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1. Introduction

Differential algebra or differential algebraic geometry founded by Ritt and Kolchin aims to study
algebraic differential equations in a similar way that polynomial equations are studied in commutative
algebra or algebraic geometry [18,9]. An excellent survey on this subject can be found in [2].

The Chow form, also known as the Cayley form or the Cayley-Chow form, is a basic concept
in algebraic geometry [5,6] and has many important applications in transcendental number theory
[15,17], elimination theory [1,3], and algebraic computational complexity [7].

Recently, the theory of Chow forms for affine differential algebraic varieties was developed and ba-
sic properties of the algebraic Chow form were extended to its differential counterpart in a nontrivial
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way [4]. Furthermore, a theory of differential resultants and sparse differential resultants was also
given [4,13,14]. In this paper, we will study the Chow form for projective differential varieties.

It is known that most results in projective algebraic geometry are more complete than their affine
analogs. But in differential algebraic geometry, this is not the case. Due to the complicated structure,
projective differential varieties are not studied thoroughly. The basis of projective differential algebraic
geometry was established by Kolchin in his paper [10]. There, he cited a remark by Ritt:

Consider an irreducible algebraic variety V in complex projective space P,(C) and n+ 1 meromor-
phic functions fo, f1,..., fn on some region of C. J.F. Ritt once remarked to me that there exists
an irreducible ordinary differential polynomial h € C{yy, ..., ¥n}, dependent only on V and having
order equal to the dimension of V, that enjoys the following property: A necessary and sufficient
condition that there exist cg,...,c; € C not all zero such that (co:---:¢cp) is a point of V and
Zj cjfj=0is that (fo,..., fy) be in the general solution of h.

Kolchin commented that “This provides an occasion to describe the beginning of a theory of alge-
braic differential equations in a projective space P,(£)”. And he devoted two papers on differential
projective spaces: [10] and [11], published posthumously. In the former, Kolchin developed the foun-
dation for a theory of differentially homogenous differential ideals and their differential zero sets in
P, (E). Also, Kolchin proved Ritt’s result mentioned above. In the following, we will use “the result on
linear dependence over projective varieties” to refer to this result.

In this paper, we will establish the theory for projective differential Chow forms. We first con-
sider the dimension and order for the intersection of an irreducible projective differential variety by
a generic projective differential hyperplane. Precisely, the intersection of an irreducible projective dif-
ferential variety of dimension d > 0 and order o with a generic projective differential hyperplane is
shown to be an irreducible projective differential variety of dimension d — 1 and order o. Then we
define Chow forms for irreducible projective differential varieties. As an application, we will show
that the differential polynomial h in Ritt’s remark mentioned above is the Chow form of a projective
differential variety associated with V.

The rest of the paper is organized as follows. In Section 2, we will present basic notations and
preliminary results in projective differential algebraic geometry. In Section 3, we will prove the generic
intersection theorem of a projective differential variety by a generic projective differential hyperplane.
In Section 4, the Chow form for an irreducible projective differential variety is defined and its basic
properties are given. In Section 5, we will apply the differential Chow form theory to the result on
linear dependence over projective varieties given by Kolchin. Finally, we present the conclusion and
propose a conjecture on the Chow form for the projective differential variety.

2. Preliminaries

In this section, some basic notations and preliminary results in projective differential algebraic
geometry will be given. For more details, please refer to [18,9,10,4].

2.1. Basic notions in differential algebra

Let F be a fixed ordinary differential field of characteristic zero, with a derivation operator §. An
element ¢ € F such that §(c) =0 is called a constant of F. The set C of constants of F is a field,
called the field of constants of . In this paper, unless otherwise indicated, § is kept fixed during any
discussion and we use exponents (i) and exponents [t] to indicate derivatives under § and the set of
derivatives up to the order t respectively.

Let S be a subset of a differential field G which contains F. We will denote respectively by F[S],
F(S), F{S}, and F(S) the smallest subring, the smallest subfield, the smallest differential subring,
and the smallest differential subfield of G containing F and S. Let @ denote the free commutative
semigroup with unit (written multiplicatively) generated by §. Then F{S} = F[©®(S)] and F(S) =
F(O(S)). A differential extension field G of F is said to be finitely generated if G has a finite subset S
such that G = F(S).
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A subset X of a differential extension field G of F is said to be differentially dependent over F
if the set (fa)pco,aecx is algebraically dependent over F, and is said to be differentially independent
over F, or to be a family of differential indeterminates over F in the contrary case. In the case ¥
consists of only one element «, we say that « is differentially algebraic or differentially transcendental
over F respectively. The maximal subset £2 of G which is differentially independent over F is said to
be a differential transcendence basis of G over F. We use d.tr.degG/F (see [9, p. 105-109]) to denote
the differential transcendence degree of G over JF, which is the cardinal number of 2. Considering F
and G as ordinary algebraic fields, we denote the algebraic transcendence degree of G over F by
tr.degG/F.

A differential extension field £ of F is called a universal differential extension field, if for any finitely
generated differential extension field 7 of F in £ and any finitely generated differential extension
field F, of /7 not necessarily in £, /7, can be embedded in £ over Fi, i.e. there exists a differential
extension field F3 in £ that is differentially isomorphic to F, over Fp. Such a differential universal
extension field of F always exists [9, Theorem 2, p. 134]. By definition, for any natural number n, we
can find in £ a subset of cardinality n whose elements are differentially independent over F.

Now suppose Y = {y1, ¥2,..., yn} is a set of differential indeterminates over £. For any y € Y,
denote 8y by y®. The elements of F{Y}= ]-'[ygk): j=1,...,n; keN] are called differential polyno-
mials over F in Y, and F{Y} itself is called the differential polynomial ring over F in Y. A differential
polynomial ideal Z in F{Y} is an ordinary algebraic ideal which is closed under derivation, i.e.
8(Z) c Z. And a prime (resp. radical) differential ideal is a differential ideal which is prime (resp.
radical) as an ordinary algebraic polynomial ideal. For convenience, a prime differential ideal is as-
sumed not to be the unit ideal in this paper.

Let f be a differential polynomial in F{Y}. We define the order of f w.r.t. y; to be the greatest
number k such that y?k) appears effectively in f, which is denoted by ord(f, y;). And if y; does not
appear in f, then we set ord(f, y;) = —oo. The order of f is defined to be max;ord(f, y;), that is,
ord(f) = max; ord(f, y;).

A ranking Z is a total order over ®(Y), which is compatible with the derivations over the alpha-
bet:

(1) 60yj>0y;j for § € ® and all derivatives 6y € O(Y).
(2) 61yi > 62yj = 801y; > 862y for § € © and 61y;,62y; € O(Y).

By convention, 1 <@y; for all y; € ©(Y).
Two important kinds of rankings are the following:

(1) Elimination ranking: y; > y; = 8Xy; > 8'y; for any k, [ > 0.
i i
(2) Orderly ranking: k > 1= §%y; > 8'y; for any i, j € (1,2, ...,n}.
j

Let p be a differential polynomial in F{Y} and & a ranking endowed on it. The greatest derivative
w.r.t. Z which appears effectively in p is called the leader of p, which will be denoted by u, or ld(p).
The two conditions mentioned above imply that the leader of 6p is 6up for 6 € ©@. Let the degree of
p in up be d. As a univariate polynomial in up, p can be rewritten as

p=1Iqul + Ig_quy '+ +Io.

I4 is called the initial of p and is denoted by I,. The partial derivative of p w.r.t. up is called the
separant of p, which will be denoted by S,. Clearly, S, is the initial of any proper derivative of p. The
rank of p is uf,, and is denoted by rk(p).

Let p and q be two differential polynomials and u‘lj, the rank of p. q is said to be partially reduced
w.r.t. p if no proper derivatives of u, appear in q. q is said to be reduced w.r.t. p if q is partially
reduced w.rt. p and deg(q,up) <d. Let A be a set of differential polynomials. A is said to be an
auto-reduced set if each polynomial of A is reduced w.r.t. any other element of .A. Every auto-reduced
set is finite.
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Let A= A1, Ay, ..., A; be an auto-reduced set with S; and [; as the separant and initial of A;, and
f be any differential polynomial. Then there exists an algorithm, called Ritt’s algorithm of reduction,
which reduces f w.r.t. A to a polynomial r that is reduced w.r.t. A, satisfying the relation

l_[Sd’ . f=r, mod [A],

where dj, e; (i=1,2,...,t) are nonnegative integers. The differential polynomial r is called the dif-
ferential remainder of f w.r.t. A.

Let A be an auto-reduced set. Denote H4 to be the set of all the initials and separants of A and
H? to be the minimal multiplicative set containing H 4. The saturation ideal of A is defined to be

sat(A) = [A]: H} = {p: 3h e HY, s.t.hp € [A]}.

An auto-reduced set C contained in a differential polynomial set S is said to be a characteristic set
of S, if S does not contain any nonzero element reduced w.r.t. C. A characteristic set C of a differential
ideal 7 reduces to zero all elements of 7. If the differential ideal is prime, C reduces to zero only
the elements of 7 and 7 =sat(C) [9, Lemma 2, p. 167] is valid.

In this paper, we need the following theorem on a property of differential specialization. A set of
elements E C £ is said to be differentially free from F(U), if U is a set of differential indeterminates
over F(E).

Theorem 2.1. (See [4, Theorem 2.16].) Let {uq, ..., u;} C & be a set of differential indeterminates over F, and
Pi(U,Y) € 7{U, Y} (i =1, ..., m) differential polynomials in U = (u1,...,ur) and Y = (y1, ..., yn). Let
Y =1, ¥2,...,Vn), where y yl € & are differentially free from F(U). If P; (IU Y) (i=1,...,m) are differen-
tially dependent over F (U), then for any specialization U to U in F, P O,V =1, m) are differentially
dependent over F.

2.2. Differentially homogenous differential ideals

In this paper, we fix F to be an ordinary differential field with the derivation operator 3§, the field
of constants C, and £ to be a universal differential field of F with the field of constants K.

Let Y = (¥o,...,¥n) and consider the differential polynomial ring F{Y} = F{yo,..., yn} over F.
For any element A of any differential overring of F{Y}, set AY = (Ayo,AY1,...,AYyn). Following
Kolchin [10], we have the following definition.

Definition 2.2. A differential polynomial f € F{yo, y1,...,yn} is called differentially homogenous
of degree m if for a new differential indeterminate A over F{Y}, we have f(Ayo,Ay1,...,AYn) =

A (Yo, Y1, -5 Yn)-

The following result will be used in this paper.

Lemma 2.3. Let f be a nonzero differentially homogenous polynomial of degree m and % any ranking of Y.
Then both of its initial and separant w.r.t. % are differentially homogenous.

Proof. We first consider the separant of f. Let y?o) be the leader of f w.r.t. #Z. Then we have

0 _ @ _ 9 _ 9 _
AVQ(Ayo,...,Ayn) = yy;0> oy (o) (Ayo,....Ayn) = Wf(kyo,...,kyn) = Wk’"f(yo,...,yn) =

A di{u (Yo, ..., yn). Thus, ai@) ()»Y) A= 16‘;’/{;) (Y). It follows that the separant of f is differentially

homogenous of degree m — 1.
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Now we consider the initial of f. Rewriting f as a univariate polynomial in y?o), we have f =
If- (yi("))l +1 .(yi(o))l—l NI (yi@)) + I;, where I is the initial of f. In the above, we have
proved that 3 f/ay\” =117 - (v~ + (= DI - (v)=2 + .- + Iy is differentially homogenous. If
I=1, it follows that Iy = Bf/ay@ is differentially homogenous. While [ > 1, the leader of af/ay@

1 1

is yl@ too. Continuing in this way, % =1y is differentially homogenous. Thus, Iy is differentially
Vi

homogenous. O

More generally, let (yij)i<i<p,o<j<n; be a family of differential indeterminates over &, set
Y; = (¥io,---»Yin;) (1 <1< p), and consider the differential polynomial ring F{Y1,...,Yp} =
F{(yiji<i<p.o<j<n;} over F.Let f e F{Yq,...,Y,} and (d1,...,dp) € NP If for any index i, f is dif-
ferentially homogenous in Y; of degree d;, f is said to be differentially p-homogenous in (Y1, ...,Yp)
of degree (di,...,dp).

Let Z be a differential ideal of F{Y1,...,Y,}. Denote Z : (Yy---Yp)® ={f € F{Y1,...,Yp} |
(J’1j1~~~ypjp)"’f e€eZ, 0< ji1<nq,...,0< jp<npandforsomee} and Z: (Yi---Yp) ={f €
F{Yq, ... Yp} | (V1 ~--ypjp)f €Z, 0<ji<ny,...,0< jp <np). Clearly, Z: (Yq---Yp)* is a dif-
ferential ideal, and is a radical differential ideal coinciding with Z: (Yq---Yp) when Z is a radical
differential ideal.

Definition 2.4. Let 7 be a differential ideal of 7{Yy,...,Y,}. T is called a differentially p-homogenous
differential ideal if 7: (Y1---Yp) =7 and for every P € Z and each index i and a differential indeter-
minate A over F{Yq,...,Yp}, P(Yq,...,AY;,...,Yp) € F{A}Z in the differential ring F{A,Y1---Yp}.
If p=1and Y; =Y, 7 is called a differentially homogenous differential ideal of F{Y}.

For Z C F{Y1,...,Yp} and any ranking % of ((¥ij)1<i<p,0<j<n;)- Z has a characteristic set w.r.t. #
which is not unique. To impose the uniqueness condition on characteristic set, Kolchin gave the defini-
tion of canonical characteristic set which is unique for a differential ideal and a fixed ranking # [10].
Kolchin gave the following theorem to test whether Z is differentially p-homogenous [10].

Theorem 2.5. Let T be a prime differential ideal of F{¥1, ..., Y} and let A denote the canonical character-
istic set of T w.r.t. some ranking of (yij)1<i<p, o< j<n;- Then the followings are equivalent.

o 7 is differentially p-homogenous.

o Z:(Y1---Yp) =1 and for every zero (11, ..., np) of Zin EMH1 x ... x £+ and each s € £\{0} and
each index i, (1, ...,SNi, ..., Np) is a zero of T.

o T:(Y1---Yp) =T and each element of A is differentially p-homogenous in (Y1, ..., Yp).

Let n € N and consider the projective space P(n) over £. Any element (ag,dj,...,a,) of !
different from the origin is a representative of a unique point « of P(n), denoted by (ap:aj :---:ap).
Given ny,...,np € N, we consider the p-projective space P(ny,...,ny) =P(ny) x --- x P(np). For any
point o = (a1, ..., ap) of P(ny,...,np), if a; = (@jo, i1, ..., ain;) is a representative of o; (1 <i < p),
then the element (aij)1<i<p.o<j<n = @1, ...,ap) of EMF1 x ... x £+ js called a representative
of .

Consider a differential polynomial P € £{Y1,...,Yp} and a point « € P(ny,...,np). Say that P
vanishes at «, and that « is a zero of P, if P vanishes at every representative of «. For a subset .# of
P(n1,...,np), let Ix(.#) denote the set of differential polynomials in F{Yy,...,Y,} that vanish on
A and write [(.#) =1x(.#). Let V(S) denote the set of points of P(n1,...,np) that are zeros of the
subset S of £{Y1,...,Yp}. And a subset V of P(ny,...,np) is called a projective differential F-variety
if there exists an S C F{Y1,..., Y} such that V =V(S).

As in the affine differential case, we have a one-to-one correspondence between projective differ-
ential varieties and radical differentially homogenous differential ideals.
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Theorem 2.6. (See [10].) The mapping from the set of projective differential F-varieties of P(ny,...,np)
into the set of differentially p-homogenous radical differential ideals of F{Y1, ..., Y}, given by the formula
V — [#(V), and the mapping in the opposite direction, given by the formula Z — V(Z), are bijective and
inverse to each other. And a projective differential F-variety V is F-irreducible if and only if I(V') is prime.

3. Generic intersection for projective differential varieties

In this section, we will consider the order and dimension of the intersection of a projective differ-
ential variety by a generic projective differential hyperplane. Before doing this, we first give a rigorous
definition of dimension and order for differentially homogenous differential ideals.

3.1. Order and dimension in projective differential algebraic geometry

In the whole paper, when talking about prime differential ideals, we always imply that they are
distinct from the unit differential ideal.

For a differentially homogenous differential ideal Z c F{Y}, we now define the concepts of dif-
ferentially independent set modulo Z, parametric set, and differential dimension polynomial similar
to the affine case. More precisely, a variable set U C Y is said to be an independent set modulo Z if
ZNF{U} ={0}. And a parametric set of Z is a maximal differentially independent set modulo Z.

Lemma 3.1. Let 7 be a differentially homogenous prime differential ideal in F{Y}. Then its parametric set is
not empty.

Proof. Suppose the contrary. That is, for each y;, ZN F{y;} #[0] (i=0,...,n). Let A; be the canon-
ical characteristic set of Z w.r.t. the elimination ranking y; < yo < --- < yn. Then by Theorem 2.5,
each element of A; is differentially homogenous. Since Z N F{y;} # [0], there exists Ajp € A; such
that Ajp € F{y;i}. If ord(Ajp) > 0, it is easy to see that Ajp cannot be differentially homogenous. So
Ajo € Fly;i]. Using the fact that Z is prime, Ajp = y; follows. Thus, for each i, y; € Z. It follows that
1e€Z:Y. By Theorem 2.5, we have Z=7:Y, so Z = F{Y}, which is a contradiction. O

In [8], Kolchin introduced differential dimension polynomials for prime differential polynomial ide-
als. Also see [12] for more detailed discussion. Following Kolchin, we give the definition of differential
dimension polynomials for differentially homogenous prime differential ideals.

Definition 3.2. Let 7 be a differentially homogenous prime differential ideal of F{Y}. Then there

exists a unique numerical polynomial w7z (t) such that wz(t) = dim(IﬂF[(y?k))ggignyogkgt]) for all
sufficiently big t € N. wz(t) is called the differential dimension polynomial of Z.

We can use the differential dimension polynomial to define the differential dimension and order
for a prime differential ideal.

Lemma 3.3. Let Z be a differentially homogenous prime differential ideal of F{Y}. Then w7 (t) can be written
in the form wz(t) = (d + 1)(t + 1) 4+ o for d > 0. We define d to be the differential dimension of Z and o is
called the order of Z.

Proof. By Lemma 3.1, the cardinality of a parametric set of Z is not less than 1. Then by [8, Theo-
rem 2], it follows. O

In the affine case, we can read the information of a differential ideal, such as dimension and
order, from its generic point. However, in the projective case, it is a bit more complicated to do this.
Firstly, we give the definition of generic points for a differentially homogenous prime differential ideal
following Kolchin’s notation [10].
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Consider a point @ = (a1, ...,ap) € P(ny,...,np). Choose a representative a; = (ajo, ..., in;) €
Entl (1 <i < p), and for each i choose one index j; such that ajj; # 0. Denote b; = (ai;:aio, .
...,ai;ilam,.) e&mitl 1<i<p) and b= (b1, ...,byp). For any subfield K of &, the field extension
K@) £ K(b) = K((aggaij)]gigp, o<j<n;) is independent of the choice of the representative (ao, ..., ay)
and indices j;. Denote the set of all points « such that K(o) = K by Pg(ny,...,np).

Consider again the point o = (a1, ...,ap) € P(ny,...,np). Denote the differential field F(F(a))
by F(a). Clearly, the differential transcendence polynomial of (ai;ilaij)lgigp,ogjgn,- is independent
of the choices made above, and may therefore be called the differential transcendence polynomial of o
over F, denoted by wy,r. It can be written in the form w7 (t) =ai(t + 1) +ao where a; € Z. Then
ay is the differential transcendence degree of F(«) over F.

Consider a second point &' = (@}, ..., a,) € P(n1,....np) and a representative (aj,...,a},) of &’;

for each i write aj = (alfo,...,agni) e &M*1 and fix ji such that a;j; #0. If Ir(a) C Ir(a’), then

aij, #0 (1 <i< p), that is, the indices j; can be chosen equal to the indices j, and evidently
(a,{j71‘1§j)1<i<p,0<j<nf is a differential specialization of (ai;(1aij)l§i<p,0<j<n,~ over F. Conversely, if
there exist indices ji, ..., jp such that a;; #0, aj; #0 (1<i<p) and (agj?la,fj)lgigp,ogjgni is a dif-
ferential specialization of (ai;,-]aij)léi@,oéjém over F, then Ir(a) CIx(’). Under these conditions
call o’ a differential specialization of o over F.

Let Z be a differentially p-homogenous prime differential ideal of F{Y1,...,Y,} and V the cor-
responding projective differential F-variety of P(n1,...,np). Thus V is F-irreducible, V =V(Z), and
Z =1(V). And for a point @ € P(n1, ..., np), [r(a) =T if and only if the set of all differential special-
izations of o over F is V.

Call such a point « a generic point of Z in P(n1, ..., np) or a generic point of V over F. And we call

wy, F(t) the differential dimension polynomial of V and denoted by wy and d.tr.deg F(«)/F is called
the differential dimension of V. Then wy and w7 have the following relation.

Theorem 3.4. Let 7 be a differentially homogenous prime differential ideal of F{Y} and V = V(Z). Then
wr®)=0C+1)+owy(t).

Proof. Without loss of generality, assume that V ¢ V(yo). Let (1,1,...,&) be a generic point
of V and u € £ a differential indeterminate over F{(&,...,&,). Firstly, we claim that wz(t) =
tr.deg F!™, (ue)®, ..., (u&y)t)/F for all sufficiently big t € N. Denote Z% to be the affine dif-
ferential ideal in F{Y} consisting of all elements of Z. By the definition of wz(t), it only needs
to show that (u,uéq,...,u&,) is a generic point of Z%. Firstly, each polynomial in Z% vanishes at
(u,uéq, ..., u&,). Suppose f® < F{Y} with f%u,ué,...,u&;) =0. Since u is a differential indetermi-
nate over F(&1,..., &), we can regard f%(u,ué&q,...,uép) as a differential polynomial in u, which is
identically zero. Thus, for each A € £, f%(A, A&y, ..., &) = 0. That is, f9 vanishes at every represen-
tative of (1,&1,...,&,) and f% € Z follows. So f% € 79, and we have shown that (u, u&i,...,ué&,) is
a generic point of 7%
Thus, we have

wz(t) = tr.deg F(ull, e, ... e/ F
=tr.deg F(ul, &, ... &)/ F
= tr.deg F(u"l)/F + tr.deg F(ul) (D™, ..., EDM) /7 (ult)
=(t+1) +trdeg F(EDY, ..., &)/ F
=t+D+owy®). O

By the above theorem, we know that the differentially homogenous prime differential ideal Z has
the same dimension and order as its corresponding projective differential variety V.
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Remark 3.5. The differential dimension polynomial of an irreducible projective differential variety is
a birational invariant but not a differential birational invariant. By this we mean that if V; and V;
are two irreducible projective differential varieties with generic points o and 8 respectively, then the
condition F(a) = F(B) implies that wy, (t) = wy,(t) but the weaker condition F(a) = F(B) does
not. Nevertheless, wy carries with it two fundamental differential birational invariants: the degree
and the leading coefficient. And if the degree is 1, the leading coefficient is just equal to its differential
dimension.

By Lemma 3.1, for every nontrivial differentially homogenous prime differential ideal Z, there ex-
ists at least one index i such that Z N F{y;} = [0]. Since we can permute variables when necessary,
it only needs to consider the case Z N F{yo} = [0]. Denote the set of all nontrivial differentially
homogenous prime differential ideals Z in F{Y} with Z N F{yo} = [0] by S. Denote the set of all
prime differential ideals in F{y1,..., yn} by 7. Now we give a one-to-one correspondence between
S and 7.

Define the maps

¢:SCFY)— T CF{y1,...,yn} and
VT CFY1,...,yn) — S C F{Y} 3.1)

as follows: For each Z C S, suppose (1o, ..., nn) is a generic point of Z. Clearly, ng # 0. Let ¢(Z) be
the prime differential ideal in F{y1,..., yn} with (91/n0, ..., nn/n0) as its generic point. Conversely,
for a prime differential ideal 7% in F{y1,...,yn} with a generic point (&1,...,&), let ¥ (J%) be
a differentially homogenous prime differential ideal in F{Y} with (v, v&;,..., v&;) as a generic point,
where v € £ is a differential indeterminate over F (&1, ..., &). Clearly, ¢ o ¥ =idy and ¢ o ¢ =ids.
By Theorem 3.4, wz(t) = (t + 1) + wy(z)(t). That is, 7 has the same dimension and order as ¢(Z)
which is called the canonical affine representative of Z.

Remark 3.6. The set of affine zeros of Z as a differential ideal in F{Y} is called the cone over V,
whose differential dimension and that of V differ by 1 by Theorem 3.4.

As above, we give the definition of ¢ and  in the language of generic points. Now we will give
an interpretation from the perspective of characteristic sets.

Lemma 3.7. Let A := Aq, ..., Ay_q be a canonical characteristic set of 7 € S w.r.t. any elimination ranking
X with yo < y; for each i. Denote B; = A;(1, y1, ..., ¥n). Then B := B1, ..., B,_4 is a characteristic set of
¢ (T) w.r.t. the elimination ranking induced by %.

Proof. Since 7 is a differentially homogenous prime differential ideal, each A; is differentially ho-
mogenous by Theorem 2.5. Denote the separant and initial of A; by S; and ;. By Lemma 2.3, S; and [;
are differentially homogenous. It follows that S;(1, y1,...,¥n) and I;(1, y1, ..., y) are not zero. Con-
sequently, 1d(B;) = 1d(A;), and the separant and initial of B; are S;(1, y1,...,yn) and L;(1, y1,..., ¥n)
respectively. So B is an auto-reduced set w.r.t. the elimination ranking induced by %.

Let (o, n1,...,Nn) be a generic point of Z. Then (11/no, ..., Mn/No) is a generic point of ¢ (Z).
Clearly, Bi(n1/n0,.-..1a/N0) = Ai(1,n1/7n0,...,0n/N0) = 0. That is, B; € ¢(Z), so B is an auto-
reduced set in ¢ (Z). Let f be any polynomial in ¢(Z) and r the remainder of f w.r.t. 5. Then r € ¢ (Z)
and r(1/no, ... Mn/M0) = 0. Let R = yhr(y1/yo. ..., yn/Yo) € F{Y}. Then R(10.m1..... 1) =0 and
R is reduced w.r.t. A. Thus, R =0 and r =0 follows. As a consequence, B reduces every differential
polynomial in ¢ (Z) to zero. So, B is a characteristic set of ¢(Z) w.r.t. the elimination ranking induced
by Z%. And the lemma is proved. O

Remark 3.8. Since the set of irreducible projective differential varieties and the set of differentially
homogenous prime differential ideals have a one-to-one correspondence, ¢ also gives a one-to-one
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map between the set of irreducible projective differential varieties not contained in yp =0 and the
set of irreducible affine varieties with the inverse map .

3.2. A generic intersection theorem

In affine differential algebraic geometry, we have proved the following intersection theorem.

Theorem 3.9. (See [4, Theorem 3.14].) Let Z be a prime differential ideal in F{y1, ..., yn} with dimension

d > 0 and order h. Let {ug, uq, ..., un} C &€ be a set of differential indeterminates over F. Then 71 = [Z, ug +
U1y1 + - -+ + upynl is a prime differential ideal in F{uo, u1, ..., Un){y1,..., ¥Yn} with dimensiond — 1 and
order h.

A generic projective differential hyperplane is the differential zero set of ugyo+u1y1+---+upyn=0
in P(n) where u; € £ are differential indeterminates over F. Now we try to give the projective version
of the above theorem. Before doing this, we give the following lemma.

Lemma 3.10. Let Z be a differentially homogenous prime differential ideal in F{Y} with dimension d > 0 and
Upyo+u1yi+---+unyn = 0 be a generic projective differential hyperplane. Denote ug = (uo, ..., Uy). Then
the differential ideal Zo = [Z, uoyo+u1y1+---+unynl : (V) C F{Y; up} is a differentially 2-homogenous
prime differential ideal and Zo N F{ug} = [O].

Proof. Let (&,..., &) be a generic point of Z that is free from F(uo, ..., up). Without loss of gener-
ality, suppose &y # 0. Denote 7 = [Z, ugyo + - - - + tunyn]l : (Yup)*®® C F{Y; ug}. We now prove that Zg
is a differentially 2-homogenous prime differential ideal in F{Y; ug} by showing that 7 is a differen-
tially 2-homogenous prime differential ideal in F{Y,ug} and Zg = 7.

Firstly, we show that for any point a € P(n) x P(n), if 7 vanishes at a, then 7 vanishes at every
representative of a. Now, suppose J vanishes at a. For any differential polynomial H € 7, there
exists some e € N such that (yjug)®H € [Z,upyo + --- + upysl for any 0 < j,k < n. Since Z and
Upgyo + --- + upyn vanish at every representative of a, H vanishes at it. It follows that 7 vanishes
at every representative of a. In this way, we say a is a zero of 7. Since Zop C J, Zp has the same
property.

Now let ¢ = (&0, ..., &n; —(U1&1 + -+ - + unén)/éo, u1, ..., uy). We now show that ¢ is a generic
point of 7. For any f € 7, there exists e € N such that (yjuk)"H €[Z,upyo+ -+ upynl. Take j=0
and k = 1. Since &y # 0, it follows that H vanishes at ¢. Conversely, suppose G is any differential
polynomial in F{Y;ug} such that G vanishes at ¢. Let G; be the differential remainder of G w.r.t.
ugyo + - -+ + upyn with ug as its leader, then we have yS"G =Gy, mod [upyo + -+ + unyy] for some
ap € N. Then G; is free from ug and its derivatives with G1(¢) = 0. Regard G; as a polynomial in
F{uq, ..., up){Y}. Then it vanishes at (&, ..., &). Since [Z] C F(u1,...,u,){Y} is a prime differential
ideal with a generic point (&, ..., &), G1 € [ZINF{Y;u1,..., uy}. Thus, ygoG €[Z,upyo+---+unynl.
And for any index jo such that &;; # 0, similarly in this way, we can show that there exists aj, € N
such that y%oG €l[Z,ugyo+---+unynl. And if £;, =0, then y;, € Z, and y;,G € [Z,ugyo+- - - +unynl.
Thus, it follows that G € J and ¢ is a generic point of 7. Similarly, we can show that ¢ is also
a generic point of Zy. By Theorem 2.5, Zp = J is a differentially 2-homogenous prime differential
ideal.

Suppose dim(Z) > 0. Then there exists an i € {1, ..., n} such that ZNnF{yo, yi} = [0]. It follows that
&i/&o is differentially independent over F. By Theorem 2.1, uy, ..., u, are differentially independent
modulo Zy. O

Now, we give the following generic intersection theorem.

Theorem 3.11. Let Z be a differentially homogenous prime differential ideal in F{Y} with dimension
d > 0 and order h. Let wy = {ug, uy,...,un} C € be a set of differential indeterminates over F. Then
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T1 =[Z,upyo+u1y1+---+upynl: Y is a differentially homogenous prime differential ideal in F (up){Y}
with dimension d — 1 and order h.

Proof. By Theorem 3.9, [¢(Z), ugp +uq1y1+---+unyn] is a prime differential ideal of dimension d — 1
and order h in F(up){y1,...,yn}, where ¢ is defined in (3.1). Notice the fact that if we can show
¢(T1) =[¢p(@),ug +u1y1 + -+ + unyn), then it follows that Zy is a differentially homogenous prime
differential ideal in F(up){Y} with dimension d — 1 and order h. So it remains to show that ¢ (Z;) =
[¢(D),uo +ury1+ -+ uUnynl.

Firstly, we show that Z; is a differentially homogenous prime differential ideal. Let Zy be the
differential ideal [Z,uoyo + u1y1 + -+ + unpyn] : Y in F{Y;ug}. By Lemma 3.10, Zy is a differ-
entially 2-homogenous prime differential ideal in F{Y;ug} and Zy N F{up} = [0]. Now we show
that 71 = [Zo] C F(ug, uq, ..., up){Y} is a nontrivial prime differential ideal. If 1 € Z;, then we have
To N Ffuo, uq,...,un} #[0], a contradiction. So Z; # [1]. Suppose f1, f2 € F(ug, uq, ..., un){Y} with
f1f> € Z;7. Then there exist h;j(ug) (i =1,2) such that h; f; € F{Y;up}. So (hyf1)(haf2) € Zyp. Then
hy f1 € Zy or hy f2 € Iy, and it follows that f1 € Z; or f, € Z7. Thus, Z; is a differentially homogenous
prime differential ideal. Moreover, Z; and Zy have the following relations:

(i) Zhy N F{Y; up} = Zo.
(ii) Any characteristic set of Z; in F{Y; up} is a characteristic set of Z.
(iii) Any characteristic set of Zy with ug contained in its parametric set is a characteristic set of Zj.

Since 77 # [1], by Lemma 3.1, there exists i such that Z; N F(up){y;} = [0]. Without loss of gen-
erality, we suppose Z7 N F{(up){yo} = [0]. Let A C F{Y;up} be a characteristic set of Z; w.rt. the
elimination ranking yop < y1 <--- < yn. Then A is also a characteristic set of Zg w.r.t. the elimination
ranking ugp < --- < Up < Yo < Y1 < -+ < yn. Let B be the auto-reduced set obtained from A by set-
ting yo =1 in each element of A. By Lemma 3.7, B is a characteristic set of ¢(Z7). Both ¢(Z1) and
[¢(@D),ug +u1yq + -+ upyn] are prime differential ideals. If we can show that B is a characteristic
set of [¢(Z), up +u1y1 + -+ Upynl, then ¢(Zy) =[¢ (L), up +ury1 +--- + upyn] follows.

We claim that B is a characteristic set of Z§ = [¢(Z), ug + u1y1 + --- + unyn] C F{Y;up}. We
already know that if (&p,...,&;) is a generic point of Z, then (&,...,&; —(U1&1 + -+ + un&n)/éo,
uq,...,Up) is a generic point of Zy and (&1/%o, ..., &n/60; —(U1E1/E0 + - -+ + unén/&0), U1, ..., Uy) is a
generic point of Z§. Recall that B has the same leaders as .A. It is easy to see that B; € Z§. For any dif-
ferential polynomial f € Z§, let r be the remainder of f w.r.t. B. Then r(& /o, ..., & /&0; —(u151/80 +
<t upén/éo), uq, ..., up) =0. Let T y{)r(y1/y0, ..., ¥n/Yo; Uo, ..., Un) where [ is the denomination
of r [11]. Then (&, ..., & —(U1&1 + - - + Un&n) /€0, U1, . .., Un) = 0. So ' € Zy. But A is also a char-
acteristic set of Zy, thus, " =0 and r = 0 follows. Thus, B is a characteristic set of 73 It follows that
B is a characteristic set of [¢(Z), ug+ui1y1+---+upynl. Thus, ¢ (Z1) = [¢p(D), ug+u1y1+---+upynl
and the theorem is proved. O

4. Chow forms for projective differential varieties

In this section, we will define the Chow form for an irreducible projective differential variety and
prove its basic properties.

Let V be an irreducible projective differential F-variety in P(n) of differential dimension d and
order h. Suppose V does not lie in the hyperplane yg = 0. Intuitively, the Chow form of V is obtained
by intersecting V with d 4+ 1 generic projective differential hyperplanes.

Let {ujj: i=0,...,d; j=0,...,n} C& be a set of differential indeterminates over F and set

u={u;:i=0,...,d; j=1,...,n}.

Let £ =(1,&1,...,&) be a generic point of V, which is free from u;;. Denote ¢ = —Z?zl ujj&;j
(i=0,...,d). Since dim(V) =d, d.tr.deg F(&1,...,&,)/F =d. Then as in the affine differential case
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[4, Lemma 4.1], we can prove that d.tr.deg F(u)(¢o, ..., ¢q)/F(u) =d. Since ¢o,...,¢q are differen-
tially dependent over F(u), there exists a relation

fuwgo,....5a)=0

where f is a differential polynomial in F(u){ugp, ..., ugo} with minimal order. We choose f to be an
irreducible differential polynomial in F{u; ugo, ..., U4o}. Denote u; = (ujp, ..., ujp) (=0,...,d).
Definition 4.1. The above irreducible differential polynomial f(u;uqo,...,uq49) € F{u; ugo, ..., Udo} is

defined to be the differential Chow form, or simply the Chow form, of V, denoted by F(uy, ..., ug).

Let Z be the differentially homogenous prime differential ideal in F{Y} associated to V, where
Y =(o,...,¥n). Let Py =ujoyo +uj1y1 +---+ujnyn (i=0,...,d). Then we have the following the-
orem which can be used to compute the Chow form.

Theorem 4.2. The ideal 7 = [Z, Py, ..., Pq]: Yug---ug)® in F{Y, ug, ..., uy} is a differentially (d + 2)-
homogenous prime differential ideal in Y, ug, ..., ug with 7 N F{uy, ..., ugq} = sat(F), where F is differen-
tially (d 4+ 1)-homogenous.

Proof. Firstly, we show that for any point a € P(n) x P(n) x --- x P(n) = (P(n))4*2, if 7 vanishes at a,
then J vanishes at every representative of a. Now, suppose J vanishes at a. For any differential
polynomial H € 7, there exists some e € N such that (yjugj,u1j, - --ugj,)°H € [Z,Po, ..., P4] for any
0<j,jo,...,ja <n.Since Z and Py, ..., Py vanish at every representative of a, H vanishes at it. It
follows that 7 vanishes at every representative of a. In this way, we say a is a zero of 7.

To prove 7 is a prime differential ideal, it suffices to show that ¢ = (1, &1, ..., &; ¢o, Uo1, - - -, Uon;
...; ¢4, Ug1, ..., Ugn) iS a generic zero of 7. Firstly, it is easy to see that ¢ is a zero of J. Now,
suppose that G is any differential polynomial in F{Y, ug, ..., us} such that G(c) =0. Now, Py, ..., Py
form an auto-reduced set w.r.t. any elimination ranking of U?:O uw; UY such that z < ugp < -+ < ugp
for any z € YU u. Let G1 be the differential remainder of G w.r.t. Py, ...,P4. Then G1 is free of ujg
(i=0,...,d) and

y5G = Gq, mod [Py, ..., Py] (@eN).

So Gp vanishes at c. Since Gy € F{Y,u}, now rewritten G; as a differential polynomial in u with
coefficients in Y, ie., G = Z¢¢(u)g¢ where ¢ (u) are different differential monomials in u and
g4 are differential polynomials in F{Y}. Thus, G1(c) = Z¢¢(u)g¢(§) = 0. Since u are differential
indeterminates over F (&), g4(§) =0 for any ¢. So, g4 € Z and y{G € [Z, Py, ...,[P4]. And for any
index jo such that &;, # 0, it is easy to show that &, ..., s and u\{(ujj,)ogiga} are differentially
independent over F(£). Similarly in this way, we can show that there exists aj, € N such that y‘;é"G €
[Z,Po,...,P4]. And if &, =0, then y;, € Z, and y,G € [Z, Py, ..., P4]. Thus, it follows that G € J.
By Theorem 2.5, J is a differentially (d + 2)-homogenous prime differential ideal. Clearly,

J N Flug,...,uy} is a differentially (d + 1)-homogenous prime differential ideal with a generic zero
(o, Uo1, .-+, Uon; -3 &d, Ud1, - - -» Ugn). Since w,¢q,...,¢q are differentially independent over F, the
canonical characteristic set of 7 N F{uo, ..., uy} consists of only one differential polynomial, which is

differentially (d + 1)-homogenous by Theorem 2.5. By the definition of differential Chow form above,
this polynomial differs from F by only one factor in F. It follows that 7 N F{uy,...,u4} = sat(F),
and F is differentially (d + 1)-homogenous. O

Similar to the differential affine case [4, Lemma 4.9], we have the following result.

Lemma 4.3. Let F(up, uq,...,uy) be the Chow form of an irreducible projective differential variety V and
F*(ug,uq, ..., uq) obtained from F by interchanging u, and u.. Then F* and F differ at most by a sign.
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Furthermore, ord(F, u;j) (i=0,...,d; j=0,1,...,n) are the same for all u;; occurring in F. In particular,
ujo (i=0,...,d) appear effectively in F. And a necessary and sufficient condition for some u;; (j > 0) not
occurring effectively in F is that yj € I(V).

Based on the above lemma, we define ord(F) = ord(F, ugp). By Definition 4.1, we know that F is
also the differential Chow form of ¢ (V). Since V is of dimension d and order h, ¢ (V) is of dimen-
sion d and order h too. Thus, by [4, Theorem 4.11], we have the following theorem.

Theorem 4.4. Let V be an irreducible projective differential variety of dimension d and order h, and
F(ug, ..., uy) the differential Chow form of V. Then ord(F) = h

We can also prove the above theorem directly using Theorem 3.11. Similarly to the affine case
[4, Theorem 4.27], the projective differential Chow form has the following Poisson-type product for-
mula [16].

Theorem 4.5. Let F(up, uq, ..., ug) = f(u; ugo, ..., Uqo) be the Chow form of an irreducible projective dif-
ferential F-variety which is of dimension d and order h, and does not lie on the hyperplane yo = 0. Then, there
exist £71, ..., &rp in a differential extension field (Fr,d8;) (t =1, ..., g) of (F(u), §) such that

(h)

g n

F(ug,uy,...,uy) = A(ug, uy, ..., ug) l_[ (uoo + Z u0p§rp> (4.1)
T p=1

where A(ugp, uy,...,ug) is in Flug,...,ug}, 0= U?:o u;\{ugo} and g = deg(f, u(h)) Note that Eq. (4.1)
is formal and should be understood in the following precise meaning: (ugo + Z’;ﬂ uopgw)“) 2 §hygo +

(=1 topkp)-

For an element 1 = (19, 71, .. ., ), denote its truncation up to order k as ¥ = (5o, 91, ..., 7n,
(k) (k) (k)
co Mg My s M )e

Now we introduce the following notations:

0
aIF’( ) = 9Py := g0 yo + Uo1 Y1 + - - + UonYn,

1
aIP( ) —a 6 = uooyo +uOoyo +u01y1 +u013/1 =+ - +u0nYH +u0nyns

a (S) (k) (s—k)
Fo ZZ(,)%, (4.2)

j=0k=0
which are considered to be algebraic polynomials in }"(u[s] ...,u,[f])[Y[Sl], and ugf), yfj) are treated
as algebraic indeterminates. A point n = (19, 11, ..., NJn) is said to be lying on “Pék) if regarded as an

algebraic point, n' is a zero of “]Pg(). Then similar to the affine case [4, Theorem 4.36], the following
theorem holds.

Theorem 4.6. The points (1,&;1,...,&m) (t =1,..., g) in (4.1) are generic points of the projective differ-
ential F-variety V. If d > 0, they also satisfy the equations ZZ:O Ugpyp =0 (o =1,...,d). Moreover, they

are the only elements of V which also lieon P; (i=1,...,d)! as well as on ”Péj) (j=0,...,h—1).

TIfd=0,P; (i=1,..., d) is empty.
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For a differential polynomial F, when we say 7 is in the general solution of F =0, we mean 7 is
a zero of sat(F). As to the relations between the differential Chow form and the projective differential
variety, we have the following theorem.

Theorem 4.7. Let F(ug, uq, ..., uy) be the differential Chow form of V and Sg = % Suppose that u; are
Ugo

differentially specialized over F to sets v; C £ and P; are obtained by substitutingw; by v; in ; (i =0, ..., d).
IfP;=0(@{=0,...,d) meetV,then (vg, ..., Vy) is in the general solution of the differential equation F = 0.
Furthermore, if F(vg,...,vq) =0 and Sp(Vo, ...,Vq) # 0, then the d + 1 differential hyperplanes P; = 0
(i=0,...,d) meetV.

Proof. Let Z be the differentially homogenous prime differential ideal in F{Y} associated to V. If
Pi=0 (i=0,...,d) meet V, there exists a = (o, ...,an) € P(n) with a;, # 0 such that P; and Z
vanish at a. Since [Z, Py, P1,...,Pg]: (Y)>®° N F{ug,uq,...,uy} = sat(F), for any differential polyno-
mial G € sat(F), there exists e € N such that y?G €[Z,Py,Pq,...,Pq] for every j=0,1,...,n. So
(@i)¢G(vo, ...,vg) =0, and G(vp, ..., vq) =0 follows. Thus, (vg,...,Vy) is in the general solution of
F=0.

Conversely, suppose F(vg,...,Vg) =0 and Sg(vo,...,vq) #0. Let (1,&1,...,&,) be a generic point
of V. Denote ¢; = —Z'}:] ujjéj (i=0,...,d). By Definition 4.1, F(u; {o, ..., {q) = 0. Differentiating
(h)

F(u; &g, ...,¢9) =0 wir.t. Ug,, We have
oF —
— —&,SFr=0, (4.3)
au
0p
where aig) and Sy are obtained by replacing (uqo, ..., ugo) with (¢o, ..., Zs) in ﬁg) and Sf respec-
1)

tively. Since (1, &1, ..., & ¢o, Uo1, <oy Uon; +- -5 {d> U1, - - -, Ugn) 1S @ generic point of [Z,Pg,Pq,...,P4]:

(Y)®, by Eq. (4.3), Ap = SFy, — ai%yo €[Z,Po,P1,....,Pq1: (V)™ (p=1,...,n). It is easy to
0p

see that F,Aq,...,A, is a characteristic set of [Z,Py,Pq1,...,Pq]: (Y)*® w.rt. the elimination
ranking ugp; < -+ < Ugy < U710 < -+- < Ugg < Ugo < Yo < ¥1 < -+ < ¥p. Thus, for any H € Z and
each IP;, there exist e and e; such that S¢H € [F, Aq,..., Ay] and S?IP’i € [F,Aq,...,Aq]. Let y; =
BZ‘Z) (Vo,...,VY9)/SF(vo,...,vg) fori=1,...,n. Clearly, (1, y1, ..., ¥n; Vo, ..., Vg) iS @ common zero of

0p
F,A1,...,An. Thus, H(, ¥1,...,ya) =0 and P;(1, ¥1,..., ¥a) = 0. That is to say, (1, ¥1,..., ya) is
a common point of V and P; =0. O

5. Application to linear dependence over projective variety

Let V be an irreducible algebraic variety in Px(n) that is defined over C. Note that K is the
constant field of £. Call an element v = (vo, ..., vy) € E! linearly dependent over V if there exists
a y € V such that for a representative (cop,...,cn) of y, Z’}:O cjvj =0. In this section, V is fixed
to be an algebraic variety in Px(n) that is defined and irreducible over C. In [10], Kolchin gave the
following theorem.

Theorem 5.1. Let R denote the set of points of P(n) that are linearly dependent over V. Then there exists
a differential polynomial Ry € C{Y}, irreducible over C, such that an element belongs to R if and only if it is
in the general solution of the differential equation Ry = 0. Ry is unique up to a nonzero factor in C and is
differentially homogenous with its order equal to the dimension of V.

In a footnote of his paper [10], Kolchin mentioned that H. Morikawa pointed out to him that
the differential polynomial Ry is the algebraic Chow form of V computed at the signed mi-
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nors of the matrix (y;i))ogigdyogjgn. That is, if G((uij)ogigd,0<j<n) is the Chow form of V, then

Ry = G((J/;’))ogigd,ogjgn)-

Clearly, V has a natural structure of projective differential C-variety, defined by its defining
polynomial equations P; =0 (1 <i < s), together with the differential equations yiy} - yjyi=0
(0<i<j<n). Let V% be the projective differential variety defined by P; =0 (1 <i <s) and
yiy;—yjyi=00<i<j<n.

In this section, we will explore the relationship between Ry and the differential Chow form of V¢,
Before giving the main result, we first prove two lemmas.

Lemma 5.2. If dim(V) = d, then V? defined as above is an irreducible projective differential variety of differ-
ential dimension zero and order d.

Proof. Let 7o =I(V) c C[Y] and (co, ..., cp) € K™ a generic point of Zy. Without loss of generality,
suppose cg # 0. Consider the differential ideal 7 = [Zp, (y,-y/j - yjy§)o<,~<j<n] 1 (Y)*® of C{Y}. Then
we have V% = V(7). We claim that 7 is a differentially homogenous prime differential ideal.

Let u € £ be a differential indeterminate over K. To prove 7 is a prime differential ideal, it suffices
to prove that (uco, ..., ucy) is a generic point of 7. Firstly, it is easy to show that (uco,...,ucyp) is
a zero of 7. Now, let G € C{Y}, which vanishes at (ucg, ..., uc,). Let Z be any ranking of Y such that
Yo=<Yyj(j=1,...,n).Then A:= yoy’j —Yjyo (j=1,...,n) is an auto-reduced set w.r.t. Z. Suppose
the remainder of G w.r.t. A is G1. Then G1 € C{yo}[V¥1,..., Yn] and there exists some a € N such that

y5G = G1, mod [A].

Since G(uco,...,ucy) =0, G1(uco, ..., ucy) =0. Rewrite G1 as an algebraic polynomial in the proper
derivatives of yo with coefficients in C[Y], then we have G; = Z¢¢(y6, yg, ...)Gy(Y) where
¢ (¥y, ¥y, - --) are distinct monomials in yg, yg,.... Since u’,u”, ... are algebraic indeterminates over

K(u), Gg(uco, ..., ucy) =0, so, Gy € Iy for each ¢. Thus, y§G € [Zo, (y,'y; — ¥j¥Dogi<j<nl- Similarly,

for any jo such that cj, # 0, we can show that y%"G € [Zo, (yiy; — ¥j¥Dogi<jgnl for some aj; € N.
And for any jg such that c¢;, =0, y;, € Zo. So, G € J and (uc, ..., ucy) is a generic point of 7. Thus,
J is a prime differential ideal. Clearly, 7 : (Y) = 7 and for any zero n of J and every s € £*, sn is
a zero of 7. By Theorem 2.5, 7 is a differentially homogenous prime differential ideal. So V? is an
irreducible projective differential variety and (uco, ..., ucy) is a generic point of it.

The differential dimension polynomial of V? is

uc; (k)
wys (t) :tr.degC((—]) 01 gjgn,kgt)/c

ucp
= tr.degC((cj/co)(k): 1<j<nk<t)/C

=tr.degC(cj/co: 1< j<n)/C=dim(V)=d.

Thus, V? is of dimension zero and order d and the lemma follows. O

Lemma 5.3. Let Gyj = yiy'; — y;y; (0 < i, j <n). Then for alll, jo and m, y™ y™ =

where h(yj,) € C{yj,}.

him(yj,) - y1, mod [G ]

Proof. Fix | and jo. Form=1, y;yy; = y;-oyl + G- Suppose it holds for 1,...,m — 1. Since G;':I_]) =

-1 _ m—1 /m-1\,,(m—-1-s) (s+1) m—1 m-1y  ,(m—s) _(s) C,m _ ~(m=1)
Wioyr — Vipyn ™D = X (") T = X ()5 v vy =G+

ZZ”:‘R((m;l) - (T?__f))yj-?fs)y,(s) + y;’:)yl. By the hypothesis, yjoyl(s) =hs(yj,) - y1, mod [Gjy] holds
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(m) _ —1,~(m-1) m—1,m-1 m—1 (m—s) —-1_.(9) m) m—1, _
for s <m —1. Thus, y7y, _y'j’; G+ X (") - (S_]))yjo y% »w+yi y’j’(’) yi=

hm(¥jo) - y1. mod [G ], where hyy = 3751 (") — (T:1]))y§‘?_3)y%7571h5 + yﬁ‘?)y%q‘ o
Now we give the main theorem as follows.

Theorem 5.4. Let ug = (uqp, ..., Ugn). Then the differential polynomial Ry (ug) defined in Theorem 5.1 is
equal to the differential Chow form of V? in the sense of multiplied by a nonzero constant in C.

Proof. By Lemma 5.2, V? is an irreducible projective differential variety of dimension zero and or-
der d. Let F(ug) be the differential Chow form of V?. Then by Theorem 4.4, ord(F,ug) = d. By
Theorem 5.1, ord(Ry, up) =d.

Let P = Z?:o up;yi. Since Ry (ug) and F(up) are irreducible differential polynomials in C{ug} with
the same order, if we can prove Ry (ug) € [I(V?), Pg]: (Yug)>® N F{ug} = sat(F(ug)), Ry and F differ
at most by a nonzero constant in C. Now we are going to show that Ry (ug) € [I(V?), Po]l: (Yup)®.

Let Zo = I(V) c C{Y} and (co,...,cn) a generic point of V. Let Fg(up,...,uy) be the algebraic
Chow form of V, where uy, ..., uy are the vectors of coefficients of the generic algebraic hyperplanes
L1,..., Ly respectively, and Lo = Py is regarded as an algebraic hyperplane at the very moment. For
the algebraic Chow form, we have (Zp,Lo,LL1,...,Lg) : Y N F{ug} = (Fo). Suppose cj, # 0. Then
there exists an aj, such that

d
a
Vi Fo(uo, ..., ug) =Y Mg+ ) gifi (5.1)
k=0 i
where f; € Zy c C i G _ oy ® (k) (k)
i € Zo C C[Y] and hi, g; € C[Y, ug, ..., uq]. Denote uy’ = (uy, ..., Uy, ). Replace u by uy
n(5.1) fork=1,...,d, we obtain
aj d d
Vil Fo(uo.ug. ... ug") =) "L+ ) &ifi. (5.2)
k=0 i

where L = uggJ/o + ug‘1>y1 + -4 ug,?yn. Denote Gj; = yiy/j —yjy; (0<i, j <n). Now we claim that

there exists by € N such that

}’?gﬂjk € [Po. (Gijoxi,j<n] (k=0,....d). (5.3)

Assuming the claim holds. Denote e;, = max{aj, + b}. Then by (5.2), for each jo such that c;, #0,
we have y;éo Fo(ug, u), ..., ul?) € [I(V®), Pol. So Ry () = Fo(uo, u), ..., ul”) € [I(V?), Po] : (Yuo)™.
Thus, it suffices to prove the claim.

Now we are going to prove the claim (5.3) by induction on k. Firstly, Lo = Po. And_for
k=1, Li =Y ougy = QClouay) — Yitotay, =Py — Y [Louoy,. By Lemma 53, y;L; =
YioPy — XioUayio¥] = ¥ioPy — LitoUol(Gjot = ¥jo¥) = ¥oPo — XisouaGjol + ¥, Po. So it
holds for k = 1. Now suppose the claim holds for integers less than k and we now deal
with k. Since [ = Y1, ug;)yl =P — Yok (K)ulT™y ™, it follows that y’j‘.OIE} = y’;OIP’go -

k— k o
2’1;1:1 (151) Yo “f)l m)yljoyl(m) = Y’}OPE) L (,I;)hm(yj‘o)y’}o MLg_m, mod [(Gij)oxi,j<n]- By the hy-
pothesis, for s <k, ylj’.;ILTS € [Po, (Gij)oi, j<n]- Thus, the claim follows. O

Combining Theorem 5.1 with Theorem 5.4, we have the following corollary.
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Corollary 5.5. Let V? be defined as above and F (ugg, U1, . . ., Ugn) its differential Chow form. If voj € Eisany
differential specialization of ugj (j =0, 1,...,n), then V% meets the differential hyperplane vooyo + Vo1 y1 +
-4+ Vopyn =0ifand only if (voo, Vo1, ..., Von) is in the general solution of the differential equation F = 0.

6. Conclusion

In this paper, we first prove a theorem for the intersection of an irreducible projective differential
variety with generic projective differential hyperplanes. Then we define the Chow form for projective
differential varieties and give its basic properties. Finally, we show that the formula on linear depen-
dence over an algebraic projective variety given by Kolchin is actually the differential Chow form of
the projective variety teated as a differential projective variety in certain sense.

For an algebraic projective variety V of dimension d, its projective Chow form gives a necessary
and sufficient condition for V having common points with the d + 1 hyperplanes Z'}:o ujjxj =0
[6, p. 50]. For a particular kind of projective differential varieties, Corollary 5.5 tells us that sat(F)
gives a necessary and sufficient condition that V and the differential hyperplane Z?:o ugjyj =0
intersect, where F is the projective differential Chow form of V. However, up to now, for general
projective differential varieties, Theorem 4.7 only gives a necessary condition. Due to Corollary 5.5,
we conjecture that the Chow form also gives a sufficient condition. That is,

Conjecture. Let V be an irreducible projective differential variety over F with dim(V) = d. Suppose
F(up,uy, ..., uy) is the projective differential Chow form of V. If vj € £ is a differential specialization of
ujj (i=0,...,d; j=0,1,...,n), then a necessary and sufficient condition that V and the d + 1 differential
hyperplanes

Vioyo+ Vity1+ -+ vinyn =0 ({=0,...,d)

have points in common is that (vo, V1, ..., Vg) is in the general solution of the differential equation F = 0,
where v; = (Vig, ..., Vin).

The above conjecture cannot be proved by showing that the projective differential space is dif-
ferentially complete which is invalid [10]. One possible way is to extend the proof for the affine
counterpart given in [6] to the differential case, where the corresponding problem is to study differen-
tial resultant for two differentially homogenous differential polynomials in two differential variables.

References

[1] W.D. Brownawell, Bounds for the degrees in the Nullstellensatz, Ann. of Math. 126 (3) (1987) 577-591.
[2] A. Buium, PJ. Cassidy, Differential algebraic geometry and differential algebraic groups, in: H. Bass, et al. (Eds.), Selected
Works of Ellis Kolchin, with Commentary, Amer. Math. Soc., Providence, RI, 1998, pp. 567-636.
[3] D. Eisenbud, F.O. Schreyer, ]. Weyman, Resultants and Chow forms via exterior syzygies, J. Amer. Math. Soc. 16 (3) (2004)
537-579.
[4] X.S. Gao, W. Li, C.M. Yuan, Intersection theory in differential algebraic geometry: Generic intersections and the differential
Chow form, Trans. Amer. Math. Soc., 58 pp., in press, also in arXiv:1009.0148v2.
[5] LM. Gel'fand, M. Kapranov, A. Zelevinsky, Discriminants, Resultants and Multidimensional Determinants, Birkhduser, Boston,
1994.
[6] W.V.D. Hodge, D. Pedoe, Methods of Algebraic Geometry, vol. I, Cambridge University Press, 1968.
[7] G. Jeronimo, T. Krick, J. Sabia, M. Sombra, The computational complexity of the Chow form, Found. Comput. Math. 4 (1)
(2004) 41-117.
[8] E.R. Kolchin, The notion of dimension in the theory of algebraic differential equations, Bull. Amer. Math. Soc. 70 (1964)
570-573.
[9] E.R. Kolchin, Differential Algebra and Algebraic Groups, Academic Press, New York, London, 1973.
[10] E.R. Kolchin, Differential equations in a projective space and linear dependence over a projective variety, in: Contributions
to Analysis: A Collection of Papers Dedicated to Lipman Bers, Academic Press, 1974, pp. 195-214.
[11] E.R. Kolchin, A problem on differential polynomials, Contemp. Math. 131 (1992) 449-462.
[12] M.V. Kondratieva, A.B. Levin, A.V. Mikhalev, E.V. Pankratiev, Differential and Difference Dimension Polynomials, Kluwer
Academic Publishers, 1999.
[13] W. Li, X.S. Gao, C.M. Yuan, Sparse differential resultant, in: Proc. ISSAC 2011, ACM Press, New York, 2011, pp. 225-232.



360 W. Li, X.S. Gao / Journal of Algebra 370 (2012) 344-360

[14] W. Li, C.M. Yuan, X.S. Gao, Sparse differential resultant for Laurent differential polynomials, 2012, 70 pp., arXiv:1111.1084v3.

[15] Yu.V. Nesterenko, Estimates for the orders of zeros of functions of a certain class and applications in the theory of tran-
scendental numbers, Izv. Akad. Nauk SSSR Ser. Mat. 41 (1977) 253-284.

[16] P. Pedersen, B. Sturmfels, Product formulas for resultants and Chow forms, Math. Z. 214 (1) (1993) 377-396.

[17] P. Philippon, Critéres pour L'indépendance Algébrique, Inst. Hautes Etudes Sci. Publ. Math. 64 (1986) 5-52.

[18] J.E. Ritt, Differential Algebra, Amer. Math. Soc., New York, 1950.



	Chow form for projective differential variety
	1 Introduction
	2 Preliminaries
	2.1 Basic notions in differential algebra
	2.2 Differentially homogenous differential ideals

	3 Generic intersection for projective differential varieties
	3.1 Order and dimension in projective differential algebraic geometry
	3.2 A generic intersection theorem

	4 Chow forms for projective differential varieties
	5 Application to linear dependence over projective variety
	6 Conclusion
	References


