AAECC (2008) 19:441-473
DOI 10.1007/500200-008-0083-z

A linear algebra approach to the differentiation index
of generic DAE systems

Lisi D’Alfonso - Gabriela Jeronimo -
Pablo Solerné

Received: 9 July 2007 / Revised: 1 October 2008 / Published online: 28 October 2008
© Springer-Verlag 2008

Abstract The notion of differentiation index for DAE systems of arbitrary order
with generic second members is discussed by means of the study of the behavior of
the ranks of certain Jacobian associated sub-matrices. As a by-product, we obtain upper
bounds for the regularity of the Hilbert—Kolchin function and the order of the ideal
associated to the DAE systems under consideration, not depending on characteristic
sets. Some quantitative and algorithmic results concerning differential transcendence
bases and induced equivalent explicit ODE systems are also established.
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1 Introduction

This paper is devoted to the study, mainly from a quantitative point of view, of
differential algebraic equation (DAE) systems of the form:

fiX.U) =X,
T lax.vu,.. . UC) =y
(X, U,U,...,U)) =Y,
where f1, ..., f, are polynomials in the n 4+ m variables X := X1,..., X,, U =
Ui, ...,Up,and, forevery 1 < j <r, g;jisapolynomialinthen+(e;+1)m variables
X, U and the derivatives U® = Ul(’), R U,S;), 1 <i < ej, with coefficients in

a differential field k& (for instance k := Q, R, C, Q(¢), etc.). The constants e; €
No denote the order of the respective equation g; in the variables U. The variables
Y :=Y,,...,Y, are a new set of differential indeterminates which can be viewed as
parameters (while the variables X and U are the unknowns of the system). So, it is
quite natural to extend the ground field & to the differential field I := k(Y) (i.e., the
smallest field containing k and all the successive derivatives of Y) and consider our
input system also as a system over L. Even if we do not assume, as customarily, a
differential O-dimensional situation ( may be strictly smaller than m), we will suppose
that the last r equations are “independent” in a suitable natural way defined in Sect. 2.1.

DAE systems like (¥) can be regarded from several points of view: for instance, this
kind of systems arises in Control Theory (see for instance [8] and [3, Sect. 4]); they
may also be interpreted as the equations defining the graph of a differential morphism
(see [22]). The system (X) may be viewed as a family of usual polynomial DAE
systems where the second member parametrizes the family and takes arbitrary values
outside a suitable proper algebraic Zariski closed set (see [32, Sect. 5.2]). In this last
sense we say that the system (X) is generic.

We will focus on several basic topics concerning the system (X), including the
number of differentiations that suffice to obtain explicit equations, a description of all
the relations of a prescribed order that all the solutions must verify and the number
of initial conditions that can be arbitrarily fixed. All these aspects have been studied
extensively during the last two centuries beginning with two posthumous articles by
Jacobi ([12,13]). The present paper (as well as most of the previous ones on the subject)
may be considered as a modern approach to part of the work done by Jacobi in these
remarkable and not sufficiently known papers.

The main notion we will consider is the differentiation index, which is a well known
and important invariant associated to a DAE system (customarily for first-order and
0-dimensional systems).

There are many different definitions of differentiation indices, not always equi-
valent and sometimes informal (see for instance [2,3,8,16,21,25-29,35]). Here we
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are mainly interested in the so-called global differentiation index (see [2, Sect. 2.2]).
Roughly speaking, the differentiation index represents the minimum number of times
that all or part of a given DAE system must be differentiated in order to obtain an
equivalent explicit ordinary differential equation (ODE) system; in other words, the
number of differentiations required to determine the derivatives of a certain order of
the unknowns as continuous functions of derivatives of lower order of the unknowns
(see [2, Definition 2.2.2]). In some sense, the index can be regarded as a measure of
the complexity of the DAE system. From the theoretical point of view it represents
the distance between the given system and another one for which an existence and
uniqueness theorem holds (see [28]). On the other hand, from the point of view of
its numerical resolution, it is closely related to the condition number of the iteration
matrix in the implicit Runge—Kutta method (see [2, Theorem 5.4.1]).

In this paper we give a precise, elementary algebraic definition of a differentiation
index for DAE systems as (X), not necessarily of first order nor 0-dimensional (see
Definition 15 below), by means of certain stationary properties of the ranks of suitable
Jacobian sub-matrices which are proved in Sect. 3. One of the main consequences of
our approach is the formulation of an equivalent definition of this index in terms of a
quite natural filtration given by the successive differentiation of the input equations,
which is implicitly contained in Theorem 17 below. In particular, this last formulation
shows how the differentiation index uncovers constraints that every solution must
satisfy. This approach is closely related to the classical algorithmic definitions of
the differentiation index by means of iterated prolongations (differentiations) and
projections (eliminations) (see [5,18,28,29]).

Our theoretical approach has the advantage of leading to a polynomial time algo-
rithm which computes the index of the input system () by simple comparison of
ranks of Jacobian matrices (Sect. 5.3.2; see also [36]). For previous work related to
the computation of differentiation indices of DAE systems, we refer the reader to
[5,18,19,25-29,37].

As we said before, the notion of differentiation index is closely related to the
possibility of writing certain derivatives of the unknowns in terms of derivatives of
lower order of these unknowns. Unfortunately, in general, this cannot be done using
only the algebraic relations induced by the original equations. For example, if all the
equations have order one, this nice situation, which is usually ensured by the Theo-
rem of Implicit Functions, corresponds exactly to those systems whose associated
index is 0. However, in the general case, by successive differentiations (as many as
the index) we can always obtain such a situation. Evidently, the new explicit sys-
tem comes out of the frame of the polynomial (or even rational) systems. Under
certain additional conditions on the system (X), we are able to compute an implicit
ODE system which is equivalent to (X) (see Sect. 5); in particular, in the case of
a first-order system, we give an implicit but simple polynomial way to describe it,
distinguishing the variables by their interrelations (namely, “free variables”, “implicit
variables”, etc.). Moreover, we can estimate degree and order upper bounds for the
implicit equations involved in the equivalent ODE systems (see Sect. 5.3.1) and give
an algorithm to compute them with polynomial complexity in terms of an intrinsic
parameter related to the geometric degree of suitable associated algebraic varieties
(Proposition 33).
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Our method also allows us to give a new upper bound for the regularity of the
Hilbert—Kolchin function (or differential Hilbert function) associated to the DAE sys-
tem (X). The Hilbert—Kolchin function is introduced in [14, Chapter II] in order to
estimate, for each non-negative integer i, the degree of freeness of the first i-derivatives
of the unknowns modulo the relations induced by the input equation system (see also
Sect. 4.2 below for a precise definition in our case).

As it happens for the classical Hilbert function associated to homogeneous polyno-
mial ideals (see for instance [1, Chapter 11]), the Hilbert—Kolchin function becomes
a well defined polynomial for sufficiently big arguments i (in the ordinary differen-
tial setting, this polynomial is extremely simple since its degree is at most 1). The
regularity of the Hilbert—Kolchin function is defined to be the first non-negative inte-
ger from where the function and the polynomial coincide. It is well known that this
regularity can be exactly described in terms of the orders of the elements in a cha-
racteristic set associated to any orderly ranking (see the proof of [14, Chapter II,
Sect. 12, Theorem 6] or [4, Theorem 3.3]). In this article (see Theorem 20 below) we
show that max{1, eq, ..., e,} — 1 is an upper bound for the regularity of the Hilbert
function for the system (X) over the field L. (notice that no characteristic sets are
involved in the bound). In particular, if () is a first-order system, the regularity of the
Hilbert—Kolchin function is 0; in other words, the Hilbert—Kolchin function and the
associated polynomial coincide for all 7.

As further consequences of our techniques we deduce Bézout-type bounds for the
differentiation index and the order of the input system (X) in terms of the orders of
its defining equations (see Remark 16; Sect. 4.2.2). A similar bound for the differen-
tiation index may also be obtained by rewriting methods as in [32, Sect. 5.2] (see also
[8, Sect. 3] for an analogous bound for 0-dimensional first-order systems). Concerning
the order, we recover Ritt’s differential analogue to Bézout’s Theorem ([30, Ch. VII,
p.135]). A more precise bound for the order of a O-dimensional system was conjec-
tured by Jacobi (see [12]) and proved in [15] under additional hypotheses which are
met in our situation (see also [20,24,31]). We point out that a convenient refinement
of our approach may be applied to obtain Jacobi-type bounds for both the order and
the differentiation index, which will be the subject of a forthcoming paper.

The paper is organized as follows: basic definitions and notations are introduced
in Sect. 2. Section 3 is devoted to the study of the behavior of an integer sequence
which is strongly related to the ranks of suitable Jacobian sub-matrices of the input
equations and their successive derivatives. In Sect. 4 we give a precise algebraic
definition of the differentiation index based on the behavior of this sequence, and
an equivalent description of it in terms of the variety of constraints (Sect. 4.1). Our
results on the Hilbert—Kolchin function of the differential ideals associated with the
considered DAE systems are presented in Sect. 4.2: we estimate the regularity of the
Hilbert—Kolchin function in Sect. 4.2.1 and the order of the induced differential ideal
in terms of the orders of the equations in the given system in Sect. 4.2.2; further,
a first result related to equivalent explicit ODE systems is given for the differential
0-dimensional case in Sect. 4.2.3. This result is refined in Sect. 5 by introducing a
more accurate definition of the index, which is done in Sect. 5.1, and generalized for
first-order systems with positive differential dimension in Sect. 5.2. Finally, we present
quantitative and algorithmic considerations concerning these results in Sect. 5.3.
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2 Preliminaries
2.1 Basic definitions and notations

Let k be a characteristic zero field equipped with a derivation § (for instance k = Q,
R or C with § := 0, or k = Q(¢) with the usual derivation §(¢) = 1, etc.).

For an arbitrary set of (differential) indeterminates Z := Zi, ..., Zy over k we
denote the /th successive derivative of a variable Z; as Zﬁ.l) (as customarily, the first

derivatives are also denoted by Z;); we write Z() := {Z%l), o, Z0y and zI0 =
(Z® 0 < i < I}. The (non-noetherian) polynomial ring k[Z®), [ € Np], called
the ring of differential polynomials, is denoted by k{Zi, ..., Z4} and its fraction
field by k(Zy, ..., Z). Given a finite set of (differential) polynomials Hj, ..., Hg €
K{Zy,..., Zy}, we write [Hy, ..., Hg] to denote the smallest ideal of k{Zy, ..., Z}

stable under differentiation, i.e., the smallest ideal containing Hy, ..., Hg and all their
derivatives of arbitrary order. The ideal [Hj, ..., Hg] is called the differential ideal
generated by Hy, ..., Hg.

We deal with a particular class of differential algebraic equation (DAE) systems:

fiX, U) =X
f(X.U) = X, W

gi(X,U,U,.... U =Y,

&X. U U,...,.U)) =Y,
where fi, ..., f, are polynomials in the n 4+ m variables X = X1,...,X,, U =
Ui, ...,Up,and, forevery 1 < j <r, g;jisapolynomialinthen+(e;+1)m variables
X, U and the derivatives U := U, ..., UW 1 <i < e, with coefficients in the

field k. The constants ¢; € Ny denote the order of the respective equation g; in the
variables U, i.e., the order of the highest derivative of a variable in U appearing with
non-zero coefficient in this polynomial. The variables Y := Y, ..., ¥, form a new set
of indeterminates which we regard as parameters (while the variables X and U are the
unknowns of the system). We allow n to be equal to zero (i.e., no variables X appear
in the system).

In addition, we will assume that the polynomials g; are differentially algebraically
independent over k as elements of the fraction field Frac(k{Y, X, U}/[ f1 — X Lsvnns
fn — X 21), 1.e., there is no non-trivial differential relation involving the classes of
the differential polynomials g1, ..., g over k. This assumption guarantees that the
differential ideal of k{Y, X, U} associated to system (1) does not contain a non-zero
differential polynomial involving only variables Y.

For any differential polynomial g lying in a differential polynomial ring
k{Zi, ..., Zy} the following recursive relations hold for the successive derivatives
of g:
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8 =8, (-1
a - .
g = §(g0Dy 4 Zg—(,»)zyﬂ), forl > 1,
i.j 072
J

where §(g¢~1) denotes the polynomial obtained from g?~! by applying the deriva-
tive § to all its coefficients (for instance, if k is a field of constants, this term is always
Zero).

Concerning the system (1) we also introduce the following definitions and notations:

L denotes the fraction field £(Y).
e :=max{l, e, er,...,e}.
For every [ € Ny we set:

O ._ O (I+1) +1]1 p7ll] .
F7oo= 7 =X, € k[X , U™ i=1,...,n,

GV =g =y e kY XU pltely =1,

e Forevery [ € N, A; denotes the polynomial ring A; := L[X!], U] and A; C
Aj_14+. theideal generated by F (=1 gli-1 (observe that the ideal A; is contained
in A;j_14. because the orders of FUD and G are at most I — 1 + e). We set
Ag = (0).

e A :=[F,G] C L{X, U} is the differential ideal generated by the polynomials
F:=F,...,F,and G .= Gy, ..., G,.

e Kis the differential field k(X)(U) with the derivation induced by X i = fi(X,U),

i=1,...,n.

The hypothesis on the differential algebraic independence of the polynomials g;
(1 < j <r) easily implies that the ideal A has differential dimension m — r over IL
(see for instance [7, Proposition 12]). Furthermore, the map

le—>fj,j=1,...,n, le—>gj,j=1,...,}", and Ujl—>Uj,j=l,...,m,

induces an isomorphism between the fraction field Frac (L{X, U}/A) and the diffe-
rential field K = k(X)(U) (see [7, Remark 7]).

In the sequel, in order to simplify notations, for any g € IL{X, U}, we will also write
g forits class in L{X, U}/ A or in its fraction field K (the ring where we consider the
object will be clear by the context). In the same way, ¢ will denote either the derivative
of g in L{X, U} or its derivative as an element of K, and so on.

2.2 Associated Jacobian sub-matrices

Here, we introduce the Jacobian matrices and sub-matrices we will deal with throu-
ghout the paper. From the considered differential system (1), we define a family of
sub-matrices constructed from the (infinite) Jacobian matrix associated to the (infini-
tely many) polynomials F® and G with respect to the (infinitely many) variables
XW and UW).
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Definition 1 Foreachk € Nandi € N>, (i.e.,,i € Zandi > e — 1), we define the
matrix J; € KkO+rxk(ntm) qq follows:

aF(ifeH»l) 3F(l‘7€+1)
9x G+ QU+l 0 0 0 0
3G(i7£'+1) aG(i7€+l)
9 X G+ QUG+l 0 0 0 0
Jk,i = : : : : : :
BF(ife#»k) aF(ife'#»k) 8F(i76+k) aF(ifech) 8F(i76+k) aF(i7€+k)
9 X G+ QU +D 9 X (i+2) QU I+2) 9 X (i+k) QU (i+k)
9Gli—etk) G li—eth) 9Gli—etk) 9Gli—eth) 9Gli—etk) 9 G li—eth)
9xG+D) U i+D 9Xx(i+2) U (i+2) 9 X (i+k) QU (i+k)

In other words, Ji ; is the Jacobian matrix of the polynomials

Fl—etD) Gl—etl)  pli-eth) Gli-eth) o pyli-etkt1] plithl)

with respect to the variables X (tD gy G+ x(@+b @+ where the entries are
regarded as elements in K.

Observe that the block triangular form of Ji ; follows from the fact that the diffe-
rential polynomials F¢~¢*) and GU~¢*+) have order bounded by i + . Hence, their
derivatives with respect to the variables X ©*/) and U+ are identically zero for
=i+l

The matrices Ji; are strongly related with some algebraic facts concerning the
(algebraic) ideals A; introduced in the previous subsection:

Proposition 2 Letk € Nand i € N>._y. Then:

(i) The transcendence degree of the field extension
Frac(A;/(Ai—et1+4k N Aj)) — Frac(Aj i/ Ai—e+1+k)

equals the dimension of the kernel of J ;.
(ii) The following identity holds:

trdegy (Frac(A;/Ai—eq14k N A}))=(m—r)(i+1)+e(n+r)— dimK(ker(fjf{’i)),

where 3‘;@1- denotes the usual transpose of the matrix Jy ;.
Proof In order to prove (i) we follow closely the proof of [7, Proposition 16] (see also
[22, Theorem 10]): since the polynomials Fi(p ) and G;.p ) have order p + 1 and p +e¢;,

respectively, we conclude that fori > e — 1, the polynomials F'~¢! and G!"~¢! belong
to the ring A;. In any case (evenifi = e — 1), we may consider Frac(A;+x/Ai—e+1+k)
as the fraction field of the domain

R = K[X(i'H), U(i+1)’ o, X(H—k)’ U(i+k)]/(F(i—€+1)’ G(i—e-i-l)’
. F(i—€+k) G(i—€+k))

where K denotes the field Frac(A; /(Ai—e+14k N Aj)).
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Then, the transcendence degree we want to compute is the dimension over the field
Frac(R) (or equivalently, over Frac(A;4x/Ai—e+1+k)) of the kernel of the Jacobian
matrix associated to the K —algebra R (see for instance [17, Chapter VI, §1, Theorem
1.15]). This Jacobian matrix is exactly the matrix Jx ;. To finish the proof of (i), it
suffices to show that the dimension of both kernels (namely, over Frac(R) and over
K) of Jk,i is the same.

Let us observe that the entries of Jx ; can be regarded as polynomials in the ring
k[X, UU+K] < K, which is isomorphic to k[YU—¢Tkl x[i+kl gyli+hkly (plizetk]
Gli=¢*kl)_ After tensoring by L, this last ring becomes A;1x/A; ¢+ 11x. Now, since
L N A = 0, the rank of Jj; is preserved after that tensoring and so, its rank over
the fraction field of k[ X, U*K1] (and therefore, over K) is equal to its rank over the
fraction field of A;r/Ai—e+1+k (namely, Frac(R)). This finishes the proof of (i).

For part (ii), it is easy to see that the polynomials F»), GP) form a regular
sequence (see for instance [7, Corollary 9]) and hence, the field extension L. —
Frac(A;j+x/Ai—e+1+k) has transcendence degree equal to the number of variables in
A;1, minus the number of generators of the ideal A;_,4 144, thatis (i +k + 1)(n +
m)—({—e+k+1)n+r)=m—r)i+k+ 1)+ e +r). The result follows by
considering the tower of fields

L < Frac(A;/Aj—et1+k N A;) <> Frac(Aj1/Ai—et+1+k)

and part (i), noticing that dimg ker(Jx ;) = k(m — r) 4+ dimg ker(?j,’(’i). O

Remark 3 The equality in part (ii) of Proposition 2 also holds for k = 0 defining
dimK(ker(GB’i)) := 0 fori > e — 1. This follows from the fact that A; .| C A; is
generated by a regular sequence, as in the proof of that Proposition.

Remark 4 Fix an index i > e — 1. Note that the prime ideals (A; —¢4144x N Ai)reN,
form an increasing chain of ideals. Since A; is a Noetherian ring, this chain must be
stationary for k big enough, and so, from condition (ii) of Proposition 2, the sequence
of integers (dimyg ker(ﬁ}cy )keN, 1s non-decreasing and becomes stationary for k big
enough.

In the next section we proceed to study more closely this kind of stationary properties
related to the rank of the matrices Jy ;.

3 The rank of Jacobian sub-matrices

The aim of this section is to study the behavior of the ranks of the matrices Ji
when k and/or i run over N and N> ,_; respectively, which will provide us with some
information about certain invariants of the system (1), namely, the differentiation index
and the regularity of the Hilbert—Kolchin function.

We introduce a double sequence (i ; of non-negative integers associated with the
matrices Ji;:
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Definition 5 For k € Ny and i € Nx,_1, we define px ; € Ny as follows:

— o, =0, foreveryi € N>,_1;
— ki = dimg ker(J; ;) = k(n +r) — rankg (Jx,;), fork > landi € N,_;.

Now, we will focus on the study of certain stationarity properties of the sequence
(k. i)k.i- We begin by analyzing the behavior of the sequence (utx ;)x when the index
i is fixed, which will be done by comparing the matrices Jx ; for k € N.

First, let us observe the following obvious recursive relation which holds for every
k>1:

0 0
Jk,i 0 0
Jkt1i = 0 0 - (@
aF(i—e+k+1) aF(i—c+k+]) aF(i—c+k+]) aF(i—e+k+])
EydGal UGt T §X GTE+T) QU GHkFD
§Gli—etk+D) 9Gli—e+k+D) §Gli—etk+D) gGli—e+k+1)
X +D U G+D Y X GTE+T) QU GHkFD

When the differential system (1) is linear (for instance, if k¥ := Q and the system
(1)isof type AU + BU =Y, where A and B belong to Q"*"), the matrices Jx ; have
a nice Hankel-block type form, but this is not exactly our situation. However, there is
a main relation arising from their underlying differential structure which enables us
to study them also in our non linear setting:

Proposition 6 Let Z := Zy, ..., Zy be differential independent variables and let H
be a differential polynomial ink{Z}. Foralll, j € Ny the following relation holds in K:

aHO \' gD O
57zG+D) | T 57zG+Dh T 5z0)" 3
HO
In particular, if H € {F, G} and Z € {X, U}, we have that 37070 = 0 for every

j =1+ e, since the order of HY is at most | + e, and therefore identity (3) implies
that

gH+D gH®

5700 — 3700 4 Z

>1+e. “4)
Note that these identities are alsolvalid over the differential field K, where the deri-
vation is now the one induced by X ; = f;(X, U) in K and all partial derivatives are
regarded as elements in K.

Due to the triangular form of Ji ; and condition (4), all the matrices Ji ; have the

same (n +r) x (n + m)—Dblock J1 ; in their main diagonal.

Proof Straightforward from the definitions and the Chain Rule. O
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We are now ready to prove the first stationarity property of the sequence (tik i)k, i
(see also Remark 4 above):

Proposition 7 For each fixed i € N>, _1, the sequence (ki) reN, is hon-decreasing
and verifies the inequality

-
nminl{k,e — 1} + Zmin{k, e—ej} < ur; <minfk, e} (n+r). ®))
j=1

In particular, there exists k € No (depending oni), 0 <k <e+n+ Z;'=1 ej, such
that pi; = fit1,i-

Proof The fact that (ug i)k is a non-decreasing sequence follows immediately by
observing that ker(fj;(’l.) x {0} C ker(\”jf{JrLi) for every k € N (see (2), also Remark 4).

For every non-negative integer k € Ny, the matrix Ji ; has k(n+r) rows. Therefore,
dim ker(fj;c’ ;) < k(n +r). On the other hand, due to Proposition 2, Remark 3 and the
definition of j ;, we have that trdegy (Frac(A; /A o414k NA;)) = (m—r)(i + 1)+
e(n4r)— pk,;. Now, trdegy (Frac(A; /A _e+14+k N A;)) > trdegy (Frac(A; /AN A;)),
since Aj_o4+1+kNA; C AN A;, and so, the fact that the differential dimension of A is
m —r implies that trdegy (Frac(A;/ANA;)) > (m—r)(i+1). Hence, uy ; < e(n+r)
holds.

In order to show the other inequality, we observe that, since the order of the polyno-
mial G\ is p+e; (1 < j < r).the partial derivatives dG " /9 X @) and 9G'/" /U @)
are all zero for ¢ > p +e;. In particular, we conclude that for ¢, s € N, withz > s, the
derivatives 8G§.’7‘)+')/BX("+S) and G H) oU i) are zeroif i +s > i —e+1+e;,
or equivalently,ife—e; > t —s. So, each polynomial G ; induces min{k, ¢ —e;} many
null rows in the matrix J ;. Analogously, each polynomial F; induces min{k, e — 1}
many null rows in this matrix.

We conclude that the matrix Ji ; has at least n min{k, e — 1} + Z;’=1 min{k, e —e;}
null rows. Thus, the dimension of the kernel of the transpose matrix 32’ ; (e, i) is
at least n min{k, e — 1} + Z;zl minfk, e — ¢;}.

The second assertion follows directly from the fact that for every k > e, the inequa-
lity (5) reads n(e — 1) + Z?zl(e —ej) < pki <e(m+r). O

In fact, in Theorem 9 we are able to prove a more precise result than that of
Proposition 7: the sequence (iux,i)reN, 18 strictly increasing up to a certain index
ki<e+n+ Z;: 1 ¢j where it becomes stationary.

For the sake of simplicity, we will use the following notations:

Notation 8 The variables X, U involved in system (1) are renamed in the following
way: Zj = Xjforj=1,...,n,and Z,j :=Uj for j = 1,..., m (and the same
is done for their corresponding formal derivatives). Analogously, the polynomials are
renamed as: H; == Fj for j=1,...,n,and Hy,j :=Gjfor j=1,...,r.

With these notations, the matrix Ji ; involves exactly the derivatives of the poly-
nomials H¢~¢+1+P) with respect to the variables Z+%), with p =0, ...,k — 1 and
qgq=1,..., k.
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Theorem 9 Fix an index i € N>, and let k; € Ny be the minimum of all the k’s in
No such that pg+1,;i = pk,; (this minimum is well defined due to Proposition 7). Then
Wk,i = Mk;.,i for every k > k;.

Proof According to Notation 8 we will rename variables and equations as Z := (X, U)
and H := (F, G).

The result is clear for k; = 0: in this case, p1,; = 0, which is equivalent to the fact
9 | i—e+D)

FYAGRY)

we conclude that Jx ; has full row rank too or, equivalently, that wy ; = O for all k.

Now, let us assume that k; > 1. It suffices to show that the equality (x; = pr—1,i
for an arbitrary index k > 2, implies px4+1,; = tk.i-

In the sequel, for a vector v € K/"+") we will write its description as a block vector
v=(vy,...,y) withv; € K",

Due to the recursive relation (2), the identity ker(Sfc’l.) x {0} = ker(3f{ JrlJ.) N

that the matrix J1,; = has full row rank. From identity (4) in Proposition 6

{vg+1 = 0} holds in K&TD@+) for every k € N and so, the equality g = fg+1.;
is equivalent to the inclusion ker(ﬁf{ T ;) C {vkt+1 = O}. Then, the theorem is a
consequence of the following recursive principle:

Claim: For all k € N, ker(J; ;) C {vg = 0} implies ker(J | ;) C {vk+1 = O}

Proof of the Claim. Let us show that if (vy, ..., Vg+1) € ker(ﬁchJ) then, the vector
w = (wi, ..., w) € KK+ defined as
W 1= Vkl, W= Ui — Wik, j=hk—1..1,

lies in ker(ﬁfm.), which implies the Claim.

aH(l —e+Yt) )

W = 0fort < ]
Hence, we have that w € ker(ﬁ}c’ ;) if and only if the following identities hold over K
forevery | < j <k:

Our assumptions on the order of the equations imply that

9 H(z —e+0)

k
Z Z(l+/)

We will proceed recursively for j = k,k — 1, ..., 1. For j = k, the definition of
w and identity (4) imply that

gH—eth) 9 Hi—etk+D)
Wk =G0 = Uk Dok 0.
o fli—e+0)

Now, assume that Z we = 0. Differentiating this identity in K and

t=j+1
using identity (3) we get:

9ZG+j+D
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k 9 i—e+0) k gH—ett+D) g ppli—e+0)
Z We o G T Z We\ 537G+~ gzah =0.
t=j+1 t=j+1

This implies that

k oHU~ e+£) gH G~ e+1) k JH—et+0 k o H i—e+t+1)
ZW Gz Wi zan Z w‘az(lﬂH) +€ IW 57G+j+D
‘ *
aH(l e+l) 8H(i—e+k+1)
ZZ}A(WJFW D 3z@n T W o
J
k+1 9 H i—e+0) k+1 g Hi—e+0
ZE_;FIW 9ZGH+D o ve gz = O

where the second equality follows from identity (4) and the third one is simply the
definition of w. This concludes the proof of the theorem. O

So far, we have studied the behavior of the sequence () for an arbitrary (but
fixed) index i € Ns,_;. In the remaining part of the section we will analyze the
sequence (1 ;); fixing the index k € N.

We start by exhibiting a (non-K-linear) bijection between the kernels of the matrices
Jk.i and Jg i+ for any index k € N.

Lemma 10 Let (vy, ..., vy) and (wi, . . ., wy) be arbitrary elements in KK+ (here
v; and w; denote vectors in K"t™ for every index j). Then, for each i € Nx,_i, the
function 0 : KkO+m) s KKO+m) dofined as (v, ..., vx) = (v1, va — 01, V3 — D2,
.y Uk — Vk—1) maps ker(J,i+1) into ker(Jx,;). Moreover, 0 is a bijection between
ker (Jx.i+1) and ker(Jx.;), with inverse 0~ (wy, ..., wy) = (wy, wp + 1y, w3 +wy +
w® L wp g+ w Y,
Proof Tt is easy to see that 6 is a bijection in KX+ with the inverse given in the
statement of the Lemma. Let us show that it maps ker(Jx,i+1) to ker(Jx,;).
We keep the notations introduced in Notation 8.

For arbitrary vectors (vy, ..., vg) and (wy, ..., wg) in Kk+m) | consider the fol-
lowing two families of sums (p =0, ...,k — 1):
o H—et+2+p) 9 | i—e+1+p)
EH_L[;(U) :ZW Vj and E[’[;(U)) :Z;W w;j.
ji= i=

Note that v € ker(Jk,;+1) if and only if E;41 ,(v) = Ofor p = 0,...,k — 1 and
w € ker(Jg,;) if and only if E; ,(w) =0for p =0,...,k— 1.

First, we compare the vectors Ji ;4+1v and Ji;0(v) for a given vector v =
(v1, ..., v) € KK+ et us observe that E; 1 .0(v) = E;0(v) = E;o(8(v)), since
9 i—et+2) g i—et+D

YA R VA

= 0 for every j > 2 (recall that the order of H is smaller
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8H<i7€+2) B 8H(i76+])
YA . VAGa))

than e),
have:

[from (4)] and 6(v); = vi. Now, for p > 0, we

Eit1,p(v) — (Eit1,p-1(v))"

k (g pgti—e+2+p) g HG—e+1+p) " ko pli—et1+p)
= Z;, azG+1+h  \ gzit1+n vj — Z PV ACIE
J= J

k g pli—et1+p) 1 g pli—etitp)
ZEWW‘;WW

gl i—e+1+p) kg pli—et1+p)
= Ut 2 ey Wi~ i) = Eip6),

j=2

where the second equality follows from identity (3), and the third one from the fact
9| i—e+1+p)

thatW=Oforp§k—l

These equalities imply straightforwardly that & maps ker(Jx,;+1) into ker(J ;).

In order to prove that it is onto, we may argue recursively: if w € ker(Jx i),
then E; ,(w) = O for p = 0,...,k — 1. Now, E,~+1,0(9_1(w)) = Eiow) =
E;o(w) = 0. Assuming that E,~+1,p_1(9_1(w)) = 0 has already been proved, we
deduce that Ei+1,p(0’](w)) = E; p(w) + (E,-+1,p_1(9’1(w))' also equals 0. We
conclude that 6~ (w) € ker(Jx.i11)- O

Even though the bijection 6 between ker (Jx i +1) and ker (Jx ;) shown in the previous
Lemma is not a K-linear map, it enables us to prove the following:

Proposition 11 Letk € Noandi € N>._1 be arbitrary integers. Then iy ; = [ i+1-

Proof The result is immediate if k = 0. Now, let k € N be a positive integer. In order
to prove that dimK(ker(J’k’l.)) = dimK(ker(SkiH)), it suffices to show that J; ; and
Jk.i+1 have the same rank, since they are two matrices of the same size.

For each pair of indices j,#,1 < j <kand 1 <t <n + m, set

aH[ife+1,ife+k] aH[i*E+2,ife+k+l]
Cjj:=—F——— and Dj,:=

8Z[(i+j) 3Z[(i+1+j)

for the corresponding columns of the matrices J ; and Jx ;+1, respectively.
Assume that a column D, ;, of the matrix Jx ;41 is a K-linear combination of the

Jo,10
columns D, to its right. Then, there exist elements «;; € K such that

n+m k n+m
Djyiy = 2 , Qo Djor + § , 2 i Djt,
t=tp+1 j=jo+1 t=1
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e e k(n+m)
and so, the vector v := (0, ..., 0, —ajj, —jj+1, ..., —ax) €K belongs to
—
the kernel of Jy ;+1, where 0 denotes the null vector in K"+, aj, :=(0,...,0,1,
Qjoto+1s -+ > Ajok) and o = (@ 1,...,aj) for j > jo + 1. By Lemma 10, the

vector 6 (v) belongs to the kernel of Ji ; and, due to the particular form of the appli-
cation 6, it turns out that the column Cj, ;, is a K-linear combination of the columns
to its right. Hence, the rank of Ji ; is lower than or equal to the rank of J ;+1.

By means of the inverse map 6!, one proves in an analogous way that the rank of
Jk.i+1 1s lower than or equal to the rank of J ;. ]

Remark 12 The following alternative proof of this proposition was kindly suggested
to us by Prof. F. Ollivier. From [14, Prop. 10, Ch. IV] the dimensions of the kernels of
Jk.i and Ji ;41 are the differential dimensions of the ideals generated in a differential
polynomial ring in k(n + m) new variables by the linear equations defined by these
matrices. Now, Proposition 11 follows since the bijection 6 induces a differential
isomorphism between these fields.

The previous proposition states that the sequence jux ; does not depend on the index
i; therefore:
Notation 13 In the sequel, we will write [k instead of ik, i, for any i € N>,_.

So, Theorem 9 can be restated as follows:

Corollary 14 There exists a non-negative integer o such that py < g+ for every
k < o and iy = pg+1 foreveryk > o. O

4 The differentiation index

Here we apply the properties of the matrices Ji ; established in the previous section to
the study of well-known invariants of our DAE system (1): the differentiation index, the
regularity of the Hilbert—Kolchin function and the order of its associated differential
ideal.

We start by introducing the notion of differentiation index of the DAE system (1)
(see also [2,3,8,21]):

Definition 15 The non-negative integer ¢ introduced in Corollary 14 is called the
differentiation index of the system (1).

Corollary 14 states that the differentiation index o is the smallest non-negative
integer k where the sequence i becomes stationary. Since u, = ui for all k > o,
we deduce from Proposition 7:

Remark 16 The following inequalities hold:

(e=Dn+D (e—¢j) < pg < eln+r); ©)
j=1
0<o <minje(n+r), e+n—|—Zej . @)
j=1

For the last inequality see also [32, Sect. 5.2].
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4.1 The manifold of constraints

For every i € N>,_1, the differentiation index o is strongly related to the minimum
number of derivatives of the system (1) required to obtain the intersection of the
whole differential ideal A with the polynomial ring A;, namely those polynomials in
A which involve only derivatives up to order i (a similar but less precise result can
also be obtained using characteristic sets by means of [32, Theorem 27]; see also [7,
Lemma 14] and [22, Lemma 9]):

Theorem 17 Leto € N be the differentiation index of the system (1). Then, for every
i € N>,_1, the equality of ideals

Aji—eri40 NA; = AN A;

holds in the polynomial ring A;. In particular, from inequality (7) it follows that the
identity Ai+1+n+Z§-=1 e N A; = AN A; holds for everyi € N>,_1.
Furthermore, for every i € N>,_1, the differentiation index o verifies:

o=min{h € Ng: Aj_er14n NA; = AN A;}. ()
Taking i = e — 1, we have
oc=minfh e Ng: Ay NA,_1=ANA._1}. ©)]

Proof Fix an index i € N>,_j. Let us consider the increasing chain (A;_¢4144 N
Aj)kenN, of prime ideals in the polynomial ring A;. From Proposition 2, Remark 3 and
the definition of the sequence u, for every k € Ny, we have

trdegy (Frac(A;/Ai—es1k N AD) = (m — 1) + 1) +e(n +r) — g (10)

Since puy is stationary for k > o (Corollary 14), the previous equality implies that all
the prime ideals A;_.41+x N A; have the same dimension for k > o, and so, they
coincide because they form an increasing chain of ideals. On the other hand, any finite
system of generators of the prime ideal A N A; C A; belongs to A;_.414+x N A; for
all k£ big enough, which finishes the proof of the first assertion of the Theorem.

In order to prove the second part of the statement, for each i € N->,_1, let &; be the
smallest non-negative integer such that A; .45, NA; = ANA;. By the definition of
h;, the transcendence degrees trdegy (Frac(A;/Ai—c+1+k N A;)) coincide for k > h;,
and so, uy is constant for k > h; [see identity (10) above]. This implies that o < h;.
The equality follows from the first part of the statement and the minimality of 4;. O

Remark 18 Identities (8) or (9) in Theorem 17 can be regarded as alternative
definitions of the differentiation index introduced in Definition 15.

In particular, identity (9) gives the following interpretation of the differentiation
index (see [8] for the case e = 1):
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Remark 19 If the differentiation index o of system (1) equals 0, there are no constraints
on initial conditions for the system (recall that Ay := (0)). In the case when o > 1,
the quantity o — 1 is the minimal number of derivatives of the equations in the system
needed to obtain all the relations that the initial conditions must satisfy (the so called
“manifold of constraints on initial conditions”).

Another fundamental property of the differentiation index, concerning the number
of derivatives of the equations required to obtain an explicit equivalent ODE system,
will be considered in Sects. 4.2.3 and 5 below.

First we will show how our previous results can be applied in order to estimate the
regularity of the Hilbert—Kolchin function.

4.2 The regularity of the Hilbert—Kolchin function and applications

We recall the main basic facts of the Hilbert—Kolchin function for the particular case
of our input system (1) and our ideal A (see [14, Chapter II] for the general theory).

The Hilbert—Kolchin function Hy : Nog — Ny of the differential ideal A C
L{X, U} is defined as

Hn (i) = trdegy (Frac(A; /(A N A})))

for every i € Np. Since the ideal A we are considering has differential dimension
m — r, the identity Ha (i) = (m — r)(i + 1) 4 ordy,(A) holds for i sufficiently big
(see for instance [14, Ch. I, Sec. 12, Th. 6]), where ordy,(A) is a non-negative integer
depending only on the differential ideal A which is called the order of the ideal. The
polynomial

HA(T) := (m — r)(T + 1) + ordp(A)

is called the Hilbert—Kolchin polynomial associated to the ideal A. The regularity of
the Hilbert—Kolchin function Ha is defined to be the minimum integer i € Ny such
that Ha (i) = Ha (i) holds for all i > ij.

4.2.1 The regularity of the Hilbert—Kolchin function

The theory of characteristic sets (see for instance [30]) can be used to give a precise
estimation of the regularity of Ha: let C be a characteristic set of the differential
ideal A C L{X, U} for an orderly ranking (see [30]) in the variables X, U. Then,
the regularity of Hp is equal to max{ord(C) : C € C} — 1 (this fact follows as an
immediate consequence of the proof of [14, Ch. I, Sect. 12, Th. 6 (d)], see also [4,
Theorem 3.3]).

The results developed so far enable us to exhibit the following simple upper bound
for this regularity, which depends only on the order of the polynomials involved in the
system (1):
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Theorem 20 The regularity of the Hilbert—Kolchin function of the ideal A over the
ground field L is bounded by e — 1.

In particular, for first-order systems of type (1) (in other words, for the case e = 1),
the Hilbert—Kolchin function of A coincides with the associated Hilbert—Kolchin poly-
nomial.

Proof 1t suffices to show that the equality Ha(i + 1) = HaA (i) + (m — r) holds for
every i € N>,_1.

Fixanindexi € N>,_;. Dueto Theorem 17, we have that ANA; = Aj41—e46 NA;
and ANA; 11 = Aj12 e10NAiy1.50, HA(i+1) = trdegy (Ai+1/(Aij2—etoNAir1))
and Ha (i) = trdegp (A;/(Ai+1—e+o N A;)). Thus, using Proposition 2 (recall also
Notation 13) we obtain:

Ha(+1D)=m—-r)i+2)+en+r)— o,
Ha(@y=m—-r)i+1D)+en+r)— lo.

Hence, the equality Ha (i + 1) = Ha(i) 4+ (m — r) holds. O

As we have already pointed out, the regularity of the Hilbert—Kolchin function can
be obtained from the maximal order appearing in any characteristic set associated to
the differential system (1) for an orderly ranking. Therefore, our upper bound on the
regularity implies an upper bound for this maximum:

Corollary 21 Let C be a characteristic set of A C IL{X, U} with respect to an orderly
ranking on the variables X, U. Then, the order of each of the differential polynomials
in C is bounded by the maximal order e := max{l, e, ez, ..., e }. O

4.2.2 Upper bounds for the order of the ideal A

The proof of Theorem 20 also shows an indirect relation between the Hilbert—Kolchin
polynomial H A and the differentiation index o. More precisely:

Remark 22 The Hilbert—Kolchin polynomial H A (7T") of the ideal A can be written as
HA(T) = (m—r)(T+1)+e(n+r)— ps. Equivalently, ord,(A) = e(n+r) — it

From inequality (6) and Remark 22 we deduce that the order of the ideal A may
be bounded in terms of the orders of the defining equations as follows:

.
ord (A) <n+ D ej. (11
j=1

For general 0-dimensional DAE systems J. Ritt in [30, Ch. VII, p.135] (see also
[14, Chapter IV, Proposition 9] and [33]) states a more precise bound, showing that
the order of the ideal is always bounded by the sum of the maxima of the orders of
each variable in the given differential polynomials. This bound is called by Ritt a
differential analogue to Bézout’s Theorem. For the systems considered in the present
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article, we are able to give a simple proof of the following extension of this fact with
no assumption on the differential dimension:

Corollary 23 Foreachi =1,...m sete; :=max{ordy,G;, j =1,...,r}. We have
the following inequality:

m
ord,(A) <n+ Zei.

i=1

Proof We transform our input system (1) in an equivalent first-order system by intro-
ducing new variables and equations in the usual way: for eachi = 1,...,m and
£=0,...,¢ wedefine Uy := Ul.(f). Making this substitution in the original system
and adding the equations U; ¢ = U,-,/g_l (1 <i <m,1 < < ¢;)weobtaina first-order
DAE system (X') with a structure similar to the original system (1), but such that the
order of each parametric equation g; = Y; is O (in other words, the new ¢;’s are zero
forj=1,...,r).

Set U for the set of variables U; , with 1 < i < m, 0 < £ < ¢;. For each integer
p > 0, denote by A" C k{X, U} the differential ideal generated by the equations
defining (X') and by A’, the polynomial ring Lxtl ytrly,

It is easy to see that for each p > e the map

0 Ui, if0<j<eg
U = pu-a
Ure, ife; <j<p

induces a monomorphism A, /(ANA,) — A;,/(A’ N A’p). Hence, for p sufficiently
big, the inequality Ha (p) < Har(p) holds. Since the differential dimension of both
systems (1) and (¥) is m — r, we conclude that ordr,(A) < ordp,(A).

The proof finishes by applying (11) to the first-order system (X’), and observing
that in this case the bound is simply the number of “non parametric" equations (since
the new parametric ones have order zero), which is exactly n + >/ | €. o

Ritt’s order bound was refined in 1959 by Greenspan [9] in the frame of diffe-
rence algebra and proved in 1980 by Cohn [6] for the differential case (always for
O-differential dimensional components). In the case of system (1) for » = m, this
bound is:

m
ordp(A) <n+ D € —max{n;, 1 <j<r) (12)

i=1

where 1 := max{n € Ny such that ordUl.G;n) <¢,Vi=1,---,m}

The most interesting and precise Bézout-type bound for 0-dimensional systems,
which includes both (11) and Corollary 23 is discussed by Jacobi [12] (see also [30,
Ch.VII, Sect. 6] and [23] for an historical survey). Even though Jacobi’s bound remains
conjectural for the general case, in [15] (based on [31]) and recently in [24], it has
been proved to hold for a class of 0-dimensional differential ideals including those
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considered in this paper. More precisely, suppose m = r and set ¢;; for the maximum
of the orders of a derivative of the variable U; occurring in g;, putting ¢;; := —o0 if
the variable U; does not appear in g;. Then, Jacobi’s inequality states

m

ordg (A) < n + max er(iis
L(A) < S; (i)

where S, is the permutation group of order m.
The following example shows that Jacobi’s bound is reached and improves the
previous ones.

Example 24 Consider the following first-order DAE system with coefficients in k :=

Q:

YI =U;
Yo =U+U,

Ym = Um + Um—l

withm > 2.Here, both upper bounds for ordy, (A) given by (11) and Corollary 23 equal
m — 1, Greenspan’s bound (12) is m — 2, while Jacobi’s upper bound is 0 = ordp, (A).

4.2.3 The index and an equivalent explicit ODE system

The estimation for the regularity of the Hilbert—Kolchin function allows us to give
a first result concerning the number of derivatives of the input equations required to
obtain an equivalent explicit ODE system in the 0-dimensional case. We will show
that this number is at most the differentiation index of the system:

Theorem 25 Let (X) be a DAE system as in (1) of differential dimension O (or equi-
valently, r = m), maximal order bounded by e and differentiation index o. Let
E = {E](m, ceey és(e‘?)} c (xle=l yle=11y be an algebraic transcendence basis of
the fraction field of Ae—1/A N A.—1 over the field L. Then:

1. for eachi = 1,...,s there exists a non-zero separable polynomial P; with
coefficients in the base field k, such that P;(Y'\?l &, Si(e)) e (Flol Gloly ¢
k[ylel xlo+ll glotel).

2. set{Ns+1y -y Nuym) = {X, UI\{&1, ..., &} Then, foralli =s+1,...,n+m,
there exists a non-zero separable polynomial P; with coefficients in the base field k,
such that P,(Y1o =1, &, 5y e (Flo=1_ Glo=1) c kylo—1, xlol ylote-y

In particular, for every n € {X, U} there exists a separable non-trivial polyno-
mial relation between 1\ and & modulo A which can be obtained using at most &
derivations of the input equations.

Proof In order to prove the first statement, we fix a variable &;,. Since we are in a
differential O-dimensional situation, from the upper bound on the regularity of the
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Hilbert—Kolchin function (Theorem 20), we have that the set E is also an algebraic
transcendence basis of the fraction field of the ring A,/A N A,. Then, there exists a
polynomial Q in s + 1 variables with coefficients in I, such that Q(E, gl.(:)) belongs
to the ideal A N A, = Ags41 N A, (Theorem 17). Clearly, this polynomial can be

chosen so that % ¢ A (i.e., separable). Now, the polynomial P;; of the statement
can be easily obtalined from the previous Q by multiplying it by an adequate factor in
k{Y} and evaluating the superfluous variables ¥ ) for all | > o + 1 at suitably chosen
elements of the base field k.

The second assertion follows similarly, but in this case we use the fact that the
family {nge_l) E} is algebraically dependent when regarded in the fraction field of

i 3

Ae—1/ANA,—qoverL,foralli =s+1,...,n+m. O

The next section is devoted to showing slightly more precise results in the same
spirit of the previous Theorem.

5 Toward an equivalent explicit ODE system

In this section we make use of Theorem 25 in order to give more precise results on
the number of derivations required to obtain from a system of type (1) an equivalent
explicit ODE system. In the first subsection, we show that for 0-dimensional systems
there exists a more accurate upper bound for the number of derivatives and the order of
the involved variables by means of an adequate modification of the notion of differen-
tiation index. In the second subsection, we consider the case of positive dimension for
first-order systems. Finally, we discuss some quantitative and symbolic algorithmic
aspects.

5.1 Equivalent explicit ODE systems and an alternative notion of differentiation
index for zero-dimensional systems

Throughout this subsection, our input system defined in (1) is considered to be
0-dimensional and further, it is assumed that no variables X appear (i.e., r = m
and n = 0). More explicitly, we consider the following DAE system with generic
second members:

(U, U,..., U =Y,
(%) = s (13)
WU, U,....U) =Y,

where U :== Uy, ..., U, and Y := Y1, ..., Y, are sets of differential indeterminates,
ej € Ngforevery 1 < j <r,and e := max{ey, ..., e }. We suppose e > 1.

Foreach 1 <i < r we set ¢; for the maximum of the orders of the variable U; in
the polynomials g1, ..., g-. Since we assume a differential O-dimensional situation,
all variables must appear in the system; that is, we have that 0 < ¢; < e for all i.
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We introduce a new set of differential variables Z := Zy, ..., Z, verifying:
Ui = 2\ (14)
fori = 1,...,r. Writing the input system (X) in terms of the indeterminates Z we

obtain a new DAE system:

gi(Z, Z,....29) =Y,
&) = L (15)
gr(Z5Za"'7Z(E))=Yr

Note that each variable Z; appears at order exactly e in at least one of the equation in
the system (%), and e is the maximum of the orders of all variables appearing in ().

We denote o the differentiation index of the system (f)). The number o can be
regarded as an invariant of the DAE system (X) and it represents, in some sense, a
more accurate version of the global differentiation index introduced above, allowing us
to distinguish the variables more precisely according to their maximal orders (c.f. the
notion of structural index introduced in [25,26]). We first show that the differentiation
index o of (X) is always an upper bound for 5 :

Lemma 26 The inequality ¢ < o holds.

Proof Let G be the polynomials defining the system (), and let A be the differential
ideal generated by the differential polynomials G in the differential polynomial ring
L{Z}. For each p € Ny, we set A, for the polynomial ring L[Z!?!] and A, for the
ideal generated by the polynomials G~ in the ring A p—1+e (note that the maximum
of the orders of the polynomials G equals e).

Denote by Z the set of indeterminates Zl.(gi ) where i = 1,...,rand0 < ¥; <e—¢
(if e = €; no derivatives of Z; appear in the set Z). The variables Z will be considered
as algebraic independent variables with respect to the original variables U and their
successive derivatives. We also use the following standard notation: if A is a ring,
2 C A anideal and X a set of indeterminates over A, 2[ X ] denotes the ideal of A[X]
consisting of all the polynomials whose coefficients belong to 2.

In order to prove the inequality ¢ < o, applying Theorem 17 to (2), it suffices to
show that the inclusion of ideals

Z n ge—l < Zo N ge—l

holds.
LetH € AN A, 1. Since H € A, there exists a sufficiently big index ¢ € N such
that H € A,. So, we can suppose that H is a polynomial combination involving only

variables Z of order at most g of polynomials of type 55.” ) with p<gq.

Replacing Zfe_éi +O with Ul.(e), fori = 1, ..., r and each non negative integer ¢,
we see that the polynomial H lies in the ideal Ay[Z] N ]L[Ul[él_”, L ukEeThz
(note that L[Ul[q_”, e, U,[E’_l]][Z] = Ke_l and that if ¢; = 0 neither U; nor its
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successive derivatives appear in this polynomial ring). Since ¢; < e for all i, we
conclude that H € Ay[Z]1 N A,1[Z] = (Ay N A.—1)[Z]. Now, due to identity (9)
in the statement of Theorem 17, we have that A; N A, € Ay N A.—1. We infer
that H € (Ay; N A [Z] = Ay [Z] N A.—1[Z]. The result follows observing that
Ao[Z] = Ay and A, 1[Z] = A,_;. u]

The following pendulum-type system shows that the inequality in the previous
Lemma may be strict:

Example Consider the DAE system:

U2+ 0105 =1y
(®) = 1UP +U; =Y, -
Ul Ui—1=1;3

The corresponding matrix Js 1 (see Definition 1) is

1 0 0 0 0 0|0 0 0]000[000O
0 1 0 0 0 0 |0 0 0 000000
0 0 0 0 0 0 |0 0 0 000[l000O
0 0 0 1 0 0 [0 0 0]000/000
0 0 0 0 1 0 [0 0 0[000[000
0 0 0 0 0 0 [0 0 0]000|000
Us 0O U, 0 0 0 1 0 0]000[000
0 us U, 0O O O O 1 0 [000/00O

200, 2, 0 0 0 0 0 0 0 [000[0O0O
30, 0 30, Us 0 U 0 0 0 1 00[000
0 3U3 3U, 0 Us Uy 0O 0O O 0 10[000O
6Uy 6U, 0O 2U; 20, 0 0O O 0O 0 00[000O

6U) 0 6U” 4Us 0 4U; Us O U 0 00 1 00
0 6UP 66U 0 4Us 40U, 0O Uy Uy 0 00 0 10

120% 120 0 80U, 80U, 0 2U; 202 O 0 00 0 00

The dimension (over the field k£ (U)) of the corresponding kernels of 3?51 areu; =1,
fori =0,...,4, and u5 = 4. Therefore, the differentiation index of the system (%)
iso =4.

Changing the variables as in (14): Z; = Uy, Zy = U and Z = U3, we
transform the previous system into:

7P+ 7,20 =y
E) =122 +22P =1, -
Z3+Z25-1 =13
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Here, the corresponding Jacobian sub-matrix 33,1 is:

10 Z |00 0 |00 0
0 1 Z |00 0 [00 0
0 0 0 (00 0 [00 O
0 0 Z 1.0 Z [00 0
0 0 Z 01 Z (00 0 |,
0O 0 0 00 0 [00 0
zZ® o0 z® 0022 1 0 z
0 z¢ zZP 0 022 0 1 2
271 2Z, 0 0 0 0 0 0 0

and the dimensions of the kernels of the matrices 3; 1 (fork =0,1,2,3)are ug =0,

w1 = 1, up = 2 = p3. Therefore, the differentiation index of the system (f) is
o = 2, which is smaller than the index o = 4 of the original system ().

Remark 27 Applying a standard change of variables to the system (X) defined in (13)
we obtain an equivalent first-order system () with differentiation index &. With a
similar argument to that of Lemma 26 it is easy to see that & < 6 < o. In the previous
example, we have that ¢ = 3, which shows that the inequalities may be strict.

By means of the modified differentiation index &, it is possible to give a more
accurate version of Theorem 25:

Theorem 28 Let (X) be a DAE system as in (13). Fori = 1, ...,r we denote €; the
maximum of the orders of the variable U; in the equations defining (X). Then there
exists a setU C {Ul[él_l], R Ur[é"_”} (here, if €, = 0, no variable Ui(p) appears)
and separable polynomials Py, ..., P, such that
P U, Uy e (G, ... GI9).

In other words, there exist non-trivial (separable) polynomial relations between each
Ui(éi) and a fixed family of derivatives U C {Ul[el_l], L U™ (which is a family
of order strictly lower than max;{€;} — 1) that can be obtained from the first & many
derivatives of the input equations.

Proof Let (f)) be the DAE system obtained from (X) after the change of variables
(14). For j = 1,...,r, denote by 6; the polynomial obtained from G after this
change.

Applying Theorem 25 to (3), there exists a subset & C {de_l], ceey Z£e_l]} such
that fori = 1, ..., r there exists a separable polynomial Q; satisfying

0¥ g, 79) € (G c k[y1®!, zIoFe], (16)

Fix an index i and its polynomial Q;. Writing Uj(.e) for each variable '™ M),

we have that the set & may be decomposed as E = Ey U Ez where Ey C
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ket ol and 8, <zl Lz ) With this notation,
condition (16) can be written as Q,-(Y[g], Ey, 8z, Ui(ei)) € (G[al), where the ideal

(G171 is considered in the polynomial ring k[ Y71 ZEE_E‘_”, Lzl U1[5+61],
[0+€]
.Uy ].
Then, the Theorem follows from (16) taking I/ := Ey and evaluating the variables
[e—e;—1] . . .
Zj for j =1, ..., r in generic elements of k. O

We remark that Theorem 28 improves upon Theorem 25 in at least two points: first,
the number of derivatives required to obtain the polynomial relations is the modified
differentiation index o instead of o. On the other hand, the order of each variable U;
in the corresponding relation P; is the maximum order of the single variable U; in the
system (namely, ¢€;) instead of the maximum of the orders of all variables (namely, e).

5.2 Differential transcendence bases and equivalent ODE form for generic first-order
DAE systems of positive dimension

In the previous sections (more precisely, in Theorems 25 and 28) we saw how to obtain
implicit equations for derivatives of low order of each variable in a DAE system after
at most o (or o) many differentiations of the input equations. In both results a “square”
0-dimensional situation was assumed.

Here we show a result of the same kind in the case of positive differential dimension
for generic first-order systems of type (1). Even though the straightforward idea could
be applied (namely, the localization into a differential transcendence basis to reduce
the problem to a O-dimensional situation), different transcendence bases may lead to
systems with different quantitative properties. For instance, the number of derivatives
required to obtain an equivalent explicit ODE system may change. In this sense, there
exist transcendence bases which are more adequate for our global analysis. Before
stating the precise results we consider a simple example in order to illustrate this kind
of phenomena.

5.2.1 Example

Consider the following 1-dimensional first-order DAE system with coefficients in
k := Q borrowed essentially from [8, Sect. 3.4]:

i =0, +l:Jm
Yo =U+U;
) (17)

Yin—1 =Up-1+ Um72
with m > 2.
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Here, we have n = 0 and r = m — 1. The associated field K is Q(U) and the matrix
3]0 c K(m—l)xm is

0 - 01
1 0 - 00
0 1 00

which has full row rank m — 1. Hence, we have u; = uo = 0 and so, Definition 15
states that the differentiation index o of the system (17) is equal to O.

Following the slightly informal definition of the differentiation index given
in the Introduction, the fact that o = 0 should imply that all the derivatives U;

can be written in terms of the variables Uy, ..., U, using the equations (i.e., the
variables Y1, ..., Y,—_1). While this is trivially true for all the variables different
from U,,_1,
Um =Y - U
U 1 = -—-U
(18)

Um—Z = Ym—l - Um—17

it is not so clear how to find a similar relation for U,,_1, because it does not appear in
the equations.

It is quite natural to consider U,_; as a free variable and then to interpret the
previous system as a O-dimensional system over the field k1 := Q(U,,—1). Now, the
matrix 1,0 is the (m — 1)-square matrix

0 0 1
1 0 0
0 1 0
which is clearly non singular. Hence 11 = po = 0 and so, the new associated

differentiation index o is equal to 0. The relations (18) can be seen now as a full
rewriting of the derivatives in terms of the variables (cf. Theorem 25). Furthermore,
we observe that the order of the ideal associated to the system does not change by
the extension of the ground field from Q to Q(U,,—1): following Remark 22, we have
ordyy,,_)(A) = ord,(A) = m — 1, since the sequence (u )i is the same in both
cases.

On the other hand, if in the system (17) we take U,, as the free variable and consider
the original system as a (m — 1)-square O0-dimensional DAE system over the ground
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differential field k> := Q(U,,), the matrix J1 ¢ is the (;n — 1)-square matrix

0 -+ --- 0
1 0 0
0 1 0

So, u1 # 0 = uo and therefore, the differentiation index o, of the system (17) over
ko is strictly positive. In fact, it is easy to see that oo = m — 1. Now, Theorem 25
ensures that the order of derivatives of the equations required to express the deriva-

tives Ul, ..., Uy_1interms of Uy, ..., U, _1 is at most m — 1. Indeed, the variables
Ui, U, ..., Uy—1 can be written in terms of derivatives of the equations (i.e., deriva-
tives of the variables Y1, ..., Y;;,—1) and elements of the base field k; as follows:

U =Y — Um

Up=Ys— Y+ UP
Us=Ys— Y+ Y2 —UY

Un—t = Yoot = Yoo 4 -+ (D" 2y "2 4 (="~ ly =D,

Observe also that the order of the ideal is not preserved after localization in U,,, since
ordpy,,)(A) =0 #m — 1 = ord,(A).

The previous example shows two different situations arising when considering
different transcendence bases. The first localization of the system (17) seems to follow
the behavior of the original system more closely than the second one, since in that
case the derivatives of the unknowns which are not in the transcendence bases could
be written in terms of the unknowns themselves using as many derivatives of the
equations as the differentiation index of the original system.

In the next two subsections we will show that for any first-order system of type (1)
there are suitable differential transcendence bases which enable us to obtain relations
between the remaining differential dependent variables using “few” (as many as the
differentiation index) derivatives of the equations.

5.2.2 Differential transcendence basis preserving the order

In the sequel, we suppose that the input system (X)) is of first order (or equivalently,
e = 1). The notations correspond to those introduced in the previous sections.

We will denote F; := Frac(A; /(A N A;)) for every i € Ny. As before, we will use
the same notation for an element of A; or its class in F; whenever the ring in which
it is considered is clear from the context. The fact that F; < F;4 for every i € Ny
allows us to consider any subset of F; as a subset of F; for every j > i, which will
also be done without changing notations.
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Lemma 29 Let B C A; and let { € A; be a polynomial such that its class { € F; is
algebraic over IL(B). Then, § € Fit1 is algebraic over L(B U B’), where B denotes
the set of classes of all derivatives of elements in B. In particular, if L(B) < F; is an
algebraic field extension, then IL(B U B) < Fiy1 is also algebraic.

Proof The result is immediate if ¢ € B. So, let us consider the case when ¢ ¢ B.
Let P € L(B)[T] be the minimal polynomial of { with respect to the field extension
L(B) — ;. Multiplying it by a non-zero element in L[B], we may assume that
P € L[B, T] and has non-zero leading coefficient.

We have P(B,¢) € AN Aj,andso P(BUB,¢,{) € AN Ajy1. Now, P(BU
B,z ¢) = QBUB,C) + /P(B ¢ for some polynomial Q. As degT('a’T)) <
degy (P), the minimality of P implies that (B Z) gé Aandso, P(BUB, ¢, T)isa
non-zero polynomial in L(B U B, OIT] anmhllatlng g“ in F;4+1. This implies that g“ is
algebraic over L(B U B, 2).

Since the field sub-extension L(B U B) < L(BU B, ) of L(BU B) < Fit1is
algebraic, we conclude that ¢ is algebraic over L(B U B). O

Proposition 30 Let s := ordy,(A). There exists disjoint subsets W := {Wy, ...,
Wi} and & = {&1, ..., &} of the set {X1, ..., Xn, Ui, ..., Uy} such that B; :=
{Wl[l] W,[nl &1, ..., &} isatranscendence basis of the algebraic field extension
L — .7-", for every i € Ny. In particular, the set {Wy, ..., Wy,_} is a differential
transcendence basis of the differential field extension L. — Frac(IL{X, U}/A).

Proof Let By C {Xy,...,X,,Uy,..., Uy} be a transcendence basis of L < Fy.
Then, L(Bp) < Fy is an algebraic field extension and so, due to Lemma 29, L.(By U
Bo) < JF] is also algebraic. Hence, By UBO contains a transcendence basis of 7 over
L. Since By is algebraically independent over L, and trdegy (F1) = m—r+trdegy, (Fo)
(see the proof of Theorem 20), there exists a subset By C By with m — r elements
such that B; := By U By is a transcendence basis of the extension . < F.

Let us genote Wi, ..., W,,_, the variables whose first derivatives are all the ele-
ments in By (note that {Wy, ..., W,,,—,} C Bp) and let {&1, ..., &} := By \ {Wy,...,
Wyu—r} (observe that #8y) = (m — r) + s since the Hilbert—Kolchin function coin-
cide with its associated polynomial as shown in Theorem 20). We will show that, for
every i € N, the set B; := {Wl[l] W,[n’ _,. &1, ...,&} is a transcendence basis of
L — F.

The case when i = 1 follows from our previous construction. Let us assume now
that B3; is a transcendence basis of . < F; for a fixed positive integer i € N. Then,
by Lemma 29, LL(B; U Bi) = LB+ U {él, e és}) < Fiy1 is an algebraic field
extension. Now, L(Bis1) < L(Bix1 U{é, ..., &) isan algebraic sub-extension of
L(B;+1) < Fi+1, since each of the elements £ j is obviously algebraic as an element
of L(B;+1) over L(By). Therefore, L(B;+1) < F;+1 is an algebraic extension and,
taking into account that trdegy (F;+1) equals the cardinality of B; 1 (see Theorem 20),
we conclude that 5; 11 is a transcendence basis of . < Fj . O

It is clear from the proof that the differential transcendence basis {Wy, ..., W;,_,}
preserves the order of the ideal (the constant term of the Hilbert—Kolchin polynomial)
after extending the ground field L to L(Wy, ..., W,,_,).
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5.2.3 An equivalent ODE system

Theorem 20 and Proposition 30 enable us to deduce the following “implicit function
type” result in terms of the differentiation index o introduced in Definition 15 (see
also [8, Sect. 3]), an analogue of Theorem 25 for first-order non-square generic DAE
systems:

Corollary 31 The variables X, U can be split into three subsets W = {Wy, ...,
Win—r}, &€ :={&1, ..., &Y and n := {Ns+1, - - ., Nn+r} SO that:

1. Wisa differential transcendence basis of . — Frac(IL{X, U}/A);

2. WUVUE is an algebraic transcendence basis of . — Fjforall j € Ny,

3. foreach i = 1,...,s there exists a non-zero separable polynomial P; with
coefficients in the base field k, such that P;(Y\?l, W, W, &, &) e (Fl°1, Gl°l) ¢
k[y[a]’ X["‘H], U["'H]];

4. foreachi =s+1, ..., n+r, there exists a non-zero separable polynomial P; with
coefficients in the base field k, such that Piyle—l w. g, ni) € (F[“*”, G["*”) C
k[y[U*l]7 X[U], U[”]].

Proof Let W and & be subsets of variables as in Proposition 30. Then, the first and
second conditions in the statement hold. Let n := {ng+1, ..., np+r} be the set of the
remaining unknowns X, U (i.e., those different from the W’s and the &’s).

Now the proof runs mutatis mutandis as in Theorem 25. For instance, for the fourth
item we observe that for every i, s +1 <i < n + r, the element 1; € Fy is algebraic
over L(W U &), since W U £ is a transcendence basis of . — Fy. Hence, there is a
non-zero polynomial 13; with coefficients in IL such that f’i(W, En)e ANAy =
AsNAg (see Theorem 17). In the same way, for the third item we have that WUWUE isa
transcendence basis of . < F7 which ensures the existence of non-zero polynomials
ﬁi (i = 1,...,s) with coefficients in L verifying E-(W, W, &, éi) e ANA =
Aa-i—l NAj.

The polynomials P;’s that we are looking for can be easily obtained from the
previous Ps, by multiplying them by adequate factors in k{Y'} and evaluating the
superfluous variables ¥ ) at suitably chosen elements of the base field k (forall/ > o
inthecaseof i > s+ landforalll > o + 1 fori <s). O

Formally, the fourth statement of the previous Corollary makes no sense if the
differentiation index o is zero. However, it admits a natural interpretation also in
this case: this situation corresponds exactly to the case where the Theorem of Implicit
Functions can be applied in order to write each derivative of the variables { X, U}\ {W}
in terms of the same variables and derivatives of the W’s (obviously not in a polynomial
nor a rational way). So, the fourth item must be empty. More precisely:

Remark 32 Under the conditions of Corollary 31, suppose also that the differentiation
index o is zero. Following Remark 22, the Hilbert—Kolchin polynomial of A over L
is HA(T) = (m — r)(T + 1) + (n + r) and the order of this ideal is n + r (recall that
we assume e = | and g is defined to be 0). So, the set 1 is empty, or equivalently
& = {X, U} \ {W}. Then, there exist non-zero polynomials P;,i = 1,...,n+r, such
that P;(Y, W, W, &, &) € (F,G) C k[Y, X, X, U, U].
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5.3 Quantitative and algorithmic aspects
5.3.1 Degree bounds of the implicit equations

The non-zero polynomials P; of Theorems 25, and 28 and Corollary 31, are not
uniquely determined without additional requirements (as minimality of order and
degree, irreducibility, etc.). However, the conditions stated in those results allow us to
choose a family of such polynomials that can be regarded as eliminating polynomials
of suitable algebraic-geometric situations, which enables us to estimate their degrees.

In order to illustrate these facts consider for instance the situation of Corollary 31:
let k be a fixed algebraic closure of the ground field k. Foreach N € N we denote by AV
the affine space k¥ equipped with the Zariski topology. Set Ny := (r+n+m)o +n+m
and Nj ;= r+n+m)(c +1)+n+mandlet Vo € AN and V; ¢ AN be the
algebraic varieties defined by the ideals (FI°~! Glo—1l)  kryle—l xlol ylol
and (FI°1, Gloly c k[ylel xlo+1l ylo+11] respectively, that is:

Vo:={Flo U=0,Gl" =0} and V,:={F°=0, Gl°l=0}. 19

Note that both varieties are irreducible complete intersection and their dimensions are
m(o + 1) + n and m(o + 2) + n respectively.

Let W := {Wy, ..., Wy}, & = {&,....&}and n := {ns41,...,nyr} be a
partition of the set of variables {X, U} as in Corollary 31. We define linear projections
6;i=1,...,s)andm; ( =s+1,...,n+r)as follows:

0; 1 Vi — Ar@—Da2mtstl g (ylol ol ylottly .= (ylol w b, &, &);

T VO N Ara+m—r+s+1’ m(y["_”, X[U], u[o]) — (y[o'—l]’ w, %-’ 77!')-

From Proposition 30, we deduce that the set {Y[1, W, W, €} (resp. (Yo~ W, £})
is algebraically independent in the fraction ﬁeld k(V1) (resp k(Vg)) over k. On the
other hand, due to Corollary 31, the set {Y°] W, W, &, &} (resp. {Yl°=H W, & n:})
is algebraically dependent. Thus, the closure of the image of the map 6; (resp. mi)isa
k-definable irreducible hypersurface in the corresponding ambient space and so, it
can be defined by a single polynomial lying in the ideal (F[°1, GI1) (resp. (Flo—11,

~11)) whose total degree (see [10, Lemma 2]) is bounded by deg V{ (resp. deg V).

Applying the Bezout Inequality (see [10, Theorem 1]) to obtain an upper bound for
deg V| (resp. deg Vy), we conclude that there exist polynomials P;, fori = 1,...,s
(respi = s+1, ..., n+r)meeting the conditions of Corollary 31 whose total degrees
can be bounded by deg P; < d@+tD@+7) (resp. deg P; < d° ")), where d denotes
an upper bound for the total degree of the polynomials in the input system.

A similar result can be obtained in the case of Theorem 25 by considering the linear
projections

(1), xlo 1 ylotely (ol g @)
_ _ — — 1
Lo ol ylotemtly o (ylo=tl g o=y

whose domains are the irreducible varieties V| and V¢ defined in (19), respectively.
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Analogously, the projections which allow us to estimate the degrees of the polyno-
mials in Theorem 28 are

6] ,lo+el (o] (€i)
(ygvuo-c)'_)(ya’uvui )5

fori =1, ..., r,all of them defined over the irreducible variety

Vi :={GP =0). (20)
5.3.2 Algorithmic issues

This section presents algorithmic procedures for the computation of the following
objects:

(1) The differentiation index of the system (1).

(2) A differential transcendence basis of a first-order system of type (1) preserving
the order.

(3) The implicit relations in separated variables given by Theorems 25 and 28, and
Corollary 31.

For algorithmic reasons, we will assume that our base field £ is either Q or Q(¢)
with the usual derivation (in the case when k = Q(¢), the input polynomials will be
assumed to have coefficients in Q[¢]).

We start with a brief description of the computational model.

Basic algorithmic notions

The objects our algorithms deal with are multivariate polynomials which will be enco-
ded by means of straight-line programs (i.e., arithmetic circuits which enable us to
evaluate them at any given point). The number of instructions in the program is cal-
led the length of the straight-line program. For a brief description of the algorithmic
model and the data structure we will use, we refer the reader to [7, Sect. 2.2] and the
references therein.

The basic subroutine we use is a polynomial-time probabilistic procedure for the
computation of the rank of a matrix with polynomial entries. Roughly speaking, the
problem is reduced to the computation of the rank of a matrix with entries in Q by
randomly choosing integer values for the variables and evaluating all matrix entries at
them (see [7, Lemma 24] for the error probability analysis).

Our algorithms take as input a straight-line program of length L encoding the poly-
nomials f1, ..., fu, &1, ..., & appearing in the system (1). However, the intermediate
computations involve not only these polynomials but also their successive derivatives
and so, straight-line programs for these derivatives are needed as well. The existence
of “short” straight-line programs encoding them is ensured by [7, Lemma 21] (see
also [22, Sect. 5.2]).

We recall that all our computations should be performed over the differential field
K with the derivation induced by Xl- = f; (i = 1,...,r) but, since the number
of derivatives involved in each computation is controlled, they can be achieved over
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the polynomial rings k[ X, U] for adequate choices of /. We assume that an upper
bound d € N for the degrees of the polynomials fi,..., fu, g1,..., & is known.
In order to estimate complexities and error probabilities, we also need upper bounds
for the degrees of the polynomials obtained by successive differentiation of the input
polynomials (i.e., those giving the isomorphism between Frac(k{Y, X, U}/A) and K),
which can be found in [7, Notation 6 and Remark 25].

Computation of the differentiation index

According to Definition 15 and Notation 13, we have o := min{k € Ng / ux = tr+1}-
This minimum is obtained by computing and comparing the ranks of the matrices
Jk.,e—1 (which are computed over polynomial rings) for successive values of k£ € N.
The algorithm finishes, since we have an a priori upper bound for o [see (7)].

The previous computation of o can be achieved with error probability bounded by
¢ within a complexity which is polynomial in n, m, r, and linear in log d, log e and L
(recall that d and L are upper bounds for the degrees and the size of the straight-line
program representation of the input polynomials). Note that this algorithm can also
be applied for the computation of the modified index o introduced in Sect. 5.1 with
the same complexity bounds.

Computation of a differential transcendence basis for first-order systems

The algorithmic computation of a differential transcendence basis of the differential
field extension L. < Frac(IL{X, U}/A) preserving the order after localization follows
the procedure underlying the proof of Proposition 30:

e compute a transcendence basis By C {X1, ..., Xy, Uy, ..., Un} of L < Fo;
e choose a subset By C By with m — r elements such that 5] := By U By is a
transcendence basis of . — Fj.

Then, the variables Wy, ..., W,,_, whose derivatives lie in go form a differential
transcendence basis of . < Frac(IL{X, U}/A) with the required property.

The set By is constructed recursively by adding one variable at a time. In order to
determine whether a subset of variables in F (resp. F1) is transcendental over the field
L, we use the fact that Fo < Ay /Ay (resp. F1 <> Ag+1/Aq+1). Thus, the problem
amounts to determine whether a subset of variables in a quotient of a polynomial ring
by a prime ideal is transcendental over the base field, which is done by applying the
Jacobian criterion from commutative algebra (see [7, Lemma 19]).

Computation of the implicit equations

As we have shown in Sect. 5.3.1, the polynomials P;’s of Theorems 25 and 28, and
Corollary 31 can be interpreted as eliminating polynomials of the image of the alge-
braic varieties defined in (19) and (20) under suitable linear projections. Therefore,
they can be computed by means of an algorithm based on standard algebraic elimi-
nation procedures (see [11,34]). For simplicity, we assume k := Q. The following
complexity result can be obtained:
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Proposition 33 There is a probabilistic algorithm which computes the polynomials
P; of Theorems 25 and 28, and Corollary 31 with error probability bounded by ¢, with
0 < & < 1, and within complexity 0(10g(1/8)d2L) [1(n + m, max; degV,;)), where
I1 is a suitable two-variate universal polynomial. O

We omit the proof of this result in the present article, since it is rather long and
technical, and follows closely the proof of [7, Proposition 46].
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