is equivalent to the following block-diagonal matrix

1 0 0 0
VRW = 01 0 0 ,
0 0 O+aw? kaé

which proves that the wind tunnel model can be defined by an OD time-delay equation:

T1(t) +axi(t) +kaxa(t—1) =0,
Ta(t) — x3(t) =0, s gt) +awdy(t) Fkav(t—1)=0.
i3(t) + w?ae(t) + 2 was(t) — w?u(t) =0,

For more sophisticated examples, see [3], [0} 26].
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5 Serre’s reduction of partial differential linear systems based
on holonomy

We are now in position to state the main result of this paper.

Theorem 8. Let D = A(0y,...,0y) be the ring of PD operators with coefficients in the ring
A = kl[z1,...,xn) or k[zy,...,z,], where k is a field of characteristic 0, or k{xi,...,z,} and
k=R or C, R € D¥P a full row rank matriz and M = D'*P/(D'*9 R) the left D-module
finitely presented by R. If ext},(M,D) = D1/(RDP) is a holonomic right D-module, then
Theorem [( holds and we can choose a column vector A € D which admits a left inverse over
and is such that 7(A) generates the right D-module D?/(R DP), where 7 : DY — D%/(R DP) is
the canonical projection onto ext}j(M, D). If A=k[xy,...,z,] and p— q > 1, then Theorem E)]
and Corollaries @ and |4| hold, i.e., M = L = DY>®=4+t1) /(D Q,), for a certain row vector
Qo € D=4t Finally, if ¢ > 3, then Corollaryla holds, i.e., the matriz R is equivalent to

diag(qulv QQ)

Proof. Since by hypothesis, ext}, (M, D) is a holonomic right D-module, Theorem [5| proves that
exth (M, D) is cyclic and it can be generated by 7(A), where A = (1 dy ... dg)T, for certain d;’s in
D. Using Remark[3} we obtain that £ = D' ®+1) /(DX¢ P), where P = (R —A) € D9*P+1),
is stably free of rank p+1—¢q. If A = k[xy,...,2,], ie., D = Ay(k), and p+1—¢q > 2, ie.,
p —q > 1, then 3 of Theorem [2] shows that F is a free left D-module of rank p + 1 — ¢, and
using 3 of Theorem (3] Theorem 7| holds. Moreover, I' = (1 0 ... 0) is a left inverse of A, and
thus Corollary [0 holds. Finally, if r = ¢ — 1 > 2, i.e., ¢ > 3, then the stably free left D-module
kerp(.Q1) of rank r is free by Stafford’s theorem (see 3 of Theorem [2)) and Corollary [6] proves
that R is equivalent to diag(l;—1,Q2) for a certain row vector @2 € DIx(p—atl), O

In the case of D = A, (k), where k is a field of characteristic 0, we can use [19] and [27] to
obtain the following algorithm implemented in the SERRE package ([9]).

Algorithm 1. e Input: A full row rank matrix R € D?*P such that p — ¢ > 1 and the
right D = A,(k)-module N & D%/(R DP) is holonomic (k a field of characteristic 0).

e Output: A matrix Q; € D™ ®=9+1) guch that M = D™ ®—4+1) /(D Q,). Moreover, if
g > 3, then two more matrices V' € GL4(D) and W € GL,(D) are returned such that:

V RW = diag(I4—1,@Q2).

1. Use Algorithm 3 of [I9] to compute a column vector A = (1 ds ...d,)" such that
N £ D4/(RDP) = D7(A), where 7 : DI — N is the canonical projection onto N, i.e.
such that N = (P DP*1)/(R DP), where P = (R — A) € D*(P+1),

2. Using Algorithm 3 of [27], compute two matrices

Q=(@QT QNT e DwtHxp-at1),
T =(T) T)e DP—at)xp+1)

where Q, € DP*(—atl) Q, e DI*w—atD) T, ¢ DP—atD)xp and T, € DP—a+tDx1 guch
that kerp(.Q) = D™ P and T Q = I,,_g41.

3. If ¢ < 2, then return the matrix Q.
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4. Else, compute a matrix K € D"™*P such that kerp(.Q1) = D" K.
5. Compute a matrix L € D" such that kerp(.K) = D** L.
6. If L =0, ie., kerp(.K) =0, then r =¢q — 1.

(a) Compute a right inverse Q3 € DP*(@=1) of the matrix K € D@~-1x»,

(b) Form the matrices X = (RQ3 A) € GLy(D) and W = (Q3 Q1) € GL,y(D).
(c) Compute V = X1
(d) Return the matrices QQ2, V and W.

7. Else, i.e., L # 0, then:

(a) Using Algorithm 4 of [27], compute F € D™=V and G € D@ 1D*" such that
kerp(.F) =D L and GF =1, ;.

(b) Form the full row rank matrix G K € D(¢~Dx»,

(¢) Compute a right inverse Q3 € DP*(@=1 of the matrix G K € D@~ 1x4q,

(d) Form the matrices X = (RQ3 A) € GLy(D) and W = (Q3 Q1) € GL,y(D).

(e) Compute V = X1,

(f)

f) Return the matrices @2, V and W.

Example 11. Let us consider the commutative polynomial ring D = Q [0,, 9,] of PD operators
and the D-module M = D'*3/(D'*2 R) finitely presented by R defined by:

dx 9, 0
R:( 0 ay 5 )epm. (22)
z Yy

The matrix R defines the equation R o = 0 of the equilibrium of the stress tensor in R?:

az 11 ) 12:07
{ o+ 0yo (23)

Oy 0% + Oy 0?2 = 0.

We can check that ext}, (M, D) = D*/ (R D?) is a Q-vector space of dimension 3 and a basis of
exth (M, D) is defined by 7((1  0)T), 7((0 1)T) and 7((0 9,)7), where 7 : D> — D?/(R D3)
is the canonical projection. Hence, without loss of generality, we can assume that A has the
form A = (a b+ c0O,)", where a, b and c are three arbitrary constants. Considering the new
ring D' = Q[a,b,c|[02,0,), P = (R — A) and the D'-module E = D'***/(D""*? P), then,
using Grobner basis techniques, we can check that the matrix P does not admit a right inverse
with entries in D’. According to Theorem |3, we obtain that the A-module F is not a stably
free D’-module, which proves that cannot be defined by a sole PD equation with constant
coefficients, and the minimal number of generators p(M) of the D-module M is 3.

Let M’ = BY3/(B'2R) be the left B = A3(Q)-module finitely presented by R. The
right B-module exth(M’, B) = B%/(R B?) is holonomic and thus cyclic by Proposition |5 The
element 7(A) of extL(M’,B), where A = (1 z)T, generates exth(M’, B) since the matrix
P=(R —A)e B admits the following right inverse:

—x 1
T —z2 T
—z3 22
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The left B-module E' = B*4/(B1*2 P) is then stably free of rank 2 (see Remark , ie., free
by Stafford’s theorem (see 3 of Theorem [2). Using the STAFFORD package ([27]), an injective
parametrization of E’ is defined by

Oy Oy
x Oy r0, —1
Q: 2 7
20y — 1 r0; —

(O +20,) 0y (O +20y) 0p — 0,

which yields M' = B2 /(B ((0; + 2 8y) 8y (95 +x9y) 0y — 0y)).

Since I' = (1  0) is a left inverse of A, using Corollary@ we obtain the following unimodular
matrices:

-1 dy Oy x0p x0y—0p —0y
W=| -z z 0 20y — 1 , W= 0 x -1 1,
—2? 220, -1 x(x0, —1) x -1 0

—(0z + x 0y) 1 . x -1
X = L V=Xx"1= .
—x(0p +20y) —1 x 220y + 20, +2 —(0p +20y)

Then, the matrix R defined by is equivalent to the following block-diagonal matrix

1 0 0
VRW = 5
(O (0r +20y)0y (0p +20y) 0y — 0y )
which proves that is equivalent to the following PD equation
(335 +xay)8y72 + (aa: +x8y)aw7_3 - a1147—3 = 07

under the following invertible transformations:

ol =8y + 0, 73, 1 = (0p o't + 0y 0'?) — (9, 02 + 9, 0?%) = 0,
o2 =20, +x0, 73 — T3, r=x0'? - 0?2,
022:x26y72—72+x28m73—:v73, 3=z ol —ogl2

We note that we have lost the symmetry of . It would be interesting to get a more symmetric
equivalent PD equation by considering another cyclic vector of ext};(M "E).

If D is a noetherian domain and M = D*P/(D'*4 R) a left D-module finitely presented by
a full row rank matrix R, then we can prove that the right D-module ext}, (M, D) = D?/(R DP)
is torsion ([5]). Then, using Theorem |4 and 4 of Corollary [5| we obtain the following corollary
of Theorem [§

Corollary 7. Let D = A(D) be the ring of OD operators with coefficients in A = k[t] or k[t]
and k is a field of characteristic 0, or A = k{t} and k = R or C, R € D?P q full row rank
matriz and M = DY¥P /(D' R) the left D-module finitely presented by R. Then, Theorem @
holds and A € D? can be chosen so that it admits a left inverse over D and T(A) generates
the right D-module ext},(M,D) = D9/(RDP). Moreover, if p—q > 1, then Theorem E and
Corollaries[3 and [] hold. Finally, if ¢ > 3, then Corollary [ holds.
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Corollary [7|shows that every analytic linear OD system defined by a full row rank matrix with
at least one column more than rows is isomorphic to an analytic linear OD equation. Moreover,
if the system has at least 3 equations, then the system is equivalent to a sole OD equation. These
results are particularly meaningful in control theory. For instance, if we consider the analytic
linear OD system

t=Fz+Gu, (24)

where F' € A™™ and G € A™™, where A = k[t] or k[t] and k is a field of characteristic
0, or A = k{t} and k = R or C, then we get M = D>"+m) /(D" R) where D = A(d)
and R = 01, — F —-G) € Dnx(n+m) - Tn particular, we have p = n +m, ¢ = n and
rankp (M) = p — ¢ = m. Therefore, if m > 1, i.e., if the dimension of the input vector u of (24)
is at least 1, i.e., F # 0, then M = D™+ /(D Q,) for a certain row vector Qy € DX (m+1),
Moreover, if n > 3, i.e., if the dimension of the state vector x of is at least 3, then is
equivalent to the linear analytic OD equation Q2 ¢ = 0.

Since the rings D = By (k), k[t][t~1](9), where k is a field of characteristic 0, or k{t}[t~1](d),
where k = R or C, are simple principal left ideal domains (see, e.g., [Il, 20]), using the concept
of Jacobson normal form, namely, a generalization of the Smith normal form to principal left or
right ideal domains (see, e.g., [12} [I8, B32]), for every matrix R € D?*P, there exist V' € GL4(D),
W e GL,(D) and d € D such that

V RW = diag(1,...,1,d,0,...,0),

i.e., R is equivalent to the diagonal matrix R = diag(1,...,1,d,0,...,0), for a certain d € D.
In particular, if R has full row rank, then R is equivalent to diag(1,...,1,d).

Now, if D = A;(k), k[t](9), where k is a field of characteristic 0, or k{t}(0), where k = R
or C, and R € D9*P_ then the Jacobson normal form of R can be computed by considering the
injection of D into the simple principal left ideal domain D', where D’ is respectively Bj(k),
E[t][t=11(0) and k{t}[t~'](0). Therefore, there exist V € GLy(D'), W € GL,(D') and e € D’
such that V RW = diag(1,...,1,¢,0,...,0). However, singularities may have been introduced
in e, V and W. Corollary @ shows that there always exist three matrices Qo € Dtx(p—a+l),
X € GLy(D) and Y € GL,(D) such that X RY = diag(I,—1,(Q2). Since the entries of Q2, X,
Y, X~! and Y ! belong to D, no singularity can appear.

Example 12. Let M = DY4/(DY3 R) be the left D = A;(Q)-module finitely presented by
the following matrix:

to+2 0 0 0
R= O+t 0 02+1 t € D34, (25)
t2(0*-1)+2t0 —td to to*—t

Using Algorithm 3 of [19], we obtain that the column vector A = (0 0 1)T is such that the
matrix P = (R — A) admits the following right inverse:

P+1 -0 -9 —t@>+1) 0\
s=| -9 1 1 t0 0
0O 0 0 0 ~1

In other words, the right D-module ext}, (M, D) = D3/(R D*) is cyclic and is generated by 7(A),
and thus the left D-module E = D'*5/(D'*3 P) is stably free of rank 2, i.e., is free of rank 2
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by Stafford’s theorem (see 3 of Theorem . Computing an injective parametrization of E by
means of the STAFFORD package, we obtain that the matrix Q = (QT Q)T € D>*2, where

PR+r1-1o-1 0
—0% -0+t 1
— =t —t0
@1 9?4t o | Q2 = ( )s
—tP+tt—1)d+t—1 0

satisfies kerp(.Q) = D'*3 P and T Q = I, where:
-t 0 0 -1 0
T = .
1 1. 0-1 0 0

Thus, we get M = D'*2/(D Q2). Moreover, since A admits the left inverse ' = (0 0 1), R is
equivalent to diag(ls, Q2). More precisely, we have kerp(.Q1) = D'*2? K, where

to+2 0 0 0
K= ,
O+t 0 9%+1 t

and the right inverse QY3 of K, defined by

05 P?+1 0 —0 —t(0?>+1) g
T -0 01 to ’

is such that W = (Q3 Q1) € GL4(D). Then, we have:

1 0 0 1 0 0
X=(RQ3z A)= 0 1 0], V=Xx'=] 0 1 0
—t9%* to 1 to? —to 1

We obtain that the matrix R is equivalent to the following block-diagonal matrix:
100 O
VRW=|010 0

0 0t —to

If we compute a Jacobson normal form J of the matrix R, then we get

1
J=YRZ=1]0
0

o = O
= o O
o O O

for certain matrices Y and Z containing large entries in B1(Q), i.e., Y € GL3(B1(Q)) and
Z € GL4(B1(Q)). Finally, we note that the left D-module L = D'*2/(D Q2) admits the non-
trivial torsion element z = z; — 0 22, where z; = k((1 0)) and z2 = k((0 1)) are the generators
of L satisfying ¢ (21 — 0 23) = 0, whereas the left D’ £ By (Q)-module D'**2/(D’Qy) is free of
rank 1.
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