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Abstract This paper generalizes the method of Ng6 and Winkler (2010, 2011) for finding rational
general solutions of a first order non-autonomous algebraic ordinary differential equation (AODE) to
the case of a higher order AODE, provided a proper parametrization of its solution hypersurface.
The authors reduce the problem of finding the rational general solution of a higher order AODE to
finding the rational general solution of an associated system. The rational general solutions of the
original AODE and its associated system are in computable 1-1 correspondence. The authors give
necessary and sufficient conditions for the associated system to have a rational solution based on
proper reparametrization of invariant algebraic space curves. The authors also relate invariant space
curves to first integrals and characterize rationally solvable systems by rational first integrals.

Key words Algebraic ODE, associated system, invariant algebraic space curve, rational first integral,
rational general solution.

1 Introduction

An algebraic ordinary differential equation (AODE) is of the form F(z,y,y/,--- ,y™ 1Y) =0,
for F' a polynomial over a differential field. By well established methods in differential algebra,
cf. e.g., Ritt!!, the solution set of an AODE can be decomposed into the components defined by
their prime differential ideals. The general component is the one on which the separant of F' does
not vanish. In [2], Hubert gave a method for finding the general solution of a first order non-
autonomous AODE by computing a Grobner basis of the prime differential ideal defining the
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general component. Feng and Gaol®# presented a method for explicitly computing the rational

general solution of a first order autonomous AODE based on a rational parametrization of its
corresponding algebraic curve. The degree bounds for curve parametrization derived by Sendra
and Winkler!® make this method completely algorithmic. Subsequently, the rational general
solution of a first order non-autonomous AODE was studied by Ngé and Winklerl®") based on
a proper parametrization of its corresponding algebraic surface. Their method is algorithmic
in the generic (non-dicritical) case by using the degree bound in [8].

In this paper, the results of Ng6 and Winkler are generalized to the case of a higher order
AODE with a rational solution hypersurface. In fact, based on a proper parametrization of
the solution hypersurface, we can obtain an associated first order rational system, which has a
very special structure making it amenable to rational solution. Moreover, the rational general
solutions of the original AODE and its associated system are in computable 1-1 correspondence.
We present a method for finding a rational general solution of the associated system based on
proper parametrizations of its invariant algebraic space curves. We also relate invariant space
curves to first integrals and characterize rationally solvable systems by rational first integrals.

Note that we only consider AODEs with rational solution hypersurfaces, i.e., having a proper
parametrization. Whereas for curves and surfaces unirationality coincides with rationality, it is
well known that not every unirational hypersurface in higher dimensional space can be properly
parametrized® =11 Also, we don’t have a degree bound for invariant algebraic space curves for
the case of n > 2. A similar problem arises in generalizing Hubert’s?l method to AODEs of
higher order; namely, to determine a bound on the number of derivations to be considered.
Nevertheless, we present a general method for finding rational general solutions of higher order
AODEs, relative to the problems mentioned above.

The paper is organized as follows. In Section 2, we introduce some known concepts and
results related to differential polynomials and rational general solutions. In Section 3, we explain
how to derive the associated first order rational system, and we prove the correspondence
of rational general solutions of the original AODE and its associated system. Section 4 is
devoted to presenting our method for finding rational general solutions of associated systems.
In Sectiond, based on the form of the generators of the ideal defined by a rational general
solution and the relation between invariant algebraic space curves and rational first integrals,
we give a criterion for deciding when the associated system has a rational general solution.
Finally, we concluded with some open problems in Section 6.

2 Preliminaries

In this section, we recall some well known concepts and results in differential algebra. More
details can be found in [1, 12]. Most notions in the case of two differential indeterminates
have been introduced in [6]. For completeness, we give some similar notions for n differential
indeterminates here.

Let K be an algebraically closed field of characteristic zero. K(z) is the differential field of ra-
tional functions in x with the usual derivation d‘i (which we also denote by /) and s1, 82, , Sp
are n differential indeterminates over K(z). The j-th derivative of s; is denoted by s;;; for s;
we also write s;9. The differential polynomial ring K(x){s1,s2,"-, .} is the ring consisting
of all polynomials in s; (1 < ¢ < n) and all their derivatives. In the following, we consider
two differential rings K(x){s1, s2, - , s} and K(z){y}, where y is another differential indeter-
minate. Note that y; denotes the j-th derivative of y. Most notions defined for n differential
indeterminates can also be applied to the case of a single indeterminate.

Let F € K(x){s1,82, - ,8n} be a differential polynomial. The i-th derivative of F is
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denoted by F®. For F(!) we also write F”. The order of F with respect to s; is the greatest
j such that s;; occurs in F, denoted by ords, (F). We let ords, (F)) = —1 if F' does not involve
any Sij.

Definition 1 Let F,G € K(x){s1, 82, -, Sn}. Suppose that the indeterminate s; appears
effectively in both of them, where 1 < i < n. F is said to be of higher rank than G (or G of
lower rank than F') in s; if one of the following conditions holds:

a) ords, (F) > ords, (G);

b) ordy, (F)) = ordy, (G) = j and deg,, (F) > deg, (G).

Definition 2 Let A ={s;; | i =1,2,--- ,n,k € N}. The ord-lex ranking on A is the total
order defined as follows: s, < sj iff k <lor k=1and ¢ < j.

The ord-lex ranking defined in Definition 2 is considered as the ranking in the differential
ring K(x){s1, s2,- - ,8sn} throughout this paper. Note that the ord-lex ranking is an orderly
ranking. For any F € K(z){s1,s2, -, s, }\K(z), the greatest derivative occurring in F' with
respect to the ord-lex ranking is called the leader of F. The leading coefficient with respect to
the leader of F' is called the initial of F', the partial derivative with respect to the leader of F' is
called the separant of F. For a usual multivariate polynomial, its initial is defined as its leading
coefficient with respect to a chosen variable. If all s;; in ord-lex ranking are regarded as new
algebraic variables and the chosen variable corresponds to the leader of the given differential
polynomial, then the two initials in differential and algebraic cases are the same.

Definition 3 Let F and G be two differential polynomials in K(x){s1, s2,- - ,8,}. Then
G is reduced with respect to F' iff G is of lower rank than F' in the indeterminate defining the
leader of F'.

Let A C K(z){s1,52, - ,sn}. The differential polynomial set A is called autoreduced iff no
elements of A belongs to K(x) and each element of A is reduced with respect to all the others.

Definition 4 Let F € K(x){s1, $2, -, $n}. By Ritt’s reduction, for any P € K(z){s1, s2,

-, Sn}, there exists a representation

SFI'P =" QiF% + R,
i>0

where S is the separant of F, I is the initial of F, Q; € K(x){s1,s2,---,8n}, F*) is the i-th
derivatives of F, k,1 € N, the leader of P is of at least as high rank as the leader of F() and
R € K(x){s1,82, ", Sn} is reduced with respect to F'. Here, R is called the differential pseudo
remainder of P with respect to F', denoted by prem(P, F').

Let us recall some notations about ideals, following [1]. We will denote by (P) the algebraic
ideal generated by an algebraic polynomial set P, by [P] the differential ideal generated by a
differential polynomial set P, and by {P} the radical ideal of [P]. This notation clashes with
the usual notation of sets; if the meaning is not clear from the context, we will explicitly clarify
it. Now, let F' € K(z){y} be an irreducible differential polynomial and S the separant of F'. It
has been proved in [1, chap II, sect. 14] that

{F}=({F}:S)n{F S},

where {F} : S = {H € K(z){y} | SH € {F}}. The differential ideals {F'} : S and {F, S} define
the general component and the singular component of F(y) = 0 respectively. Moreover, {F'} : S
is a prime differential ideal in the differential ring K(x){y}. By Ritt ([1, chap II, sect. 6]), any
prime differential ideal different from the unit ideal has a generic zero.

Definition 5 Let F' € K(z){y} be an irreducible differential polynomial of order n — 1 in
y. The equation F(y) = F(x,y,y,- -,y 1) = 0 is called an algebraic ordinary differential
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equation (AODE). A generic zero of the prime differential ideal {F'} : S is called a general
solution of the AODE F(y) = 0.

In [1, chap II, sect. 13], Ritt also proved that for any P € K(z){y}, P € {F} : S if and only
if prem(P, F') = 0. So this gives us an algorithmic way to check whether a solution of F(y) =0
is a general solution via pseudo division in the differential ring K(z){y}.

Theorem 6 A zero n of F is a general solution of F(y) = 0 if and only if for any
P e K(z){y}, if P(n) =0, then we have prem(P, F) = 0, and vice versa.

In the next section, Definition 5 and the statement in Theorem 6 will be generalized from a
single AODE to the case of a system.

3 Associated System of Higher Order AODEs

Let I be the universal extension field over K. In this paper, we are interested in looking for
rational general solutions y = f(z) € K(z) of the higher order AODE

F(x7yayla"' 7y(n_1)) 207 (1)
where F' € K[z,y,y1, - ,Yn—1] is an irreducible polynomial over K and n > 2. By regarding
z,y,y -,y 1 asindependent algebraic variables, the algebraic equation F(z,y,y1,"** yYn—1)

= 0 defines an algebraic hypersurface S in the affine space A"T1(K). We call S the solution
hypersurface of the differential equation (1).
Assume that the solution hypersurface S is rational, i.e., it has a proper parametrization

P(81,827"' 7Sn) = (X1(81,827"' 75n)a"' ,Xn+1(81,827"' 75n))a

where x; € K(s1, 82, ,8n) € K(81,82, -+ ,8,). Observe that this is a strong assumption. We
know that in low dimension (2 and 3), every unirational variety is rational. But not for higher
dimension!). Since P is a birational map A™"(K) — S € A"T!(K), there exists a birational
inverse map P! defined on S.

A rational solution y = f(x) of the differential equation (1) is an element of K(z) such that

F(z, f(z), f'(x), -, f"V(x)) = 0.

It follows that the parametric space curve C = (z, f(z), f'(x), - , f*~D(x)) lies on the solution
hypersurface S. C is called the solution curve of y = f(z).

Definition 7 Let y = f(z) € K(z) be a rational solution of the AODE F(z,y,y/,--- ,y" 1)
= 0 and C its solution curve. C is parametrizable by P iff C is almost contained in image(P) N
domain(P~1), i.e., except for finitely many points on C, where P is a proper parametrization
of the solution hypersurface S.

Lemma 8 Let the solution hypersurface S of F(x,y,y',--,y"= 1) = 0 be rational via the
proper parametrization

P(ShSQa' t 7Sn) = (X1(81752a' t 5871)7)(2(817527" : 7871)7" : 7Xn+1(81752;' t 5871))'

Then F(z,y,y, -,y V) = 0 has a rational solution, which is parametrizable by P, if and
only if the system

x1(s1(x), s2(x), -+, sn(x)) = =,
Xi(sl(x)aSQ(x)v"' 75”('13)), :X¢+1(51(J)),82($),"' 7577/('7:))7 1=2,3,---,n (2)
has a rational solution (s1(x), s2(x), -, sp(x)).
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Proof (=) Assume that y = f(x) is a rational solution of F(z,y,y’,--- ,y(”_l)) =0,
which is parametrizable by P. From

(Sl(x)a 52('7:)7 e 7577,(33)) = ,Pil(xv f(.l?), f’(.]?), e af(nil)(x))v
we get

P(s1(x), s2(2), - sn(@)) = PP~ (w, f(x), f'(), -+, f" V()
= (:L’, f(:L’), f’(l’), T af(nil)(x))v

which means

X1(s1(x), s2(x), -+ s sa(@)) = 2, Xi(s1(2), 52(2), s sa(2)) = O P(), i=2,3,- 1,

ie., (s1(x),s2(x),---,sp(x)) is a solution of System (2). Moreover, (s1(x), s2(x),- -+ ,sn(z)) is
a rational solution because P~ is a birational map and f(z) is a rational function.
(«<=) If rational functions s; = s1(x), s2 = s2(), -+ , $n = sp(x) satisfy System (2), then it

follows from F(P(s1(x), s2(x),- -+, sn(x))) = 0 that y = x2(s1(x), s2(x), - , sp(z)) is a rational
solution of the differential equation F(x,y,y/,---,y™ D) =0.

System (2) can be transformed by differentiating the first equation and expanding the re-
maining equations. We obtain a linear system of equations in s}(z) of the form

A (s (@), sh(x), - s (2))" = B,

»Sn
where
Oxa(s1,82,+,8n)  Oxa(s1,82,7,8n) 1
9 Osn
51 iy X3(81;327"' 7sn)
A= : ) : , B= .
Oxn (51,82, ,8n) | Oxn(s1,82,,8n) )
Os1 Osn Xn-l—l(sla 82, 7571)

Solving this linear system in s}(z) according to Cramer’s rule, assuming that det(A) # 0, we

see that (s1(z),s2(x), -, sn(x)) is a solution of the system of rational differential equations
Ui(s1,82, -+ ,Sn)
/ (2 ) Y 19N .
s, = 1=1,2,---,n, 3
K3 ‘/;;(51752,.'.7(9”)7 Y ) ) ( )
where U;, V; € K[s1, 82, -, 8»] can be computed in terms of x1, x2, -+ , Xn+1. In fact, U; and
V; are the numerator and denominator of (A1) respectively, where A; is the matrix formed

det(A) ’
by replacing the i-th column of A by B.
If det(A) = 0, then (s1(x), s2(x), -, sp(x)) is a solution of the system

Ai(51752;"'73n)207 Z.:1527"'an_1a A(51752;"'75n)207

where A;(s1, 82, -+ ,8n) and A(s1, 82, - ,8,) are numerators of det(A4;) (1 <i <n—1) and
det(A), respectively.

Definition 9 System (3) is called the associated system of the AODE (1) with respect to
P(s1,82, " ,8n)-

Remark 10 The associated system in the new indeterminates si,sa,--- , s, is of a very
special form; it is

1) autonomous (coefficients do not depend on the variable x),
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2) of order 1, and
3) of degree 1 with respect to s}, 5, , s

»on:*

We transform (3) into polynomial relations by setting
A; ::V;sg—Ui for 1<i<n.

Then the differential polynomial set A = {A1, Ao, -+, A, } C K(x){s1, 52, -, Sn} is an autore-
duced set relative to the ord-lex ranking. Note that the initial and separant of A; are the same.
According to the definition of autoreduced set and Proposition 1 in [12, chap I, sect. 9], we have
the following proposition.

Proposition 11 Let A = {41, As,--- , Ay}, where A; = Vis, —U; for 1 < i < n. For
any differential polynomial G € K(z){s1, 82, ,sn}, there exists the following representation
by consecutive reductions with respect to the autoreduced set A

VIV VinG =3 QuAY 3 Q0 AV -+ 3 QuiAD + R,

j=20 j=20 Jj=20

where [; € N, Agj) is the j-th derivatives of A;, the leader of G is of at least as high rank as
the leader of AgJ), Qij € K(z){s1,52,-- ,sn}, 1 = 1,2,---,n, and R is reduced with respect
to A. Here, R is called the differential pseudo remainder of G with respect to A, denoted by

prem(G, A).
Remark 12 As the order of A; is 1 and the degree of A; with respect to s} (1 < i < n)
is 1, it follows that prem(G, A) is always a polynomial in K(x)[s1, s, - , s,] for any differential

polynomial G € K(x){s1,s2, - ,Sn}.
By replacing s} by z; and s; by ¢; in A, we get the polynomial set

B = {Zi‘/i(tlat%"' 7tn)_Ui(t17t27"' 7tn) | 1= 172a"' ,TL}.

Since z;V; — U; is linear with respect to z;, B is an irreducible triangular set ([13, sect.4.1])
with respect to the order t1 < to < -+ < ¢, < 21 < 22 < -+ < z, of the algebraic indeter-
minates. It follows that B is a characteristic set of the prime polynomial ideal sat(B) = (B) :
Sg° =A{G € K(z)[t1,t2, + ,tn, 21,22, , 2n) | ([1ieq Vi)?G € (B) for some g € N} ([13, The-
orems 6.2.4 and 6.2.14]) in Ritt’s definition ([1, chap I, sect.5]). Therefore, [A] : S5° = {G €
K(z){s1,82, - ,sn} | (I[Ti=; Vi)?G € [A] for some g € N} is a prime differential ideal (see [1,
chap V, sect. 3]). By Proposition 2.1 in [14] and the fact that [A] : S§° is prime (which implies
[A] : S3° = {A}: 5%°), we have the following decomposition

wh =53 ( Q{A,m),

where [A] : S5° and ;_,{A, V;} define the general component and the singular component of
A. Observe that every solution of System (3) is a zero of A for which none of the V;’s vanish,
ie., it is a zero of [A] : S§°. Therefore, a general solution of System (3) can be defined as
follows.

Definition 13 A generic zero of the prime differential ideal [A] : Sg° is said to be a general
solution of System (3). A general solution (s1(x),s2(x), -, sp(x)) of System (3) is rational iff
all s;(x) are rational functions in x.

Theorem 6 gives a method for deciding whether a solution of a single AODE is in fact a
general solution. Now, we generalize this to the case of a system of AODEs of the form (3).
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Theorem 14 A rational solution 5(x) = (51(z), 52(z), - -+ , 5n(x)) of System (3) is a rational
general solution, if and only if

V G € K(z){s1,52,- " ,sn} : (G(5(x)) =0 <= prem(G,A) =0), (4)

where A = {A1,As,--- ,An} and A; = Vis, — U, for 1 <i<n.
Proof 1In order to prove that 5 is a general solution of (3) if and only if (4) holds, we have
to show
VG e K(z){s1,s2, - ,sn}: (Ge[A]: S5 < prem(G,A) =0),

ie.,

[A] : SKO = {G S K(J?){SLSQ; T ;Sn} | prem(G,A) = 0}

But A is a characteristic set of the prime differential ideal [A] : S§°, which means
{G € K(z){s1,52,--,sn} | prem(G,A) =0} = [A]: SF°.

So the theorem is proved.

In fact, Theorem 14 provides an algorithmic way for checking whether a solution of Sys-
tem (3) is a general solution via pseudo division. Next, we turn this into a criterion involving
only algebraic (not differential) polynomials in the indeterminates s1, s2,: - , Sp.

Lemma 15 A rational solution (51(x),S2(x), -+, 5,(x)) of System (3) is a rational general
solution if and only if for any G € K(x)[s1, 82, , $n|, G(51(2), 52(x), -+ ,3n(x)) = 0 implies
G =0 in K(z)[s1, 82, " , Sn)-

Proof (=) Since G € K(z)[s1,582, " ,Sn], we have prem(G,A) = G. It follows from
Theorem 14 that G(51(z), 52(z),- -+, Sn(x)) = 0 implies G = 0.

(<) Let H € K(x){s1, 82, ,8n}, and R = prem(H, A), where A = {41, As,--- , A, } and
A; =V;s; — U, for 1 <i <n. We need to prove

H(51(x),82(x), - ,5n(x)) =0 <= R=0.

Obviously, R € K(z)[s1, $2," - , $n]. I H(51(x), 52(x), - ,8x(x)) = 0, then R(51(x), S2(x), -+ ,
Sn(x)) = 0. So, by the assumption, R = 0. Conversely, let R = 0. From Proposition 11, we get

VitV VirH = ZQle?) + ZszAgj) o Y QuAY,

Jj=0 Jj=0 >0

and consequently

n

H ‘/;li(gl(x)v §2(J)), T En(x)) ) H(gl(x)v §2(J)), T En(x)) =0.

i=1
Since (51(x), 52(x), - -+, 5n(x)) is a solution of System (3), we know V;(51(z), 52(z), - , 5n(2))
# 0 for any 1 <4 < n. Therefore, H(51(x), 52(x),--- ,5n(z)) = 0. According to Theorem 14,
the rational solution (51(x), 32(x), -, 8,(x)) is a rational general solution of System (3).

Based on the previous preparation, we can prove the following conclusion, which reduces
our problem of finding a rational general solution of a higher order AODE to finding a rational
general solution of its associated system.

Theorem 16 Let y = f(z) be a rational general solution of F(x,y,y,---,y" V) =0. If
y = f(x) is parametrizable by P(s1, 82, ,8n) = (x1(81,82, * ,8n), " s Xnt1(81, 82, ,8n)),

then
(51('7:)7 SQ(x)a e 75”('7:)) = ,Pil(xv f(x)v f’(.]?), T f(nil)(x))
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is a rational general solution of System (3) when det(A) # 0. Conversely, let (51(x), S2(x),- -+ ,
$n(2)) be a rational general solution of System (3), then

@\: XQ(/S\I(x - C),/S\Q(CIJ—C),'” a/s\n(x _C))

is a rational general solution of F(xz,y,y',--- ,y™ V) =0, where ¢ = x1(51(z), 52(x), - - - , 5n(x))
—.

Proof According to the process for obtaining System (3) after Lemma 8, it is clear to see that
(s1(x), s2(x), -+ ,sn(x)) is a rational solution of this system when det(A) # 0. Suppose that
G is a differential polynomial in K(x){s1, s2,- -, sn} such that G(s1(x), s2(x), -+, sn(z)) = 0.
Let R = prem(G,A), where A = {A;, Ay, , Ay}, A; = Vis, = U; for 1 < i < n, then
R € K(z)[s1, 82, , $n]. Moreover, we have

R(s1(x), s2(2), -+, su(x)) = R(P~(z, f(2), f'(x),- -, [ V(@) = 0.

Let M )
— T, Y, Y1, 3 Yn—1
R(P ! (x 1y 1)) = ’

(P~ (@, 9,91, s Yn—1)) Ny v gn 1)’
then M (z,y,y,--- ,y("’l)) is a differential polynomial satisfying the condition

M(xa f(x)a f/(x)a e 7f(n71)($)) = 0.

Since f(z) is a rational general solution of F(x,y,y’,---,y™ 1Y) = 0 and both F and M are
the (n — 1)-th order differential polynomials, we have

IlM(%?JJ/a e 7y(n_1)) = MOF;

where I is the initial of F', I € N and M, is a differential polynomial of order n — 1 in K(z){y}.
Therefore,

R(s1,82, -+ ,85) = R(P™YP(s1,82,- ,5n)))
B INP(s1,82, + ,80))M(P(s1,82, - ,5n))
Y P(s1,82, »80))N(P(51,82, - ,52))
_ MO(P(SleQa"' 78n))F(P(81782a"' vsn))
IN(P(s1,82,  y8n))N(P(s1,52, - ,8n))

=0.
According to Theorem 14, we know that (s1(z), s2(x), -, s,(x)) is a rational general solution
of (3).
Next, we need to construct a rational general solution of F(x,y,y/,---,y™ D) = 0 from
a rational general solution of System (3). Assume that (51(z),32(x), -+ ,S,(x)) is a rational
general solution of (3). We have
x1(51(x),%2(z), - ,5n(z)) =3+ ¢ (5)
by substituting §1(z), S2(x), -+ , 8, (x) into x1(s1, 82, -, s,), where ¢ is a constant. It follows
that x1(S1(z—c¢),$2(x—c), -+ ,Sp(x—c)) = x. Therefore, ¥ = x2(51(x—c),S2(x—c), - ,Sp(x—
c)) is a rational solution of F(x,y,y’, -+ ,y™ 1) = 0. Moreover, it is necessary to prove that 7

is a general solution. Let G € K(x){y} such that G(§) = 0 and R = prem(G, F') the differential
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pseudo remainder of G with respect to F. Obviously, R(y) = 0. We only need to prove that
R = 0. Assume that R # 0, then

R(X1(81,82,"' 7sn)7X2(81a327"' 7871);"' 7Xn+1(81;527"' 7871))
_ W(51752)”' 7877,)

c K .
Z(Sl,SQ,' .. ;sn) (81752; 7Sn)

As R(Xl(é\l,gg, cee ,gn)7x2(§1,§27 cee ;§7z)7 cee 7Xn+1(§1;§27 cee ;gn)) = 0, it follows that W(gl,gg,
-, 8p) = 0. By Lemma 15, we have W (s1, s2, -+, s,) = 0. Hence,

R(XI(SDSQ;' o asn)7X2(817527"' 7sn)7" ! 7Xn+1(81782a' te ,Sn)) =0.

Since F is irreducible and deg,n-1) (R) < deg, -1 (F), it follows that R = 0 in K[z,y,y1,--- ,
Yn_1]. Therefore, 7 is a rational general solution of differential equation F(z,y,5/, - ,y™~1) =
0.
Remark 17 Note that the constant ¢ in Theorem 16 is necessary. Indeed, if (5 (x), s2(x),
-, Sn(x)) is a general solution of System (3), according to the autonomousness of this system,
($1(x 4+ c1),82(x 4+ 1), ,Sp(x + ¢1)) is also a general solution of (3), where ¢; is a constant.
Assume that x1(81(x),$2(x), -+ ,5,(x)) = 2. Then

x1(51(x+c1),82(x+c1),- - ,Su(x+ 1)) =z + .

Therefore, y = x2(81(x +¢1),82(x +¢1), -+ ,8u(x + ¢1)) is not even a solution of Equation (1).
This means that whenever we get one general solution of System (3), we have to reparametrize
the solution by translating a constant. Later, in Example 25, the constant —co will play the
role of the constant ¢ in Theorem 16.

By Theorem 16, we know that the rational general solutions of the original higher or-
der AODE and its associated system are corresponding with respect to the given proper
parametrization. In the following, we will present our methods for finding a rational general
solution of the associated system.

4 Invariant Algebraic Space Curves and Rational General Solutions of
Associated Systems

A rational solution of System (3) is an n-tuple of rational functions (s1(x), s2(x), - , sp(x))
which satisfies the given system. A solution (s1(z), s2(x), -, sp(x)) is trivial if all the s;(z) are
constant. Each non-trivial rational solution of (3) represents a rational algebraic space curve for
which the rational solution itself is a rational parametrization. Geometrically, such a rational
algebraic space curve can be implicitly defined by the intersection of at least n — 1 algebraic
hypersurfaces. Therefore, it is possible to compute a non-trivial rational solution of (3) by
finding the implicit rational algebraic space curve (i.e., the implicit defining equations of those
algebraic hypersurfaces such that this space curve is determined by their intersection) of the
possible non-trivial rational solutions first, and then choosing suitable parametrizations of the
space curve which satisfy System (3). Because trivial rational solutions are easy to compute,
we restrict our attention to the computation of non-trivial rational solutions. From now on, we
simply write rational solution for a non-trivial rational solution, if no confusion can arise.

We consider the differential operator

- 0
D= U; W,
; J Jasj7
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where W; = lcm(vl"‘f’ Va) , U;j and Vj are the numerator and denominator of the right hand
sides of System (3), respectlvely Hence, for any H € K[s1, 82, -+, 8,], D(H) = ijl U;W;H,,,
where Hy, is the partial derivative of H with respect to s;.

Definition 18 Let Hl,Hg, . H € K[s1, 892, , Sn]- Ile,H2,~ I;'m satisfy

D(H;) € (Hy,Hy, -+ ,Hy,), i=1,2---,m, (6)

and <ﬁ1,ﬁ2,' . ,I;'m> C Kls1, 82, -, 8] is a 1-dimensional ideal, then Z(Hl,Hg,"' ,ﬁm),
the intersection of the respective hypersurfaces defined by Hl,HQ, . Hm, is an invariant
algebraic space curve of System (3).

Observe that if Hy, Hy, - , H,, satisfy (6), then for any P € (Hy, Ha,--- , Hy,), we have

D(P) € (Hy, Hy, - , Hy,). (7)
Indeed, assume that P =" C, H;, where C; € K[s1, 82, , Sn], then

ZD H—I—ZCD ) <ﬁ1,ﬁ27"'7Hm>-

=1

Therefore, Definition 18 does not depend on the choice of a set of generators of the ideal.
Note that only irreducible space curves can be parametrizable. From now on, we only consider
irreducible invariant algebraic space curves.

Let (s1(x), s2(x), - ,sn(z)) be a rational solution of System (3). This solution defines a
parametric space curve C. Let

Ie ={G € K[s1, 82, ", $n] | G(s1(x), s2(x), - ,sn(x)) =0} CK]s1,82, -, 8p]

be the implicit ideal determined by C. As Z¢ has a generic zero (s1(x), s2(x), -+ , sp(z)) which
only depends on one parameter, it is a 1-dimensional prime ideal. For every prime ideal 7
in K[sq, 82, - ,8p] there exists an irreducible regular chain T, such that Z = sat(T), and

dim(Z) = n — |T|, where
sat(T) = {G € K[s1, 52, -+ ,8n] | HIG € (T) for some g € N},

H is the product of initials of all polynomials in T, and |T| is the number of polynomials
in T. These facts can be found in [15, Proposition3.4], [16, Theorem3.1] and [17, Theo-

rem 3.3]. Therefore, there exists an irreducible regular chain {H;, Ha,--- , H,_1}, such that
Zc =sat(Hq, Ha, -+ , H,_1). Here and subsequently, we assume w.l.o.g that H; € K[sq, s2,- -,
57;4_1].

Lemma 19 Let ﬁz € K[s1,82, -+ ,8n] such that Z(ﬁl,ﬁg,"' ,ﬁm) is an trreducible
invariant algebraic space curve of System (3). Then there exists an irreducible reqular chain
{Hy,Hs, - ,Hy_1}, H; € K[s1,52, -, 8i+1], such that

(Hy, Hy, -+ , Hy) = sat(Hy, Ha, -+, Hy 1) (8)

Furthermore,
D(Hi)ESat(Hl,Hg,--~ ,Hn_l), fOTZ'ZLZ,-“ ,n—1. (9)
Proof By assumption, we know that (ﬁl, Hy,--- ,f[m> C K[s1, 82, , Sn] is a 1-dimensional

prime ideal. It follows from the previous remark that there exists an irreducible regular chain

@ Springer



RATIONAL GENERAL SOLUTIONS OF HIGHER ORDER ODES 271

{H1,Hs, - ,Hp_1} such that (8) holds and H; € K[s1, $2, -, s;4+1]. We have the ideal inclu-
sion
<H1; HQ; e 7Hn—1> g Sat(Hh HQ; e aHn—l) - <H17 HQ; e aHTn>-
So, from (7), we get D(H;) € sat(H1, Ho, -+, Hp—1).
Lemma 20 Let {Hq, Ho,- -+ ,H,_1} be an irreducible reqular chain, where H; € K[s1, s2, -+,
sit1] satisfy System (9). Then there exist Hy, Ho, - , H,, € K[s1, 52, , 8p] such that

Sat(Hla H27 T 7Hn71) - <ﬁ1; ﬁQv T 7ﬁm>
Furthermore, Z(I:ﬁ, Hy,--- ,ﬁm) is an irreducible invariant algebraic space curve of System (3).
Proof According to Hilbert’s basis theorem sat(Hy, Ha, -, H,—1) has a finite basis, say
H17H2, s ,Hm. So sat(Hl,Hg, s ,Hn_l) = <H17H2, ce 7Hm> Since HIL c Sat(Hl,HQ, BN
H,_1), there exists ¢; € N such that
Hqiﬁ’i€<H17H2a"'an*1>v i:172a"'7m7 (10)

where H is the product of initials of Hy, Ho, -+, H,_1. Assume that H‘“I;Q = E;le PijHj,
where P;; € K[s1, 52, -+, Sp]. Then

n—1 n—1
H% D(H;) = D(H" H;) — D(H")H; = Y _D(P;j)H; + > P;; D(H;) — D(H")H;
j=1 j=1
S sat(Hl, HQ, e ,Hn_l).

According to the irreducibility of (Hy, Ha, -+, H,—1), we know that sat(Hy, Ha, -, Hy—1) is
a prime ideal. As H ¢ sat(Hq,Ha, -, H,_1), we have

D(H;) € sat(Hy, Hy, -+ , Hy_1) = (Hy, Hy, -+, Hp,).

The H; form aregular chain, so we have dim(sat(Hy, Ha,- -+ , H,—1)) = 1. Therefore, Z(ﬁl, H,,
-, H,,) is an invariant algebraic space curve.
According to Lemmas 19 and 20, we know that the condition in System (9) gives an alterna-

tive definition for irreducible invariant algebraic space curve, i.e., Z(sat(Hy, Ha, -+, H,—1)) is
an irreducible invariant algebraic space curve of System (3) if and only if {H1, Ho, -+ , H,—1} is
an irreducible regular chain, where H; € K[s1, 2, - , s;41] satisfy System (9). For determining
invariant algebraic space curves we choose an upper bound for the degrees of Hy, Ho,--- , H,_1,

make an ansatz for the undetermined coeflicients, and compute H; by solving the corre-
sponding algebraic equations in their coefficients (In fact, one can compute the normal form
of D(H;) modulo the Grobner bases G of the ideal sat(H;, Ho,- -, H,_1) first, denoted by
nform(D(H;),G), then the system of equations on the coefficients of H; can be obtained by set-
ting the coefficients of nform(D(H;), G) with respect to s; equal to 0). Then we decide whether
{Hy,Hs, -, H,_1} is irreducible regular chain, in the affirmative case, we can get the implicit
representation of the invariant algebraic space curve by computing sat(Hi, Ha, -, H,—1). If
Definition 18 is used for computing invariant algebraic space curves, more undetermined coef-
ficients are involved. This increases the complexity of computation. Moreover, the number of
generators of the ideal of the invariant space curve can be arbitrary.

Lemma 21 Let Z(sat(Hy, Hs, -, Hn,—1)) be a rational invariant algebraic space curve of
System (3), where H; € K[s1, 82, , Sit1], and (s1(x), s2(x), -+ , $n(x)) is a rational parametriza-
tion Of Z(Sat(Hlv H2a e 7Hn71))' If‘/j(sl(x)a 82(1’), T ;Sn(x)) 7& 0 fO’f‘j = ]-7 2; L then

s .Uk(sl(x%s?(x)a"' 7Sn(x)) _

T yS2(x), -, sp(x)) _ o
B Vs (@), s2(@), -+, $n(2)) , k=23, ,n. (11)

(J?), e ,Sn(l‘)) ’
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Proof By assumption, we have D(H;) € sat(Hy, Ha, -+, H,—1). Observe that H; € sat(H;,
Hy, -+ ,H,_1). Since (s1(z), s2(x), - , sp(x)) is a parametrization of Z (sat(Hy, Ha, -+ , Ho—1)),
we have

D(H;)(s1(x),52(2), - ,sn(z)) =0, Hi(s1(x),s2(x), -+, si11(x)) = 0. (12)

By expanding the first equation and differentiating the second one with respect to x of (12),
we have

i+1

A= Z;Hisj (si(x),s2(x), -+, six1(x)) - Uj(s1(x), s2(x), - -, sn(x))

’ Wj(81($),82(x), T vsn(x)) =0,
i+1

= ZHiSj (81(%), 82(1’), T 7Si+1(x)) ’ 3;(‘%) =0,
j=1

fori =1,2,--- ,n — 1. According to the irreducibility of Z(sat(Hi, Ha, - ,H,_1)), we know
that {H;y, Ha, -, H,_1} is an irreducible regular chain, which means that H; as a univariate
polynomial with respect to s;41 is irreducible over K(s1(x), s2(x), -+ , si(z)). Therefore,

Hig,\\ (s1(x), s2(x), -+, sip1(x)) #0, fori=1,2,---,n—1. (13)

In fact, assume that Hjg,,, (s1(z),s2(x), -+ ,si+1(x)) = 0. By combining this with the second
equation of (12), we see that H; is not squarefree with respect to s;+1. This is a contradiction
to the irreducibility of H;. In particularly, Hi,,(s1(x), s2(x) # 0. Therefore, the system deter-
mined by 4; = 0 and B; = 0 has the non-zero solution (Hys, (s1(x), s2(x), His, (s1(), s2(x)).
So that the determinant of coefficients matrix is equal to 0, i.e., det(M>z) = 0, where

Ui(si(x), s2(), -+ s sn(2)) Ua(s1(2),52(2),- -+, (@)
M, = |Wilsi(2), s2(2), - sn(@)) -Walsi(x), s2(2), - -+, sn(2))

s1(x) s5(x)

In the following, we will prove by induction det(M}) = 0, for k = 3,4, --- ,n, where

Ui(si(2), s2(x), -+ s n(2)) Ug(s1(2), 52(), -+, 5n(2))
M. = | Wils1(z), s2(2), -+, sn(2)) Wis1 (@), saa), - sn(x))

s1 (@) sx(2)

Assuming det(M}) = 0 to hold for all & < I, we will prove it for k = [. In fact, the system
determined by A;_1 = 0 and B;_1; = 0 can be rewritten as

H1)s: |(s1(2),52(2),s1(2)) - UtWil (51 (2),2(2), -+ 50 ()
HZLI_(zfl)s:,|<51<z>,52<z>,--- s1(@) " UWil(s1.(2),55(2),++ 150 (2))

=- Z H1)s; 1 (s1(2),52(0),++1(2)) * UiWil(s1.(2),52(2),+ 150 (2)
H(ll—1)31 |(sl(x),32(:c),~~~ () 5,1 ({E) + H(l—l)sl |(Sl($),$2($),"' si(x)) SE(:L’)
-1

= =Y H1)s, (1 (@).saa) i) - 55(2).
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If det(M;) # 0, then by Cramer’s rule

li H(l—l)sj (s1(2), s2(2), - -, s1(x)) det (M)
Hq s, (51(2), 82(2), -+, s1(x))) = =" det(M;)

Since det(M;) = 0 for j = 2,3,---,1 — 1, Hy_1)5,(s1(2),52(x),--- ,s(x)) = 0. This is a
contradiction to (13). Therefore, det(M}) = 0 for k = 2,3,--- ,n. Taking into account that
Vi(s1(x),s2(x), - ,sn(x)) #0 for j =1,2,---,n, we see that System (11) holds.

The condition V;(s1(x), s2(z),- -+, sn(x)) # 0 in the above lemma means V; ¢ sat(H1, Ho,

,H,_1). The parametrization problem for algebraic plane curves has been studied inten-
sively (e.g., in [18-19]). Therefore, the key point for computing a rational parametrization of
the invariant algebraic space curve mentioned in Lemma 21 is to birationally project it to a
plane curve (see [20]). This lemma tells us that not every rational parametrization of a rational
invariant algebraic space curve can provide a rational solution of System (3). They are the
candidates of rational solutions. In the following, we will give a theorem which provides a
necessary and sufficient condition for the associated system to have a rational solution. Before
that, we need to introduce an important property of proper parametrizations of rational space
curves.

Lemma 22 Let Py(t) be a proper parametrization of an affine rational space curve C, and
let Pa(t) be any other rational parametrization of C.

a) There exists a non-constant rational function R(t) such that Pay(t) = P1(R(t)).

b) Pa(t) is proper if and only if there exists a linear rational function L(t) such that P2(t) =
Pr(L()).

Proof a) Assume that ¢ :C — C is a birational mapping from the space curve C onto the
plane curve C. Cis also rational. Indeed, since the space curve C is properly parametrized
by Pi(t), the plane curve C is properly parametrized by P1(t) = @(P1(t)). Similarly, Pa2(t) =
©(P2(t)) is a parametrization of the rational plane curve C. According to Lemma 4.17 in [19],
we have ’ﬁg(t) = 731(R(t)), where R(t) is a non-constant rational function. It follows that

Pa(t) = o~ (Pa(1)) = o (P1(R(1))) = Pi(R(2)).

b) Since ¢ is birational, Ps (t) is proper if and only if Py (t) is proper. So the statement
follows from the appropriate statement for plane curves.

Note that not all components in the computed proper parametrization of a rational space
curve are constant. In other words, if (s1(z), s2(z),- -+ , sn(x)) is a proper parametrization of the
given rational space curve, then at least one of s;(x) is non-constant. In the sequel we present
a method for finding a rational solution of System (3) based on the proper parametrization of
its invariant algebraic space curve.

Theorem 23 Let Z(sat(Hy, Ha, - - ,Hn_l)) be a rational invariant algebraic space curve
of System (3), such that V; & sat(Hy1, Ha, -+ ,Hp—1) fori=1,2,--- ,n—1andj=1,2,--- ,n,
where H; € K[s1, 82, -+, Si+1], and let ( 1(x), s2(x), -+, sp(x)) be an arbztmry proper mtwnal
parametrization of Z(sat(Hy, Ha, - ,Hn—1)). Then System (3) has a rational solution
(51(2), 52(x), - - ,gn(x)) = (51(T'(x)), 52(T(2)), - -+, sn(T(2))
corresponding to Z(sat(Hy, Ho, -+, H,—1)) if and only if there exists a linear rational transfor-

mation T'(x) = z;”jr's which is a rational solution of one of the following autonomous differential
equations

~58n(T(2)))

(), -, sn(T(2)))’ if si(z) #0, i=1,2,---,n.
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Proof Suppose that (51(x), S2(x), -+ ,5n(z)) is a rational solution of System (3) correspond-
ing to the invariant algebraic space curve Z(sat(Hy, Ho, -+, Hp—1)). Then
U.(5 y .3
g;(l’): z(il(x)ai2($)7 7:9\77,(1‘))7 :1’27'” 1. (14)
Vi(51(2),52(2), - -+, 8n(z))
Since (s1(x), s2(x), -+, sp(x)) is a proper parametrization of the rational space curve Z (sat(Hj,
Hsy, -+ ,H,_1)), according to Lemma 22 a), there exists a non-constant rational function T'(x),
such that the two rational parametrizations are related like
Si(x) =s;(T(x)), i=1,2,---,n. (15)

By (14) and (15), we have

Ui(s1(T'(x)), s2(T'(x)), - -, sn(T'()))
Vi(s1(T(x)), 2(T (@), -+, sn(T(2)))

Note that at least one of s;(z) is non-constant. Therefore, T'(x) satisfies at least one of the
following autonomous differential equations

Ll Us@@) @) s T@)
S(T@) Vil (1)), 52T @), (@)

As the above autonomous differential equations are of degree 1 with respect to T"(z), it follows
from Theorem 2.7 and Corollary 3.11 in [3] that their rational solution T'(z) is a linear rational
function.

Conversely, assume w.l.o.g. that s1(z) is non-constant and T'(x) is a rational solution of the
differential equation

S(T() - T'(a) =

i t=1,2,--- ,n.

(J))?éo, 7;:1)27"'771'

L Ui(si(T(2)), 82(T(2)), -+, s5n(T(2)))
s1(T(x)) Vi(s1(T(x)), 52(T(x)), -+, sn(T()))

By Lemma 21, we have

511(33) . Uk(sl(x)v‘gQ(x " 75”('7:)) _ S;C(x) . Ul(sl(x)a 82('7:)7 T 7577,('7:)), k=2,3--,n.
Vi 81(1}), SQ(x)a U asn(x)) ‘/1(81(55)’ 82(1’), T 7Sn(x))
If m of sh(x), sh(x), -, s, (x) are not equal to 0, where 0 < m < n — 1, assume w.l.o.g. that
si(x) #0fori=2,3,--- ,m+1,and s, ,(x) = 57, 3(x) = - = 5,(x) = 0. Then s;(x) = ¢;

form+2<j<nand

1 'UIL'(Sl(J:),SQ(Z'),"'7577,(.13)): 1 'Ul(Sl(Z'),SQ(J:),"',87l($)) i m
$(2)  Vils1(@), 52(2), - su(@) T s4(@) Vilsi(a),sal@), o sa(@) L oL

Therefore, T'(x) is also a rational solution of the following differential equations

L Ui(s1(T(x)), 52(T'(x)), - sn(T()))
(@), s sn(T(x)))’

NN

i=2,3,m+1.

It follows that

(s1(T(2)), 52(T (@), -+, $m41 (T (%)), Cmt2, Cm3, -+ 5 Cn)
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is a rational solution corresponding to Z(sat(Hi, Hs, -+ ,H,_1)). A rational solution corre-
sponding to Z(sat(Hy, Ha, -+, Hy—1)) is (s1(T(x)), s2(T(x)), -+ , sn(T(2))).

In the following, we give a sufficient criterion for a rational solution to be a rational general
solution.

Theorem 24 Suppose that (s1(z), s2(x), -+, sn(x)) is a rational solution of System (3).
Assume that the defining ideal of (s1(x), s2(x), -, sn(x)) is of the form

(A1 —c1B1, A2 — c2Ba, -+, Ay — ¢ Bin), (16)
where A;, B; € K[s1,82, - ,8n], and {c1,ca, - ,em} is an algebraically independent set of
constants over K. Then (s1(x), s2(x), -+ ,sn(2)) is a rational general solution of System (3).

Proof Let T := (G1,Ga, -+ ,Gm) NK(x)[s1, 52, -, sn]. Because of the algebraic indepen-
dence of the constants ¢;, T = {0}. Therefore, G(s1(x), s2(x),- -+ ,sp(z)) = 0 implies G = 0 for
any G € K(z)[s1, 82, , $n]. Because of Lemma 15, this implies that (s1(x), s2(x), -, sn(z))
is a rational general solution.

Example 25 Consider the differential equation

F =3zy" — 3yy" + 2y — 6y = 0.

The solution hypersurface F(x,y, z, w) = 3zw — 3yw + 222 — 62 = 0 of this differential equation
is properly parametrized by

2 2 2
P(s1,82,83) = (s1+ S2 — 55,5753 + S2 — 53, 35153, 653).
The inverse map is

. 3zw — 3yw + 222 w3 + 36yw — 2422 w
P Hx,y, z,w) =

3w ’ 36w " 6

Therefore, the associated system of the original differential equation with respect to P(s1, s2, $3)
is

/
81 = ]-7
2
S/ _ 283
=0 (17)
S3
sp=".
S1

Assume that we want to compute the invariant algebraic space curves Z(sat(Hp, Hz)) such
that deg(H;) < 2 and deg(Hz) < 1. First, we look for an invariant algebraic space curve
Z(sat(Hy, Hy)) satisfying deg(H;) = deg(Hz) = 1. We w.l.o.g. assume that

ﬁl = 59 + b1$1 + bo, ﬁ2:83+b382+b481+b5.

Then the Grobner basis of sat(ﬁ 1, ﬁg) with respect to the lexicographic order determined by
S1 < 89 < Sz are
G = [82 + b1s1 + ba, s3 + (b4 — b3b1)81 + by — bgbg]

and
D(Hl) = 25§ + by 81, D(HQ) = 2b35§ + 83 + bgsq.
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It follows that
nform(D(H,), G) =(2b3 — 4b1bsby + 20363)s? + (4bsbs — 4by1bsbs — 4bybsbs + 4b1bob? + by)s:
+ 2b% — 4bybsbs + 20203,
nform(D(H,), G) =(2b62b3 — 4b1b2bs + 2b3b2)s? + (bybs + Absbsbs — 4byb2by — 4by b2bs
+ 4b1b2bg)51 + ngbg — 4b2b§b5 — by + babs + 2b3b§.

Therefore, the algebraic system of equations on the coefficients of H; and H, is

b2 — 2bybsby + b2b2 = 0,

Abybs — Abybgbs — Abybsby + 4bybyb3 + by = 0,

b2 — 2bobsbs + b2b2 = 0,

b2b3 — 2b1b2by + bsb? = 0,

bibs + Absbsbs — Abyb2by — Abib2bs + 4bybyb3 = 0,
26263 — Abyb2bs — bs + babs + 2b3b2 = 0.

By solving this system, we obtain the following solution
{b1 = 0,by = by, b3 = b3, by = 0,b5 = babs},

ie.,
Hy =534+ by, Hy =53+ bgsy+ babs. (18)
Now, we ask for an invariant algebraic space curves Z(sat(H1(s1, $2), Ha(s1, 82, s3))) such that
deg(H;1) = 2, deg(H2) = 1. Let
Hy = sy +bis] +bysy +bs, Hy = s3+ basy + bss1 + be,

then the following solutions are computed by using the same procedure as above

{b1 =0,b3 = 0,b3 = b3, bs = ba, b5 = 0,bs = bsba},
{by = —b2,by = 0, b5 = by, bs = 0, bs = bs, bg = O}

The first solution corresponds to the above invariant algebraic space curve Z (sat(ﬁl,ﬁg)),

where deg(Hy) = deg(Hs) = 1. For the second solution, it determines another invariant
algebraic space curve Z(sat(Hy, Hz)), where

H, :Sg—bgsf-l—bg, Hy = s3 + bssy. (19)

Let bs = 0 in (19), then Z(sat(Hy, Hy)) = Z(sat(Hy, Hs)). Therefore, Z(sat(Hy, H)) is a
special case of Z(sat(Hy, Hz)). Actually, Z(sat(Hy, Hz)) is the only invariant algebraic space
curves satisfying deg(H;) = 2 and deg(Hz) = 1, because the other possible cases of Hp of
degree 2 lead to the computed invariant algebraic space curves reducible. Let ¢; = bs, co = b3,
as described as above, Z(sat(Hy, Hz)) is also the only invariant algebraic space curve satisfying
the above required degree bounds, where

2.2
Hy =59 —cis] +ca, Hy=s3+cis1.
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Since H; and Hy are monic polynomials, {H1, Ha} is irreducible regular chain. Furthermore,
sat(Hy, Hy) = (Hy, Hp). Tt follows that

Z(sat(Hl,Hg)) = Z(Hl,HQ).

In addition,

(s1(2), 52(), 85(2)) = (1 g _CQ,_f;)

' 22

is a proper parametrization of Z(H;, Hy). Since s} (z) # 0,
T'(z) = = —T%(2).

Note that both s,(z) and s5(x) are not equal to 0, and

) — 1 . 253(T(x))? _ 1 s3(T(x)) _ T2y
T@= 0@ a@@) ~ 40@) s@@) L @

By solving the above differential equation for T'(z), we get
1
T(x)= .
()=

It follows from Theorem 23 that
(31(2), 52(2), 53(2)) = (51(T(@)), 52(T(2)), 83(T(2))) = (z, c}2® — c2, —c1)

is a rational solution of the associated system corresponding to Z(H, Hz). Since the Grébner
basis of (H1, Ha) with respect to the lexicographic order determined by s1 < s2 < $3 < ¢1 < ¢2
is

G = {s3 + c151, —Sg + 82 + 2},

the ideal defined by (51(x), S2(x), 53(x)) has generators in the form of (16), where
Ay =83, By =-s1, As= —sg + 89, Bg=—1.
According to Theorem 24, (51(z), 52(x), S3(x)) is a rational general solution. As
51(z) +52(z) — 53(2)? = 7 — o,

it follows from Theorem 16 that a rational general solution of the original differential equation
is
y=3s1(z+ 62)2§3(x +c2) + Sa(x + ) — S3(x + 02)2 =—c(z+ 02)3 — ca,

where ¢; and ¢y are algebraically independent constants.

Remark 26 Note that sat(Hy, H2) = (Hy, Hz) in Example 25 is not a rare special case.
As shown in [21], sat(T) = (T) if and only if T is primitive for the given regular chain T.
Primitivity can be decided algorithmically, and experimental results show that it occurs quite
frequently in practice.
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5 Rational First Integrals and Rational General Solutions of
Associated Systems

In this section, we study rational general solutions of System (3) via rational first integrals.
Relations between irreducible invariant algebraic hypersurfaces and rational first integrals are
investigated in [22-23]. However, our notion of invariant algebraic space curves as defined in
Section 4 is different from the notion of invariant algebraic hypersurfaces. Therefore, we need to
establish the relationship between invariant algebraic space curves and rational first integrals.
Based on this relation, we present a sufficient criterion for System (3) to have a rational general
solution.

Definition 27 A first integral of System (3) is a non-constant function R(s1,S2,- -, Sn)
such that D(R) = 0, where D is the differential operator defined in Section 4. A first integral
R(s1, 82, ,8n) of System (3) is rational if R(s1,s2, - ,5,) € K(s1,82, -+ ,5p).

Note that if R(s1,s2,---,Sn) is a first integral of System (3) and (s1(x), s2(x),- -, sp(x))
is a solution of this system, then there exists a constant ¢ such that

R(s1(x), s2(x), - ,sn(x)) =c.

Definition 28 A rational invariant algebraic space curve of System (3) is called a rational
solution space curve if it possesses a rational parametrization which is a solution of the system.

Theorem 29 Let g’f € K(s1,82,-,8n), t = 1,2,--+ . m, be rational first integrals of
System (3), such that Ai,lBi are polynomials and ged(A;, B;) = 1.

a) If Ty, = (A1, Az, - -+, Ag, Bry1, Brya, -+, Bm) and Ioy = (B, By, - -+, By, A1, Ao, -+
Ap,) are 1-dimensional ideals in K[s1, S2,- -+, $pn], then Z(Z1k) and Z(Zy) are invariant alge-
braic space curves of System (3), where 1 < k,1 < m.

b) IfI = <A1 - ClBlvAQ - CQBZ; e ;Am - CmBm> - K(CDCQ; e 7Cm)[51; 82, 78n] 18
a 1-dimensional ideal, then Z(Z) is an invariant algebraic space curve of System (3), where
¢i are some constants over K. Furthermore, if Z(I) is a rational solution space curve and
{c1,¢2, -+ ,cm} is an algebraically independent set of constants over K, then System (3) has a
rational general solution.

Proof a) According to Definition 27, we have D(g) =0 fori=1,2,--- ,m. This implies

D(4;) B, = A; - D(B,).
As ged(4;, B;) = 1, we have A;| D(A;) and B;| D(B;), where i = 1,2, --- ;m. Therefore,
D(A1),D(Az), -+, D(Ak), D(By+1), D(Br+2),- -+ , D(Bm) € i,
D(B1),D(Az), -+, D(B1), D(Ai41), D(Ai42), -+ , D(Am) € T,

where 1 < k,I < m. Note that Z1; and Zy; are 1-dimensional ideals. So, from Definition 18, we
see that Z(Zy;) and Z(Zy;) are invariant algebraic space curves of System (3).

b) Let P, = DB - Since B;|D(B;), P; is a polynomial in K[s1,s2, - ,8,]. For i =

B;
1,2,---,m, we have
A; D(B;
Therefore,

'D(Az — Cl‘Bi) S <Al — Cl‘Bi> cZ.

7 is 1-dimensional. So, from Definition 18, we see that Z(Z) is an invariant algebraic space
curve of System (3).
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If Z(Z) is a rational solution space curve, then a rational parametrization of Z(Z) is a
rational solution of System (3). Since all the elements ¢; of the algebraically independent set
{c1,¢2, -+, cm } are transcendental over K, it follows from Theorem 24 that this rational solution
is a rational general solution of System (3).

Theorem 29 establishes the relation between invariant algebraic space curves and rational
first integrals of System (3). It also gives us a sufficient criterion based on rational first integrals,
for deciding whether System (3) has a rational general solution. In the following, we present
an example for illustrating our result.

Example 30 (Example 25, cont.) In fact, the associated system (17) in Example 25 has
two rational first integrals:

R1:S3, R2:_5§+52.
S1
Since (s3—c181, —s3+52—cz) is a 1-dimensional ideal, we know that Z(s3—cys1, —s5+82—c2) is
an invariant algebraic space curve of System (17) by Theorem 29 b). A proper parametrization
of this curve is (z, 222 + ¢, c12). Since 2’ = 1 # 0, it follows that

Hence, T'(z) = x. From Theorem 23, we conclude that (z,c?x? + ca, 1) is a rational solution
of (17). Therefore, Z(s3 —c181, —83+ s2 — c2) is a rational solution space curve. It follows from
Theorem 29 that (z,c2x? + co,c12) is a rational general solution of System (17) when ¢; and
co are algebraically independent constants. By an argument similar to the one in Example 25,
we see that

y=ci(z—c2)’ +c2

is a rational general solution of the original AODE in Example 25.

6 Conclusions and Problems

In this paper, we have studied rational general solutions of higher order AODEs. We have
presented a solution method based on a proper parametrization of the corresponding solution
hypersurface. Experimental results show that if we only have an improper parametrization
of the solution hypersurface, a general solution of a higher order AODE can still be obtained
in many examples. But this solution might not be rational. Further study is needed on this
problem. Another open problem concerns the degree bound for the defining polynomials of an
irreducible invariant algebraic space curve.
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