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Abstract Elimination theory is central in differential and difference algebra. The Wu-Ritt character-
istic set method, the resultant and the Chow form are three fundamental tools in the elimination theory
for algebraic differential or difference equations. In this paper, the authors mainly present a survey of
the existing work on the theory of characteristic set methods for differential and difference systems,

the theory of differential Chow forms, and the theory of sparse differential and difference resultants.
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1 Introduction

Algebraic differential equations and difference equations frequently appear in numerous
mathematical models and are hot research topics in many different areas. Differential algebra,
founded by Ritt and Kolchin, aims to study algebraic differential equations in a way similar to

(1,21 Similarly, difference algebra,

how polynomial equations are studied in algebraic geometry
founded by Ritt and Cohn, mainly focus on developing an algebraic theory for algebraic differ-
ence equations®. Elimination theory, starting from Gaussian elimination, forms a central part
of both differential and difference algebra.

For the elimination of unknowns in algebraic differential and difference equations, there are
several fundamental approaches, for example, the Wu-Ritt characteristic set theory, the theory
of Chow forms, and the theory of resultants.

The characteristic set method is a fundamental tool for studying systems of polynomial or

)

algebraic differential equations However, the algorithmic study of the characteristic set
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was in stagnation for quite a long time until Wu’s work on zero decomposition for polynomial
equations and automated geometry theorem proving appeared in the late 1970s* | the method
can be viewed as an extended Gaussian elimination method for polynomial systems. Since then,
many efficient algorithms and new properties for characteristic sets were proposed for algebraic
equation systems and differential equation systems!® 12, The idea of the method is to privilege
systems which have been put in a special “triangular form”, also called an ascending chain
or simply a chain. The zero-set of any finite system of polynomials equations or differential
polynomial equations can be decomposed into the union of the zero-sets represented by chains.
With this method, solving a system of equations can be reduced to solving successive univariate
equations. It can also be applied to determine the dimension, the degree, and the order of a
finitely generated system of polynomials or differential polynomials, to solve the radical ideal
membership problem, and to prove theorems from elementary and differential geometries.

The notion of characteristic set for difference polynomial systems was proposed by Ritt and
Doob3], Titt and Raudenbush!*¥. The general theory of difference algebra was established by
Cohnl®l. Algorithms and properties for ordinary difference chains were well studied in [15-17],
zero decomposition algorithms were provided to solve the perfect ideal membership problem.
Some basic properties and zero decomposition algorithm are also extended to the partial dif-
ference casel'®. However, it is still an open problem to solve the perfect ideal membership
problem in the partial difference case.

For the mixed differential and difference polynomial (DD-polynomial) systems, the theoret-
ical properties of differential algebra (dimension polynomials, finite generation of ideals, etc.)
have been generalized to DD-setting[!'?!, and the algorithmic counterparts were developed in [20]
for ordinary differential-difference ring.

The Chow form, also known as the Cayley form, is a basic concept in algebraic geometry!21> 221,
In recent decades, it becomes a powerful tool in elimination theory and especially for the com-
putational aspects of algebraic geometry. For instance, Brownawell made a major breakthrough
in elimination theory by developing new properties of the Chow form and proving an effective
version of the Nullstellensatz with optimal bounds!?3; Gel’fand, et al and Sturmfels started the
sparse elimination theory which is to study the Chow form and the resultant associated with
toric varieties!?h 24, Tt also has important applications in transcendental number theory!2® 26l
and algebraic computational complexity theory?7.

Recently, the theory of differential Chow forms in both affine and projective differential
algebraic geometry has been developed in [28, 29]. Most of the basic properties of the algebraic
Chow form are extended to its ordniary differential counterpart/?®! and the theory of differential
Chow varieties is established in [30]. For difference varieties, a theory of difference Chow forms
is also given in [31]. And in the partial differential case, differential Chow forms are defined for
a specific kind of partial differential varieties and a type of partial differential Chow varieties is
given in [32].

The multivariate resultant, which gives conditions for an over-determined system of polyno-
mial equations to have common solutions, is also a basic concept in algebraic geometry!21: 24, 33-35]

Due to the ability to eliminate several variables simultaneously without introducing many ex-
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traneous solutions, resultants have emerged as one of the most powerful computational tools in
elimination theory. Many algorithms with best complexity bounds for problems such as polyno-
mial equation solving and first order quantifier elimination, are strongly based on multivariate
resultants(®3 27 36-38] - Ag a major advance in algebraic geometry and elimination theory, the
concept of sparse resultants was introduced by Gelfand, Kapranov, and Zelevinsky?' and
by Sturmfelsl?4. The degree of the sparse resultant is the Bernstein-Kushnirenko-Khovanskii
(BKK) bound[®, instead of the Bezout bound[?!> %°1. And the sparse resultant has matrix rep-

s37. 38, 41, 42]  A]] these make the computation of the sparse

resentations and determinant form:
resultant more efficient and could be implemented in many computer algebra systems.

The differential resultant problem was first studied for differential operators by Orel*3],
Berkovich and Tsirulik[*¥, Zeilberger?l, Chyzak and Salvy!*®!, and Carra-Ferro*”. The sub-
resultant theory was studied by Chardin*®!, Li[*) and Hongl®®. For nonlinear differential
polynomials, Ritt introduced the differential resultant for two univariate ordinary differential
polynomials in [51, p.47]. Then for the multivariate differential resultant, Zwillinger, Rueda
and Sendra Carra-Ferro tried to define or compute the differential resultant as the algebraic
resultants of a certain prolonged (differentiated) system(®? 4. The first rigorous definition for
multivariate differential resultant was given by Gao, et al. in [28], where the properties of
differential resultants were given too. Then the theory of sparse differential resultants for Lau-
rent ordinary differential polynomials has been developed and a computational algorithm with
single-exponential complexity is given in [55]. Matrix representations for differential resultants
in special cases were studied in [56, 57]. A theory of sparse difference resultants are introduced
in [58-60].

In this paper, we mainly give a survey of the above three main elimination approaches in
differential algebra and difference algebra. We should point out that there are other recent
important advances in differential and difference elimination theory which are not our theme
here, for example, several main contributions are made to both the differential and the difference
Nullstellensatz problem![61-65],

The rest of the paper is organised as follows. In Section 2, we will overview general theories
of characteristic set methods in polynomial algebra, differential algebra and difference algebra
respectively. The theory of differential Chow forms and differential Chow varieties is presented
in Section 3. In Section 4, we present the main results in the theory of sparse differential
resultants and sparse difference resultants.

2 Characteristic Set Methods

In this section, we will introduce basic notations and results in the characteristic set methods
for algebraic, differential, difference and differential-difference systems.
2.1 Characteristic Set Method for Algebraic Polynomial Systems

Let K be a computable field with characteristic zero. Let Y = {y1, 92, - ,yn} be indeter-
minates and K[Y] = K[y1,y2,- -, yn] the polynomial ring. We use a natural ordering for the
variables y; < y2 < -+ < y,. For P € K[Y], the class of P, denoted by class(P), is the largest
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¢ such that y. occurs in P. If P € K, we set class(P) = 0. If class(P) = ¢, we called y,. the
leading variable, denoted as lvar(P). The leading coefficient of P as a univariate polynomial in
lvar(P) is called the initial of P, and is denoted as I(P). The formal derivative gi is called
the separant of P, and is denoted by S(P). A polynomial @ is reduced with respect to another

polynomial P if class(P) = ¢ > 0 and deg(Q, y.) < deg(P,y.).

Definition 2.1 A sequence of nonzero polynomials A = Ay, Ag, -, Ay is a triangular
set if either p = 1 or class(A41) < class(A2) < --- < class(A4,). A is called an ascending chain,
or simply a chain, if A; is reduced w.r.t. A; for i < j.

For a triangular set A, we denote by I4 and S4 the products of the initials and separants
of the polynomials in A respectively.

For a triangular set A, we can rename the variables Y as U = {uq,ug, -+ ,u,} and X =

{z1,22, -+ ,xp} such that A can be rewritten as the following form

Ay (U, 1) = Lz + terms of lower degree in -y,

d .
Ap(U, 1,2, ,xp) = Ipxp” + terms of lower degree in xp,

where p+ ¢ =n and I; =I(A;), U4 = U is called the parametric set (or parameters) of A.

We can introduce a rank between two polynomials and two triangular sets. A polynomial
Py has higher rank than a polynomial P5, denoted as P> < P, if either class(P;) > class(Pz),
or ¢ = class(P;) = class(P,) and deg(P1,y.) > deg(Ps,y.). If no one has higher rank than the
other for two polynomials, they are said to have the same rank, denoted as P; ~ P,. We use
P, < P, to denote the relation of either P, < P, or P ~ P». It is easy to see that < is a
partial order on the polynomial ring. We may extend the rank to triangular sets in a natural
way. For two triangular sets A = Ay, As, -+, Ap and A= A\l,A\Q, e ,ﬁs. We say that A has
higher rank than A, also denoted as A < A, if either there exists a k < min(p, s) such that
Aq NA\l,AQ Nﬁg,--- ,Ap_1 Nﬁk,l and A\k < Ag,or p<sand A; Nﬁi for 1 <i<p. If no
one has higher rank than the other for two triangular sets, they are said to have the same rank,
denoted as A ~ A. We use A < A to denote the relation of either A < A or A ~ A. Then <
is a partial order on the triangular sets.

Definition 2.2 The algebraic saturation ideal of a triangular set A is defined as follows
asat(A) = {f € K[Y]|Fk e N, I%f € (A)}.

Then asat(A) is an ideal.

For a triangular set .4 and a non-zero polynomial G, there is a uniquely determined poly-
nomial R reduced w.r.t.A such that JG = ) . Q;A; + R for some polynomials @; and some
smallest power-product J of initials of A;.

Definition 2.3 The R obtained above is called the remainder of G w.r.t.A, denoted as
R = a-prem(G, A).
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Definition 2.4 A characteristic set (C'S) of a polynomial set P is any chain of lowest
ranking contained in P.

It is evident that any two characteristic sets of a polynomial set are of the same rank. A
polynomial @ is called reduced w.r.t. a chain A if @ is reduced w.r.t. all the polynomials in A.

Note that the zero set defined by a non-trivial chain may have no zeros. For example, let
A = {y?,y1y2 — 1}, then it is a chain, but Zero(A) = Zero(asat(A)) = 0. Hence, we need to add
more constraints for the chain in order to make the zero set represented by A can be measured
by A in certain sense.

Definition 2.5 Let A = Ay, Ay, -, A, be a nontrivial triangular set. A polynomial P
is said to be invertible w.r.t. A if (P, Ay,---, Ap) NK[U] # {0}.

Definition 2.6 A nontrivial triangular set A is called regular if the initials of A; are
invertible w.r.t. A;_71, where Ay, = {A;, Ay, -+, Ai} for any k and Ay = 0.

The concept of regular sets was introduced independently by Yang, et al.l6 and Kalkbrener[67].

Definition 2.7 A regular triangular set A = A;, Ay, -+, A, of form (1) is said to be
irreducible if A; is an irreducible polynomial in z; and A; is irreducible module A;_; for
1=2,3,--,D.

Then, we have

Theorem 2.8 (see [7, 67]) If A is an irreducible triangular set, then asat(A) is a prime
ideal with dimension |U|. Conversely, each characteristic set of a prime ideal is an irreducible
chain.

Moreover, regular sets have nice properties,

Theorem 2.9 (see [67], Theorem 3.1) Let A be a regular chain, then Zero(asat(A)) =
Uzasat(C;), where C; is an irreducible chain for each i and the parametric set of C; is the same
as A.

Theorem 2.10 (see [7], Theorem 6.1) A triangular set A is a characteristic set of asat(.A)
if and only if A is regqular.

Now, let’s describe the routine of the characteristic set method, which is introduced by
Wulds 611

Let P be a polynomial set. We set Py = P and choose a characteristic set By of Py. Let Rqg be
the nonzero remainders of polynomials in Py\ By w.r.t. By. Suppose that Ry # (). Then we form
a new polynomial set P; = Py U Ry. Choose now a characteristic set By of P;. Then, Bj is of
lower order than By. Continuing in this way, we will obtain successively P;, B;,R;, i =1,2,---,
for which

By > By =By >---.

This sequence can only be a finite one, hence there exists an m, such that R,, = (). The above
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procedure can be exhibited in the form of the scheme as follows:

P=P, P, S Py - P,
By By o B; - B, =CS (S)
Ro R, Ry e Ry, =0,

where

P = B; = a characteristic set of P;
R; = a-prem(P;/B;, B;)/{0},
P =PoUB;—1 UR;_1.

Definition 2.11 The CS obtained above is called a Wu-characteristic set of IP.
Then, we have the following properties of Wu-characteristic set C'S.

Theorem 2.12 (see [11], Well-ordering principal) Let C'S be a Wu-characteristic set of P,
then

Zero(CS/I) C Zero(P) C Zero(CS),
Zero(P/I) = Zero(CS/I) (2)
Zero(P) = Zero(CS/I) + U Zero(P 4+ {I;}),

where I; is the initial of the polynomial C; € CS, I is the initial product of C'S.

Using the well ordering principal again for each component (P+ {I;}) in the above theorem,
we may obtain a zero decomposition algorithm for the polynomial system P.

Theorem 2.13 (see [11], Zero decomposition theorem) For P C K[Y], there exists an

algorithm, which can compute finite Wu-characteristic sets C'S;, such that

Zero(PP) = U Zero(CS;/1;), (3)
J
a-prem(P/CS;) = {0},
where 1; is the initial product of CS;.

In [68], Gallo and Mishra showed that the complexity of computing a characteristic set for
a given ideal generated by a polynomial system is single exponential.

Theorem 2.14 (see [68], Theorem 4.14) Let I = (f1, f2,- -+, [s) be an ideal in K[X], and
deg(fi) < d,1 < i <s. Then under any ordering on the indeterminants x1 < xo < -+ < Tp,
where the first dim(I)-many variables are independent, one can compute a characteristic set of
I, in O(s°"™ (d+1)0(n?)) sequential time or O(n7 log®(s+d+1)) parallel time. The polynomials
in the computed characteristic set are of degree O(s(d + 1)0("2)).

Unfortunately, as we mentioned before, the zero set Zero(CS;/I;) may be empty even if
CS; is non-trivial, then, one need to give some restriction on the Wu-characteristic sets. The
following theorem gives irreducible decomposition for the zero set of P, that is, restrict C'S; to

be irreducible ones.
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Theorem 2.15 (see [11, 69], Irreducible decomposition) For P C K[Y], there exists an
algorithm, which can compute a finite number of irreducible ascending chains Ay in finite steps,

and polynomials Gy, which are reduced w.r.t. Ay, such that

Zero(P) = | ) Zero(Ax /IxG1,) (4)
k

or

Zero(P) = U Zero(Ay/I) = U Zero(asat(Ag)), (5)
k k

where I, is the initial product of Ay for any k.

There are also triangular decomposition algorithms in different types, one can also decom-
pose the zero set of the polynomial system into the union of the zero sets of regular sets(67 70-73],

There are also fruitful applications for various zero decomposition algorithms!™ 771, The
most successful area is the automated theorem proving for elemental geometry. The routine to
prove theorems from elemental geometry is as follows!*!:

Step 1 Introduce a coordinate system, using indeterminates =1, x2,- - ,x, to denote the
points or other geometric quantities, then the assumptions in the theorem can be represented
by a set of polynomial equations, say HS = 0. Also, the conclusion of the theorem can be
represented by a polynomial equation, say G = 0.

Step 2 Using zero decomposition algorithm to decompose the zero set of HS into a set of
zeros which is represented by triangular sets, say C1,Ca, -+ ,C;.

Step 3 Computing R; = a-prem(G,C;), 1 <i <t, then if R; = 0,1 <14 <t, we conclude
that the theorem is true (sometimes, we may get rid of the initial conditions), and if there exists
an h, such that Rj, # 0, then the theorem is not true at the component defined by Cy,.

Another way to prove theorems from elemental geometry is to translate the problem into
determining whether a polynomial system has zeros or not. That is, to determine whether
G = 0 is true under the assumption HS = 0 is equivalent to decide whether G € \/ (HS), or
Zero(HS) C Zero(@), this is a radical ideal membership problem. One can reduce this problem
to determining whether a new polynomial system {HS, Gz + 1} has zeros or not, where z is a
new indeterminate. Then, the theorem is true (without any initial condition) if and only if the
zero decomposition of {HS, G x z + 1} provides no nontrivial component.

Since the work of Wul* 6 111 there are extensive work studies the characteristic set method,
see [8, 67, 69-71, 76, 78-81]. Using these methods, one can decompose the zero set of a
polynomial system into the zero sets represented by triangular systems. When we do not
restrict that the characteristic of K is zero, that is, char(C) = p > 0, then one can have

stronger properties[82’85].

2.2 Characteristic Set Method for Differential Polynomial Systems

The results of the characteristic set method for algebraic polynomial systems can be natu-

rally extended to the differential casel® 10> 86-88]
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Let K be a computable field equipped with a finite set 6 = {41, d2, -+, 05} of derivations on
this field.

Let 2 be the commutative semigroup of elements generated by . Let Y = {y1,92, - ,Un}
be indeterminates and {Y} = K[£Y] the differential polynomial ring, where 2Y = {6y;|0 €
2,1 < i < n}. For a differential polynomial system P = {Py, Py,---, P;} C K{Y}, we denote
by [P] the differential ideal generated by P.

Definition 2.16 A rank over the set of derivatives fy; is said to be admissible if it is a
total and compatible with the differentiations:

1) 0;0y; > Oy, for any 4,60 € 12, j;

2) Oy > Oy; = 001y, > 005y, for any 6,61,09,1, 5.

Let P be a differential polynomial of K{Y}. The leader up is the highest ranking derivative
appearing in P. The initial I(P) and separant S(P) of P is defined as the algebraic case when
regarding P as a univariate polynomial in up. Let @ € K{Y}, we say that @ has higher rank
than P when its leader has higher ranking than up or is equal but with a higher degree in up.
The ranking on the derivatives induces a partial order on the differential polynomials in X{Y}.
A differential polynomial @ is said to be reduced w.r.t. P if no proper derivatives of up appears
in @ and deg(Q,up) < deg(P,up).

Let A = {A;, Ao, -, A} be a set of differential polynomials, we say A is a differential
chain if u; < ug < -+ < uy, and A; is reduced w.r.t. A; for any 1 < 4,5 < m,i # j, where
u; = lead(A;). For a differential chain A, we denote by H 4 the product of the initials and
separants of A, that is H4 = I(A)S(A). We say A is saturated if both I4 and S 4 is invertible
w.r.t. A. For details of these definitions, please refer to [8, 10, 87].

Note that, for any P € K{Y}, the initial of 6;P is just the separant of P and lvar(d;P) =
d;lvar(P) and the leading degree of §;P is just one. And for the pseudo-remainder procedure,
one need to reduce the polynomial w.r.t. a differential chain not only for the leading variables
but also the derivatives of the leading variables.

Let A= Ay, As,--- , A, be a differential chain. We denote by L 4 the leading variables and
their derivatives, and P4 = 2Y \ L4. Then, P4 form a parametric set of A.

Let A be a differential chain, P a set differential polynomials. We say P € P is reduced
w.r.t. A if P is reduced w.r.t. each element in A. Now, we define a pseudo-remainder procedure
for a differential polynomial P € P w.r.t. a differential chain A, see Algorithm 1.

Algorithm 1 — d-prem(P, A)

While P is not reduced w.r.t. A do

@ = an element of A, s.t. P is not reduced w.r.t. Q;
fug = the highest ranking derivative of ug in P;

P = a-prem(P, 0Q, 0up);

od;

This procedure terminates in finite steps and there exists an h € HS, such that hP =
d-prem(P, A) mod [A].
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According to the differential structure, if P is not reduced w.r.t. A, then the @ € A such
that P is not reduced w.r.t. 2 may not unique, hence one need to verify the consistence of the
choice of Q.

Let A = Ay, Ag, -+, Ay, be adifferential chain in K{y1,yz2," -, yn} and Oy, = lvar(A;), i =
1,2,---,m. Forany 1 < i < j < m, if class(4;) = class(4,) = t, then §; < 6;. Let 6, ; be
the least common multiple of §; and 6; in {2, let A;; = a-prem(e‘;f A, Gg;j A;,0; jy:) be the
algebraic pseudo-remainder of Gg;j A; war.t. eé;j A; in variable 6; jy; otherwise, let A;; = 0.

Definition 2.17 If d-prem(A;;, A) = a-prem(A;;, Ax,;) = 0, we call A a coherent
differential chain.

Rosenfeld’s Lemmal®® show that if a differential chain is coherent, then the differential

chains can be regarded as algebraic ones in some sense. Moreover, we have

Theorem 2.18 (see [10], Theorem 4.4, Theorem 6.2) Let A be a coherent differential
chain in K[Y]. Then [A] : HY is a radical differential ideal. Let (A) : HY = Ni_y(C;) : I&
is a characteristic irredundant decomposition in IKC[Pa, L 4] then C; is coherent, 1 <1i <r, and
[A] : HY = Ni_;[C;] : HZ is a characteristic irredundant decomposition of [A] : HY in K[Y].

Based on the above theorem, one may design an algorithm to compute the zero-decomposition
algorithm for differential polynomial system analog to algebraic one.

Theorem 2.19 (see [9], Theorem 3.4.1) Let P be a set of differential polynomials in K[Y].
Then, we can compute a set of saturated coherent ascending chains {By,Ba,- - , By}, such that

Zero(P) = UF_, Zero(B;/S(B;)) = UF_, Zero(B; : S(B;)™).

With this theorem, one can solve the radical ideal membership problem, and hence the

mechanical theorem proving for differential polynomial systems.

2.3 Characteristic Set Method for Ordinary Difference Polynomial Systems

Let K be a computable field considered with an automorphism o of K. Let {2 be the
semigroup generated by o. Let Y = {y1,y2, - ,yn} be indeterminates and K{Y} = K[02Y]
the difference polynomial ring. Here, 2Y = {0y;|0 € 2,1 < i < n} is the set of transforms
of indeterminates. We denote by [P] the difference ideal generated by P, {PP} the perfect ideal
generated by P. Then, {P} is the intersection of the prime difference ideals which contain P.

Due to the work of Gao and his collaborators'> 17 991 the theory and algorithms have been
well developed.

Similar to the differential case, one may define a rank on the set of 2Y. Let A = A1, Ao, -+,
A, be a difference chain in K{y1,y2, -+ ,yn}. We denote by L 4 the leading variables and their
transforms, and P4 = 2Y\ L 4 the parametric set of A. We denote by V(S) the set of variables
occur in S for S C K{Y}.

Definition 2.20 Let A be a difference chain, P a set of difference polynomials. Let Ap be
an algebraic system with elements 6 A, where 6 € 2 and A € A. We say an algebraic triangular
set Ap is an extension of A w.r.t. P if any variable occurs in V(Ap U {P}) N L4 must be the

leading variable of some polynomial in Ap.
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We simply denote Ap = Apy for a difference chain with a single polynomial P. For details
of this definition, please refer to [17]. Then, the difference remainder for P w.r.t. A can be
defined as follows

r-prem(P, A) = a-prem (P, Ap).

Similar to the differential case, one need to check the consistence of the difference extension.
The main difference between the difference case and the differential case is that P need not
to be linear in its leading variable.

Definition 2.21 Let A = Ay, As, -, A, be a difference chain in K{yi,y2, - ,Un}
and k; = ord(4;,lvar(4;)), i = 1,2,---,m. For any 1 < i < j < m, if class(4;) =
class(A4;) = t, then k; < kj, let A;; = a-prem(c* =% A; A} y, ;) be the algebraic pseudo-
remainder of 0%~k A; w.r.t. Aj in variable y; x,; otherwise, let A;; = 0. If r-prem(A;;, A) =
a-prem(A;;, Aa,;) = 0, where a-prem is the algebraic pseudo-remainder, we call A a coherent
difference chain.

Definition 2.22 Let A be a difference chain and f be a difference polynomial. We say
that f is invertible w.r.t. A if it is invertible w.r.t. Ay, when f and Ay are treated as algebraic
polynomials.

Definition 2.23 Let A = Aj, Ay, -, Ay, be a difference chain and I; = I(A;). The chain
A is said to be (difference) regular if 0?1 is invertible w.r.t. A for any non-negative integer i
and 1 <7 <m.

Then, we have

Theorem 2.24 (see [17], Theorem 2.11) A difference chain A is the characteristic set of
sat(A) iff A is coherent and difference regular.

Unfortunately, one does not know whether the zero set given by a coherent and regular
chain is empty or not. It may happen that a nontrivial coherent and difference regular has no
difference zero.

Example 2.25 A = {y? + 1,091 + y1,¥3 + 1,092 — y2}, then one can check that A is
coherent and difference regular, but the zero set of sat(A) = [A] is empty.

Hence, we introduce a new type of chains.

Definition 2.26 A chain A is said to be proper irreducible if

o A* = A, is an algebraic irreducible triangular set; and

o If f =0g € asat(A*) then g € asat(A*).

For coherent and irreducible chains, thanks to the difference kernel introduced by Cohnl®!,

we have

Theorem 2.27 (see [17], Theorem 3.7,3.8) A coherent and proper irreducible chain is
difference reqular. Moreover, Zero(sat(A)) # (.

A proper irreducible chain A is said to be strong irreducible if Ap is an irreducible algebraic
triangular set for any difference polynomial P.
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Theorem 2.28 (see [17], Theorem 3.10) Let A be a coherent and strong irreducible dif-
ference chain. Then sat(A) is a reflexive prime difference ideal.

Up to now, we do not know how to decompose the zero set of a difference polynomial sys-
tem into the union of coherent and strong irreducible difference chains (prime decomposition).
Fortunately, we can test and compute the proper irreducible chains, and we have

Theorem 2.29 (see [17], Theorem 4.2) Let P be a finite set of difference polynomials in
K{y1,Y2, * ,yn}, then there exists an algorithm to compute coherent and proper irreducible
difference chains A;, 1 =1,2,--- |k, such that

k k k
Zero(P) = U Zero(A;/J;), Zero(P) = U Zero(sat(A;)), {P}= ﬂ{sat(Ai)}. (6)
i=1 i=1 i=1
Moreover, Zero(P) = 0 iff k =1 and A, is trivial.
Using this theorem, one can solve the perfect ideal membership problem for difference poly-
nomial systems!'®, and hence the mechanical theorem proving for difference polynomial sys-

tems.

Remark 2.30 One can also extend the above results to the ordinary DD-settings. Let IC
be a computable field equipped with an automorphism ¢ and a derivation § of K. Note that o
and § need not to commute. Then, similar as the ordinary difference case, one can define the
chain, the regularity, the coherence, the proper irreducible chain, the strong irreducible chain
in this setting. Then, Theorems 2.24, 2.27, 2.28, 2.29 can also be extended to the DD-case, for
details see [20].

2.4 Characteristic Set Method for Partial Difference Polynomial Systems

Let K be a field of characteristic zero. We say that IC is an inversive partial difference field
with transforming operators {01,092, ,0m} over K if {51,092, -+ ,0m} are automorphisms of
K which commute pairwise on .

Let © be the semigroup generated by {01, 09, ,0m}, that is, @ = {oMoh? ... okm|k; €
N,1 <4 <m}. Let Y = {y1,92, - ,yn} be indeterminates and K{Y} = K[OY] the partial
difference polynomial ring. Here, OY = {0y;|60 € 6,1 < i < n} is the set of transforms of
indeterminates. We denote by [P] the partial difference ideal generated by P, {P} the perfect
partial difference ideal generated by P. Then, {P} is the intersection of the prime partial
difference ideals that contain P.

One can also extend the characteristic set method to the partial difference case. One may
treat @ as a set of monomials of the difference operators, then we can define an admissible

ordering on these monomiall®!]

, this ordering induce a total ordering for @Y. Then, for any
partial difference polynomial f, according to this ordering, we can define the leading variable,
the class, the initial and the separant of f, which can be denoted by lvar(f), class(f), I(f), S(f),

respectively.

Definition 2.31 A partial difference polynomial f is said to be reduced w.r.t. another
polynomial g if deg(f,nlvar(g)) < deg(g, lvar(g)), for any n € ©.
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Definition 2.32 A subset A = Ay, Ao, -, A, of K{Y}/K, where every element is re-
duced w.r.t. all the others, is called an autoreduced set. A chain is an autoreduced set where

the polynomials are listed in the ascending ordering: A; < Ag < -+ < A4,,.

Similar to the ordinary difference case, one may define main variables and parameters of a
chain A as follows.

Li={ny.€ OY s.t. I Aec Alvar(A) =0y, and 7 is a multiple of 0},
Pa= OY\ L.

Then, we can define an extension of A w.r.t. a partial difference polynomial set P similar to the
ordinary casel!8],

Definition 2.33 Let A be a partial difference chain, P a set of partial difference polyno-
mials. Let Ap be an algebraic system with elements § A, where § € © and A € A. We say an
algebraic triangular set Ap is an extension of A w.r.t. P if any variable occurs in V (ApU{P})NL 4

must be the leading variable of some polynomial in Ap.

Then, one can define the pseudo-remainder of a polynomial w.r.t. a chain, prem(f, 4) =
a-prem(f, Ay) for any partial difference polynomial f and a partial difference chain A.

Let A = Ay, Ay, -+, A; be a chain in K{Y} and 0y, = lvar(4;), i = 1,2,--- ,I. For any
1<i<j<m,ift; =t; =t, let the least common multiple transform of 6; and 6; be 0; ;. We
define the A-polynomials of A; and A; as A;; = Gg;j Ajand A;; = Gg;j A;.

Definition 2.34 If p-prem(A; ;, A) = 0 and p-prem(A;;, A) = 0, we call A a coherent
chain.

Definition 2.35 Let A be a chain and f be a polynomial. f is said to be partial difference
invertible, (or invertible) w.r.t. A if it is invertible w.r.t. Ay when f and Ay are treated as

algebraic polynomials.

Definition 2.36 Let A = A;, Ay, -+, A, be a chain and I; = I(A4;). A is said to be
(partial difference) regular if 1; is invertible w.r.t. A for any 6 € © and 1 < j < m.

Then, we have

Theorem 2.37 (see [18], Theorem 20) A chain A is the characteristic set of sat(A) if

and only if A is coherent and difference reqular.

Definition 2.38 A chain A is strong irreducible if
e Ay is an irreducible algebraic triangular set for any f € K{Y};
e For 0 € © and h € K{Y}, if 6h € asat(Ay) then h € asat(Ay).

Theorem 2.39 (see [18], Theorem 22) Let A be a coherent and strongly irreducible dif-

ference chain. Then sat(A) is a reflexive prime difference ideal.

Theorem 2.40 (see [18], Theorem 25) Let T be a reflexive prime difference ideal and A
be a characteristic set of T. Then A is coherent, strongly irreducible, and T = sat(A).

For the zero decomposition, we have
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Theorem 2.41 (see [18], Theorem 27) Let P be a finite set of polynomials in K{y1,ya2, - ,

Yn}, then we can obtain a sequence of coherent chains A;, i =1,2,--- , k such that
k k
Zero(P) = U Zero(A;/14,) = U Zero(sat(A;)). (7)
i=1 i=1

Remark 2.42 Unfortunately, for any proper coherent ascending chain A, one does not
know if the zero set of sat(.A) is empty or not. An example shows that even for an ideal
generated by one single irreducible polynomial, the zero set of this ideal may be empty!®2. Up
to now, the perfect ideal membership problem is still open.

Example 2.43 (see [92]) Let K = (Q(¢,b), {0, 7}), where Q is the field of rational num-
bers, i2 +1 = 0, b = v/2, the difference operators oy, o are defined as follows.

O'lizi, Ulbz—b,

0'212 —i, O'szb.

Consider the zero set of 22 — b or equivalently, {z? — b}

{2* — b} = {2* — b,012 + iz, 002 — 2} N {2® — b, 017 + iz, 007 + 7}

N{x? = b, 010 — iz, 000 — x} N {2 — b, 010 — iz, 09 + .

One can check that each component of the above equations has no zero, that is, {z% — b} = [1].

3 Differential Chow Forms and Differential Chow Varieties

In this section, we will briefly introduce the definition of differential Chow forms, present
basic properties and show the existence of differential Chow varieties. For more details, please
refer to [28, 29]. Unless otherwise indicated, all differential varieties under discussion are ordi-
nary differential ones in Sections 3 and 4.

Let K be a fixed differential field of characteristic 0 with derivation §, and E a universal
differential field extension of K2/, By A™ and P", we mean the affine differential space and the
projective differential space defined over E respectively. For a subset U C F, we use K{U},
K(U) to denote the differential ring K[(6*u)ren ueu], the differential field K ((6*u)ren uev))
generated by S over K respectively.

To define differential Chow forms, we first need the generic differential intersection theory.
Intersection theory is a fundamental problem in algebraic geometry, and it is well-known that
each component of the intersection of two irreducible algebraic varieties in A™ of dimension
r and s is of dimension at least r + s — n. However, this result does not hold in differential

algebraic geometry. A famous counter-example was given by Ritt!:

Example 3.1 Letn = 3 and V be the general component of V(y? —y5+ys(y1v5—1y21;)?) C
A3. Let W = V(y3). Clearly, both V and W are irreducible differential varieties of differential
dimension 2. However, VN W = {(0,0,0)} whose differential dimension is 0 < 24 2 — 3.
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Example 3.1 is also a counter-example to the differential version of the algebraic intersection
formula, which claims that the intersection of an irreducible variety V of dimension d and a
hypersurface not containing V' is purely of dimension d—1. Although in general the intersection
formula does not hold in the differential setting, the next result shows that it holds generically.

Definition 3.2 Let m,, be the set of all differential monomials in K{y1,y2, - ,yn}
of order < s and degree < r. Let U = {uar}rrem,, be a subset of elements of a universal
differential field containing K that are differential indeterminates over K. Then,

f= Z UMM

Memsg

is called a generic differential polynomial of order s and degree r. A generic differential hyper-
surface is the set of differential zeros of a generic differential polynomial.

Theorem 3.3 (see [28], Theorem 1.1) Let V C A™ be an irreducible differential variety
over K of dimension d and order h. Let P be a generic differential polynomial of order s with
the set of its coefficients w. Then,

1) over K{u), VNV(P) # 0 if and only if d > 0.

2) if d > 0, then the intersection of V and V(P) is an irreducible differential variety over
K({u) of differential dimension d — 1 and order h + s.

Remark 3.4 Theorem 3.3 could be generalized to the partial differential case, as was
shown in [32, 93] that wyqy(p)(t), the Kolchin polynomial of V' N V(P), is equal to wy (t) —

("*™=*) (here m is the number of derivations).

Let V' C A" be an irreducible differential variety defined over K of dimension d and
L = wio + uanyph + -+ + Uinyn, 1=0,1,---.,d

be d+1 generic linear differential polynomials with the vector of coefficients w; = (w0, -+ , Uin).
Given a; = (aio, s ,ain) € P, let

Li(a;) = aio + anyr + - -+ + Ginyn, i=0,1,---.,d
denote the defining polynomial of d + 1 differential hyperplanes. Let
Zy = {(ao, - ,aq) € (P")"VNV(L(ag)) N---NV(L(aq)) # 0}. (8)

Then by Theorem 3.3, the Kolchin closure of Zj (i.e., the smallest differential variety containing
Zo), ZOkOl, is an irreducible differential variety of codimension 1. So there exists a unique
irreducible differential polynomial F(ug,w1,- - ,ug) such that ngOl is the general component
of F, that is,

Zo" = V(sat(F))

under any arbitrary ranking.

Definition 3.5 (see [28], Definition 4.2) The unique F'(ug, u1, - ,uq) (up to appropriate
scaling) is defined to be the differential Chow form of V' or I(V).
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Differential Chow forms uniquely characterize their corresponding differential varieties. They
could be computed using differential characteristic set methods by its definition; and for irre-
ducible differential varieties given by characteristic sets, algorithms with single exponential
complexity were designed in [94] to compute their differential Chow forms.

The following theorem gives some basic properties of differential Chow forms.

Theorem 3.6 (see [28], Theorem 1.2) Let V be an irreducible differential variety defined
over K with differential dimension d and order h. Suppose F(ug, w1, ,uq) is the differential
Chow form of V.. Then F has the following properties.

1) ord(F) = h. In particular, ord(F,u;0) = h for each i =0,1,--- ,d.

2) F is differentially homogenous of the same degree m in each w;. This m is called the
differential degree of V.

3) Let g = deg(F, u(()g)). There exist differential extension fields K, (1 = 1,2,--- ,g) of K
and &5 € K. (j =1,2,---,n) such that

g
F = AT (uoo +uorérs + - -+ + uon&rn)™,
T=1
where A is a differential polynomial free from u(()g). Moreover, each & = (§r1,&r2,+ ,&mn) 18
a generic point of V', and Ly, Lo, - -- , Lq vanish at & .

4) The points &1,8&,- -+ , &, are the only points of V' lying on the differential hyperplanes
L;=0(i=1,2,---,d) as well as on the algebraic hyperplanes L(()k) =0(k=0,1,--- ,h—1).
The number g is called the leading differential degree of V.

5) Given d + 1 differential hyperplanes L;(a;) = 0(i = 0,1,--- ,d), if V and Li(a;) =
0 (¢ = 0,1,---,d) have a point in common, then F(ag,a1,---,aq) = 0. Conversely, if
F(ap,a1, - ,aq) = 0 and 8‘Z§é) (ag,a1, -+ ,aq) # 0, then the d + 1 hyperplanes L;(a;) =
0(@i=0,1,---,d) and V have a common point.

Below is a simple example to illustrate these invariants of a differential variety.

Example 3.7 Let n=1and V = V(y?y’ + 1) C Al. Then the differential Chow form of
V is F(ug) = udyuoiufy — udouh; — ug;. The order of V is 1, the differential degree of V is 4
and the leading differential degree of V' is 1.

A differential variety is called order-unmixed if all its components have the same differential
dimension and order. Let V' be an order-unmixed differential variety of dimension d and order
hand V = Ui:l V; its minimal irreducible decomposition with F;(wug,u1,- - ,uq) the Chow
form of V;. Let

!
Flug,ur, -+ uq) = [ [ Filuo, u, -+ wa)* 9)
i=1
with s; arbitrary nonnegative integers. In [28], a differential algebraic cycle is defined associated
to (9) similar to its algebraic analog, that is, V = 2221 s;V; is a differential algebraic cycle

with s; as the multiplicity of V; and F'(ug, w1, - ,uq) is called the differential Chow form of
V.
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Suppose each V; is of differential degree m; and leading differential degree g;, then the
leading differential degree and differential degree of V' is defined to be 22:1 s;g; and 22:1 Sim;
respectively. A differential cycle V' in the n dimensional affine space with dimension d, order
h, leading differential degree g, and differential degree m is said to be of index (d, h,g,m) in
A",

Definition 3.8 Let V be a differential cycle of index (d, h, g, m) in A™. The differential
Chow coordinate of V' is the coefficient vector of the differential Chow form of V' considered as

a point in a higher dimensional projective space determined by (d, h, g, m) and n.

Definition 3.9 Fix an index (d, h, g, m) and n. Consider the sets
Vindhgm) = {V|Vis a differential cycle of index (d, h, g,m) in A"}
and
Cin,d,h,g,m) = {CV| cyis the differential Chow coordinate of V',V € V(n7d,h7g7m)}.

If Vi d,h,g,m) (0or equally C(, 4.1,9,m)) has the structure of a differential constructible set in some
differential space, then V(,, q.1..m) is called the differential Chow variety of index (d, h, g, m) of
A" denoted by d-chow(n,d, h, g, m).

Once the existence of differential Chow varieties is proved, the theory of differential Chow
varieties will provide a natural stratification of the parameter spaces of differential cycles via
the discrete index invariant. In the case g = 1, the existence of differential Chow varieties was
proved through constructing the defining differential equations and inequations of C(y 4, n,1,m)-

Theorem 3.10 (see [28], Theorem 5.7) For each n,d,m and g =1, the differential Chow
variety 6-chow(n,d, h,1,m) exists.

But the constructive methods used to prove Theorem 3.10 could not be adapted to prove
the general case. The existence of differential Chow varieties in general case was proved with a
model-theoretical approach in [30] (refer to [30] for a detailed proof).

Theorem 3.11 (see [30], Theorem 5.1) For each nonnegative integer n,d, g, m, the dif-

ferential Chow variety 6-chow(n,d, h,g,m) exists.

Differential Chow forms are also studied for projective differential varieties(2?). In the partial
differential case, the theory of differential Chow forms and differential Chow varieties is not well-
developed?. Even in the course of defining partial differential Chow forms, an insuperable
obstacle is encountered: It is impossible to define differential Chow forms for most of irreducible
partial differential varieties. Only for a specific kind of irreducible partial differential varieties,
we could manage to define differential Chow forms, and only a specific kind of differential Chow
varieties exist.

For the ordinary difference case, the generic intersection theory for difference varieties is
proved and Theorem 3.3 is generalised to its difference analogl®!l. Also, in [31], the difference
Chow form is defined for irreducible difference varieties and its basic properties are proved too.

Due to the distinct structures of the differential and difference operators, the theory of difference
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Chow forms is far from well-develped compared with their ordinary differential counterparts.
In particular, it may happen that two different irreducible difference varieties may have the
same difference Chow form (see [31, Example 6.4]). Thus, in general, it is impossible to develop

a theory of difference Chow varieties.

4 Differential Resultants and Sparse Differential Resultants

In this section, we introduce the theory of differential resultants and the theory of sparse

differential resultants.

4.1 Differential Resultants

Differential resultants were first studied for differential operators, or equivalently, for linear
homogenous differential polynomials. Using the analogue between ordinary differential op-
erators and univariate polynomials, differential resultants for two linear ordinary differential
operators were implicitly given by Orel*3l and then studied by Berkovich and Tsirulik!*4 using
Sylvester style matrices. The subresultant theory was first studied by Chardin*®! for two differ-
ential operators and then by Li*% and Hong[® for more general Ore polynomials. Carra-Ferro
generalized it to the partial differential operators in [47].

The differential resultant for two nonlinear differential polynomials in one variable was de-
fined by Ritt in [51, p.47]. In [52, p.46], Zwillinger proposed to define the differential resultant of
two differential polynomials as the determinant of a matrix following the idea of algebraic mul-
tivariate resultants, but did not provide the details. General differential resultants were defined
by Carra-Ferro using Macaulay’s definition of algebraic resultantsl® 951, But, the treatment
in [54, 95] is not complete. For instance, the differential resultant for two generic differential
polynomials with positive orders and degrees greater than one is always identically zero if using
the definition in [54]. In [96], Yang, et al. used the idea of algebraic Dixon resultant to com-
pute the differential resultant. Although efficient, this approach is also not complete, because
it does not show that the differential resultant can always be computed in this way. Differential
resultants for linear ordinary differential polynomials were studied by Rueda-Sendral®3 571,

The first rigorous definition of the differential resultant of n + 1 differential polynomials in
n variables was given by Gao, et al. in [28], where the properties of differential resultants were

proved.
Definition 4.1 Let P; (i =0,1,---,n) be generic differential polynomials in n variables
Y1,Y2, -+ , Y with orders s; and degrees m;. For each i, denote u; to be the set of coefficients

of P;. By Theorem 3.3, there exists a unique (up to a scalar in Q) irreducible differential

polynomial R(wug, w1, - ,u,) € Q{ug,u1, - ,u,} such that
[P07P17 e 7]Pn] N Q{u07u17 e 7un} = Sat(R)

This R(wg, w1, - ,u,) is defined to be the differential resultant of Pg, Py, -+ ,P,,.

For a given system of n+1 differential polynomials P; in y1,ys, - - - , Yy, With orders s;, degrees
m; and coefficients v; from some differential field K, their differential resultant is defined to be
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R(vg,v1, -+ ,v,) € K. The vanishing of the differential resultant gives a necessary condition
for the system having a common solution. Besides, differential resultants have the following

properties which are similar to the classical algebraic case.

Theorem 4.2 (see [28], Theorem 1.3) Let P; (i = 0,1,---,n) be generic differential
polynomials in y1,ys, -+ ,Yn with orders s;, degrees m;, and degree O terms u;y respectively.
Let R(ug,uy, - ,uy) be the differential resultant of Po,Py,--- ,P,, where w; is the set of
coefficients of P;. Then

a) R(up,u1, - ,uy,) is differentially homogeneous in each w; and is of order h; = s — s; in
u; (i=0,1,---,n) withs=7,",s.

b) There exist &-,(p =1,2,--- ,n) in the differential extension fields K. (1 =1,2,--- ,to) of
F such that

to
R(“O»“h e 7un) = A(“O»“h e 7un) H P0(£T17£T27. o 7€Tn)(h0)7

T=1
where A(ug,u1, -+ ,uy) is a differential polynomial in w;, to = deg(R, uéﬁO)), Po(&r1,&r2,
) f‘rn)(hg) s the (hO)'th derivative Of P0(£T17£T27 e »grn); and (57’1757’27 ) grn) (7— =
1,2,--- ,to) are certain generic points of the zero dimensional prime ideal [P1,Pa,- -+, Py].

¢) The differential resultant can be written as a linear combination of P; and their derivatives

up to the order s — s; (i =0,1,--- ,n). Precisely, we have

n s—s;

R(uo,ul,--- ,un) :Z hij(SJIPZ‘.

i=0 j=0
In the above expression, hi; € F{u)[yi, - ,Yn, - ,y%s), e ,yf«f)] have degrees at most (sn +
n)2 D" + D(sn +n), where uw = U qu; \ {uoo, -+ ,uno}, and D = max{mqg, mq,--- ,mp}.

d) Suppose that w; (i =0,1,--- ,n) specialize to sets v; of specific elements in £ and P; (i =
0,1,---,n) are obtained by substituting w; by v; in P;. IfP; =0 (i = 0,1,---,n) have a

common solution, then R(vg,v1,--+ ,v,) = 0. On the other hand, if R(vg,v1, -+ ,v,) =0 and
88(},?0) (vo, V1, ,v,) #0, then P; =0 (i =0,1,--- ,n) have a common solution in E.
Uoo

If u; specializes to a set v; of specific elements in an extension field of F, then either
Sr(vo,v1,-+,v4) =0 or P; (i =0,1,--- ,n) have a common solution in an extension field of
F, where P; are obtained by substituting u; by v;.

e) (BKK-type bound) For each i € {0,1,--- ,n},

deg(R,u;) < Z M((Qj1)ji0<i<s—s;> Qios > k=15 Qiskt 15+ 5 Qis—s, )
k=0
where s =Y. si, Qji is the Newton polytope of 6lIF’j as a polynomial in ygs], y%s], e ,yif] and
M(S) is the mized volume of the polytopes in S.
Example 4.3 The simplest nonlinear differential resultant is the case n = 1,dy =

di = 2,50 = 0,57 = 1. Denote y; by y. Let Py = ugo + vy + uo2y?, P1 = wuip +
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w11y + w12y’ + u1sy? + urayy’ + uis(y’)?. Then the differential resultant for Py and Py is a
d-polynomial R(wug,wui) such that ord(R,up) = 1, ord(R,u;) = 0 and R is J-homogenous
of degree 8 in ug and degree 2 in wq, respectively. Totally, R has 206 terms. Moreover, R
has a matrix representation which is a factor of the determinant of the coefficient matrix of
Po, y'Po, y*Po, yy'Po, y"*Po, Py, yPy, y' P, yy' Py, y'*Po, P1, yPy1,y'Po, yy'P1 w.r.t. the monomials
{ylo(y)1 0 <lp < 4,0 <1y < 4,lg+1; <4}

In the computational aspect, differential resultants could be computed by the characteristic
set method. But to be more efficient, it is desirable to find matrix representation or determi-
nantal formulae for the differential resultants. Note that such a formula was claimed to be given
in [54, 95], which are not correct as explained in the beginning of this section. The first matrix
representation was given by Zhang, et al.l’®l for two generic ordinary differential polynomials
f1 and fo in the differential indeterminate y with order 1 and arbitrary degree. It is still an

open issue whether differential resultants generally admit matrix representations.

Theorem 4.4 (see [56], Theorem 4.4) The algebraic sparse resultant of f1, f2,0f1,0f2 as
polynomials in variables y,y',y" is not identically zero, and contains the differential resultant
of f1 and f2 as a factor.

4.2 Sparse Differential Resultants

Similar to the fact that sparse resultants are defined for Laurent polynomial systems and
related to solutions in (C\{0})", sparse differential resultants are related to Laurent differential
polynomials and non-polynomial solutions.

Let Y = {y1,y2, - ,yn} be the set of n differential variables and (K,d) is a differential
field. A Laurent monomial of the form [}, HZ:O(yfk))m““ (s € N,my, € Z) is called a Laurent
differential monomial in Y. A Laurent differential polynomial in Y over K is a finite linear com-
bination of Laurent differential monomials with coefficients from K. The Laurent differential
polynomial ring over K is denoted by K{Y*}.

To seek solutions for Laurent differential polynomials, the presence of negative exponents
requires us to consider non-polynomial solutions. A non-polynomial solution of f € K{Y*} is
a point (a,as,--- ,a,) € A" such that f(ai,as, - ,a,) = 0 and for each i and k, 6¥a; # 0.

Let A; = {M;o, M1, , My, } (i =0,1,--- ,n) be n+ 1 sets of Laurent differential mono-

mials in Y. Consider n + 1 generic Laurent differential polynomials in Y

l;

Pi=) uiMy, i=0,1,---,n (10)
k=0
defined over A; (called the support of P;), and denote w; = (u;0, w1, -+ ,ui,). Given vectors
a; = (aio, an, - ,aq,) € P, let
l;
Pi(ai,Y) ::ZaikMikv 220717 y (11)
k=0

denote the specific Laurent differential system with coefficients a;.
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The sparse differential resultant should be a differential polynomial in the coefficients w;
which vanishes at (ao,- -, ay) precisely (in certain sense) when the system P;(a;,Y) = 0 has

a non-polynomial solution. For this purpose, let
Zo = {(ao, + ,an)|Py(a;,Y) =+ = Py(a,,Y) =0 has a non-polynomial solution }
and Z be the Kolchin closure of Zy in P x --- x Pl that is,
Z ={(ao, - ,an)|Ps(a;,Y) =+ = Py(a,,Y) = 0 has a non-polynomial solution}kOI.

Then Z is an irreducible differential variety. If Z is of codimension 1, then there exists a unique
differential polynomial such that Z is the general component of this polynomial. We need to
find a necessary and sufficient condition for Z satisfying such desired property. This is precisely
the condition that Ay, --- , A, is Laurent differentially essential.

The system Ag, - -+ , Ay, or Py, -+, P, in 10, is called Laurent differentially essential if there
exists k; (1 =0,1,--- ,n) with 1 < k; <; such that

Mok, Mg, Mnkn>:n

d.tr.d
. eg@< Moo Mg’ 7 Mpo

There exists a simple criterion based on linear algebraic computations to detect whether
Ao, -, An is Laurent differentially essential. Let M;;/M;g = H?Zl Hf;o(yj(-l))t“*‘ﬂ, where
si = ord(P;,Y) and t;x;; € Z. Introduce m algebraic indeterminates zi,---,z, and set
dij = Zt:o Wik Zf;otikjla:é fort=0,1,--- ,nand j =1,2,--- ,n.

Proposition 4.1 For P; given in 10, let

dor  dox -+ don

dyy dip - dig
Mp =

dnl dn2 e dnn

Then the following are equivalent.
1) Ao, -, A, is Laurent differentially essential.
2) rank(Mp) = n.
3) There exist k; (i = 0,1,---,n) with 1 < k; < I; such that rank(My,,... r,) = n where

_ 3 _ i l
My,.... k, = (d;j)(n+1)><(n+1) with d;j = ZZS:O tikijlxj'
4) Z is an irreducible differential variety of codimension 1.

Definition 4.5 Let Ag,- -, A, be a Laurent differentially essential system. There exists
a unique (up to a scalar in Q) irreducible differential polynomial R € Q{ug--- ,u,} such that

Z =V (sat(R)).
This R is defined to be the sparse differential resultant of Py, - -- ,P,, denoted by Res4,,... .4, -
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Example 4.6 Let Ag = {1,y192}, A1 = {1, 1195} and As = {1,y]vy5}. It is easy to verify
that Ap, A1, A3 form a Laurent differentially essential system. And

/ / 2 2 2
ReSAo,Al,AQ = U10UO1U21U11 UGy — UI0UOOUL1U21 Uy — UGy U21UTg — U1 UOOUT U20-

For a specific system of Laurent differential polynomials P;(a;,Y) = 0 with supports A;
and coefficents a;, the sparse differential resultant of P;(a;,Y) = 0 is defined to be the value
Res gy, A, (@0, -+ ,ay). Similar to the relation between sparse resultants and non-zero so-
lutions (e.g., in (C\{0})™), the vanishing of its sparse differential resultant gives a necessary
condition such that the given system has a non-polynomial solution. This is one property of

the sparse differential resultant. Besides, it has similar properties as its algebraic countpart.

Theorem 4.7 (see [55], Theorem 1.2) Let Ay, - -, A, be a Laurent differentially essen-
tial system. The sparse differential resultant R(uo,--- ,u,) = Resa,.... 4, has the following
properties:

1) If the P;y(a;,Y) = 0 in (11) has a common non-polynomial solution, then R(ag,- - ,a,) =
0. Conversely, if R(ag,---,a,) = 0 and 8‘25) (ag, - ,an) # 0 (h = ord(R,up0)), then
Pi(a;,Y)=0(i=0,---,n) has a common non—?;olynomial solution.

2) R(uo, - ,uy) is differentially homogenous in each u; (i =0,1,--- ,n).

3) (Poisson Product Formula) Let h = ord(R,ug) > 0. Then ty = deg(R uoo)) > 1 and
there exist (Qr,0,) and &, € Qp for T =1,2,-+- [tg and k =1,2,--- Iy such that

to lo (ho)
R=A H (UOO + ZUOkf‘rk> )
T=1 k=1

where A is a polynomial in Q(uy, -+, un)[ug 0]\u(hO)] Furthermore, if additionally the system
is normal rank essential (see [55, Definition 5.5]), then there exist ny = (Nr1,- - ,Nrn) € QF
such that

(ho)
R— AH |:IF)0 777' ] 7

Moo(n7)

And n, (1 =1,2,--- ,tg) are common non-polynomial solutions of Py,--- ,P,,.

4) (Differential toric varieties) Assume that A; = A(i =0,1,---,n). The differential toric
variety X 4 associated with A is defined and is shown to be an irreducible projective differential
variety of dimension n. And the differential Chow form of X 4 is R.

5) hy = ord(R,u;) < J; = Jac(@;) fori=20,1,---  n, where I@; ={Po, -, P, }\{P:}.

6) deg(R) < [11—o(mi+ 1)+t < (m+1)Xi=0ith) = (m 4 1)+ where m; is the degree
of the norm form of P;, m = max;{m;}, and J ="' J;

7) Let ord(P;, y;) = e;j. R has the following representation

HN (hi+1)deg(R) ‘R— Z Z Gu (J)
1=0 5=0

where G;j € (@[u,gh‘)], e ,ugl"], yF”, e 73/%”]] with t; = max]_,{h; + e;;} such that
deg(Gi;PY) < [m + 14+ 7o (hi + 1)deg(Nio)]deg(R).

@ Springer



308 LI WEI - YUAN CHUN-MING

Similar to the differential resultant, in principle, the sparse differential resultant can also be
computed with characteristic set methods for differential polynomials via symbolic computati-
onl> 4191 But in general, differential elimination procedures based on characteristic sets do
not have an elementary complexity bound. In [55], based on order and degree bounds given
in 5)-7) of Theorem 4.7, a single exponential algorithm SDResultant to compute the sparse

differential resultant R was proposed.

Theorem 4.8 (see [55], Theorem 6.18) The sparse differential resultant of Pg,--- , Py
can be computed with at most O((J 4+ n + 2)0WHD (m 4 1)0WHDI+n+2) /nn) Q-arithmetic
operations, where | =Y 1 (I; + 1), m = max}_qm;, and J = > J;.

For linear non-homogenous sparse differential polynomials, Ruedal’” gave matrix formulas
to compute the sparse linear differential resultants. Precisely, let P be a system of n linear
nonhomogeneous ordinary differential polynomials in n — 1 variables. Linear differential re-
sultant formulas for P are given which are determinants of coefficient matrices of appropriate
sets of derivatives of the differential polynomials in P or in a linear perturbation of P. In
particular, when P is “super essential”, such a formula is the determinant of a matrix without
zero columns. It is desirable to give matrix representations for sparse differential resultants for

non-linear systems.

4.3 Sparse Difference Resultants

Let F be a reflexive difference field with a transforming operator o and F{Y} = F[o*y; :
k € N] the ring of difference polynomials in the difference indeterminates Y = {y1,--- ,yn}-

Similarly to the differential case, to study sparse difference resultants, we are interested in
Laurent difference polynomials. A Laurent difference monomial is a Laurent monomial of the
form [T, TTp_o(c*y;)b* for some s € N and by, € Z. A Laurent difference polynomial over
F is a finite linear combination of Laurent difference monomials with coefficients in F. We

denote the difference ring of Laurent difference polynomials over F by F{y1,y; Ly, T
or simply by F{Y*}. For F € F{Y*}, an n-tuple (a1, -+ ,a,) over F with each a; # 0 is said

to be a nonzero difference solution of F if F(ay,--+,a,) = 0.
Suppose A; = {M;o, M1, , My, } (i = 0,1,---,n) are finite sets of Laurent difference
monomials in Y. Consider n+1 generic Laurent difference polynomials defined over Ag, - - - , Ay:

l;
PizzuikMiky 7’20717 , 1, (12)
k=0
and denote w; = (u;0, U1, U1, ), i = 0,1,---,n. Given vectors a; = (a0, ,a;,) € Pl let
I
Pi(ai,Y) = aixMp, i=0,1,---,n (13)
k=0

denote the specific Laurent difference system with coefficients a;.
Sparse difference resultants are used to give conditions on the coefficients a; to determine
whether P;(a;,Y) = 0 has a nonzero solution. Let
Zo = {(ao,  ,a,)|Po(a;,Y) = -+ =P,(ay,Y) = 0 has a nonzero solution }
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and Z be the smallest difference variety in Plo x - - - x P!» containing Zy. Then Z is an irreducible
difference variety. And Z is of codimension one if and only if Ap,---,A, form a Laurent
transformally essential system.

Definition 4.9 A set of Laurent difference polynomials of the form 12 is called Laurent
transformally essential if there exist k; (i = 0,1,--- ,n) with 1 < k; <; such that

MOk‘O Mlk‘l M’nk’n

a.tr.deg@< Mo M7 My >/Q =n.

In this case, we also say that Ag,--- , A, form a Laurent transformally essential system.

Now suppose {Pg,--- ,P,} is a Laurent transformally essential system. Then Z is an irre-
ducible difference variety of codimension one. Then there exists a unique irreducible difference
polynomial R € Q{ug, -+ ,uy} such that Z is a general component of R (Unlike the differential
case, there may be several different general components of an irreducible difference polynomial.)

From the point view of ideals, if we denote

Hu - {P07 e 7Pn}Q{Yi,uo,m JUn } N Q{UO, o aun}v

then I, is a reflexive prime difference ideal of codimension one. By the difference characteristic
method, the above R can serve as the first polynomial in each characteristic set of I, w.r.t.

any ranking endowed on wuyg, - - - , u,, that is,
[P()v o 7Pn] N Q{UO, T aun} - Sat(R7 R17 o 7Rk)-

(As pointed out in [59, Problem 23], it is still unknown whether & = 0 or not).
Definition 4.10 The above R(ug, - ,u,) is defined to be the sparse difference resultant

of the Laurent transformally essential system Py, - - - ,P,,, denoted by Res4, ... 4,,.
Given a specific system of Laurent difference polynomials P;(a;,Y) (i = 0,1,---,n), the
sparse difference resultant of the P;(a;,Y) is defined to be Res4,.... 4, (@0, -+, @n).

Example 4.11 Let n =1 and Py = ugg +u01y%, P, = uloy?) +uq1y1- Clearly, Py, Py are
Laurent transformally essential. The sparse difference resultant of Py, Py is

_ .2 (1) 2 (1)
R = ujguorugg — uiitiootpy -

Similarly to the differential case, there is a simple criterion to detect whether a Lau-

rent difference system is transformally essential in terms of their supports. Let M, /My =
IT= 11— (y§k))t“ﬂ and set

dikj = Ztikjlxl (] = 172» T ,’I’L) € Z[{EL
=0

where x is a new algebraic indeterminate. Let B = (dik1, dik2, - - - , dign). Then Zﬁ;:l Wik Pik 18
called the symbolic support vector of P;. The matrix Mp whose rows are the symbolic support

vectors of P; is called the symbolic support matrix of the system.
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Proposition 4.2 Let Pg,--- ,P, be defined in (12). Then Py,--- , P, form a Laurent
transformally essential system if and only if rank(Mp) = n.

Sparse difference resultants have the following properties:

Theorem 4.12 (see [59], Theorems 37, 41, 51) Let P;(i = 0,1,---,n) be a Laurent
transformally essential system and R its sparse difference resultant. Then

1) R is transformally homogeneous in the coefficient set of each P;. And
Res(cPy, - -+ ,0P,) = oRes(Po, -+ ,Pp).

2) If Pi(a;,Y) =0(i = 0,1,--- ,n) has a common nonzero difference solution, then their
sparse difference resultant R(ag,- - ,a,) is zero.

3) ord(R, u;) < J;, where J; is the Jacobi number of the system {P; : j # i}.

4) The degree of R has a Bezoul-type bound and R can be written as a linear combination

of the norm form of P; and its transforms with given order and degree bounds.

Based on the order and degree bounds, an algorithm SDResultant(Py,--- ,P,) was de-

signed to compute the sparse difference resultant, which has single-exponential complexity.

Theorem 4.13 (see [59], Theorem 76) Let P = {Py,--- ,P,} be a Laurent transformally
essential system of the form (12). Let J = > " (J; and m = max;deg(P;,Y). Algorithm

SDResultant computes the sparse difference resultant R with at most
O((J +n4+ 2)O(lJ+l) (m + 1)0((lJ+l)(J+n+2))/nn)

Q-arithmetic operations.

When Py, - - - , P, are generic differential polynomials (dense in the sense that it contains all
terms with respect to bounded order and degree), the sparse difference resultant exists. In this
case, Res(Po, - - - ,P,) is defined to be the difference resultant of Py, --- ,P,,.

We know exact orders and degrees for difference resultants, and also we have determinant
formulae to compute difference resultants.

Theorem 4.14 (see [59], Theorem 79) Let P; (i =0,1,--- ,n) be generic difference poly-
nomials of the form with order s;, degree m;, and coefficients w;. Let R(ug,--- ,uy) be the
difference resultant of Pg,--- ,P,,. Denote s = Y i ,s;. Then R(ug,--- ,u,) is also the al-
gebraic sparse resultant of ]P)Bsfso],~-~ ,IPLf*S”] treated as polynomials in Y. And for each
i€{0,1,---,n} and k=0,--- ;s — s,

ord(R,u;) = s — S, (14)
deg(R, ng)) = M((Qj1)ji0<i<s—s;5 Qios > Qish—15 Qi1+ Qivs—s;)s  (15)

where Qj; is the Newton polytope of }P’g»l) as a polynomial in Yl and ul(.k) = (UE?)uQ cu,; -

Example 4.15 Consider two generic difference polynomials of order one and degree two
in one indeterminate y: P; = uio—|—u01y—|—u¢2y(1)—|—u¢3y2—|—ui4yy(1)—|—ui5(y(1))2,i =0,1. Then the
degree bound given by Theorem 4.12 is deg(R) < (2+1)* = 81. By Theorem 4.14, deg(R, ug) =
M(Q10, Q11, Qoo) + M(Q10, Q11,Q01) = 8 + 8 = 16 and consequently deg(R) = 32, where
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Qoo = QlO = COHV{(O, 0, O), (2, O, O), (O, 2, O)}, Q()l = Qll = COHV{(O, 0, O), (O, 2, O), (O, O, 2)},
and conv(-) means taking the convex hull in R3. By the proof of Theorem 4.14, R is the sparse
resultant of Py, o(Py),P1, o(P1).

As a direct consequence of the above theorem and the determinant representation for alge-
braic sparse resultants given in [42], we have the following result.

Corollary 4.15 The difference resultant for generic difference polynomials P; (i = 0,1,---,n)
can be written as the form det(Dy)/ det(Dg) where D1 and Dg are matrices whose elements are
coefficients of P; and their transforms up to the order s — s; and Dy is a minor of D;.

For sparse difference resultants, it ha been shown in [59] that the sparse difference resultant
is equal to the algebraic sparse resultant of certain generic sparse polynomial system (there
are procedures to find such a generic sparse polynomial system), which theoretically could also
lead to a determinant representation for the sparse difference resultant. The difficulty lies in
that we do not know before implementing the procedures that which of the o*(PP;) are needed
to compute the algebraic sparse resultant. New bounds and an efficient implementation for
sparse difference resultant are presented in [60]. Related to the sparse difference resultants,
difference toric varieties and binomial ideals are studied in [90, 97].

5 Open Problems

In the paper, we focus on the fundamental algorithmic tools in the elimination theory for
differential and difference polynomials, and briefly survey the existing work on the theory of
characteristic set methods, the theory of differential Chow forms, and the theory of sparse
differential and difference resultants. Despite these significant developments, there are still a
number of open problems to be further explored. We will end the paper by proposing four
representative problems.

Problem 1 (The Ritt problem) Given an irreducible ordinary differential polynomial A €
K{y1, -+ ,yn} vanishing at (0,---,0), decide whether (0, -+ ,0) is a zero of sat(A4) = [A] : S¥?
More generally, given two prime differential ideals sat(.4) and sat(B) represented by differential
characteristic sets A and B respecitively, decide whether sat(A) C sat(B)?

These problems are essential in order to devise algorithms to obtain minimal prime decom-
positions for finitely generated radical differential ideals. They are far from solved even for the
simplest case n = 1. And they have several other equivalent formulations[®®.

Problem 2 Develop the mechanical theorem proving methods for partial difference poly-
nomial systems, or specifically, to solve the perfect ideal membership problem in the partial
difference case.

Problem 3 Give matrix representations or determinantal formulae for (sparse) differential
resultants. This is a central problem to be solved to devise efficient algorithms to compute
(sparse) differential resultants. However, we do not have such formulae, even in the simplest case
of the differential resultant for two generic differential polynomials in one variable. Currently,
there are results only in the linear casel®” and in the case when there are two generic differential

polynomials of degree two and order onel®.
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Problem 4 Develop a theory of resultants for systems of partial differential polynomials.
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