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Abstract

Some changes of the traditional scheme for finding rational solutions of linear differ-
ential, difference and g-difference homogeneous equations with rational coefficients are
proposed. In many cases these changes allow one to predict the absence of rational solu-
tions even in the first steps of the computation.

1 Introduction

Finding rational solutions (i.e., rational-function solutions) of linear differential, difference
and ¢-difference equations is a part of various algorithms. Investigations of new ways to con-
struct such solutions are quite valuable for computer algebra. The first algorithms for construct-
ing rational solutions were proposed in [11] (the differential case) and in [2], [3] (the difference
and g¢-difference cases). Later, further algorithms were proposed (|9], [6] etc). The algorithms
fit in the following scheme that we call RS:

RS1: Construct a rational function R(x) such that any rational solution of the original equation
can be represented as R(z)f(x) with polynomial f(z).

RS2: Transform the original equation into such an equation that a polynomial f(z) is a solution
of the transformed equation iff R(x)f(z) is a solution of the original equation.

RS3: Construct all polynomial solutions of the transformed equation.

Many equations (even a "majority" of them) have no (non-zero) rational solutions. However
if one uses the above scheme then the absence of such solutions will be recognized only in the
last step of computation when steps RS1, RS2 are completely executed. Below we discuss
some changes in the scheme RS for the case of homogeneous equation L(y) = 0 with rational
coefficients. In any case these changes do not increase the computation cost, but allow one
quite often to predict the absence of rational solutions in an early stage of computation and to
stop the work.

We suppose that the original linear operator L (differential, difference or g-difference) has
coefficients which are rational functions over a field k of characteristic 0, and consider non-
zero polynomial and rational solutions of L(y) = 0, i.e., solutions belonging to k[z] \ {0} and
k(x) \ {0}. For short, we will refer to these solutions as the polynomial and rational solutions
of the operator L.



The so-called indicial equation at infinity I(\) = 0 is associated with the operator L. In
the difference and differential case I(\) is a polynomial in A over k , and I(\) is a polynomial
in ¢* in the g-difference case. The known algorithms use the indicial equations to find a bound
for degrees of all polynomial solutions of an operator and finds all polynomial solutions of the
operator using this bound ([1], [4], [10], 7] etc). However this indicial equation gives more
information on the operator L than just a bound for degrees of polynomial solutions. The fact
is that if L has a solution S(z) = 2% s, (2), sy(x) € k[z], then the integer number

sa2(x)

valooS(z) = deg s1(z) — deg so(x)

is a root of the indicial equation. It is possible that this fact is (well) known but our attempts
to find corresponding references have not met with success. That is why we incorporate to
this paper the Appendix where a proof of this fact as well as a formal definition of the indicial
equation are given (one can read the Appendix first). The mentioned fact is the main property
of the indicial equation. Of course, if f(z) is a polynomial solution of L then it follows from
this property that deg f(x) is a root of the indicial equation, since valy, f(z) = deg f(z) in this
case. But moreover this property allows us to improve the traditional scheme RS (Section 2).
In Section 3 some additional changes related to the difference case are proposed.

2 A new scheme

Step RS2 results in the equation with the operator M = LR (the product of L and the zero
order operator R). The polynomial solutions of M have to be found in step RS3. As we have
mentioned, this search is as follows. First an upper bound d > 0 for degrees of all polynomial
solutions has to be found using the indicial equation of M, and, second, one finds all polynomial
solutions of M using this bound.

In the sequel we will denote the indicial equations of L and M = LR at oo by I (A\) =0
and Ipr(A) = 0, respectively.

Proposition 1. If I;(\) = 0 has no integer roots then M has no polynomial solutions and L
has no rational solutions. If this indicial equation has integer roots and Xy is the maximal one
then the inequality deg f(x) < Ao — valoR(x) is valid for any polynomial solution f(x) of M
(if Ao — valwR(x) < O then there is no polynomial solutions).

Proof. If I;(A\) = 0 has no integer roots then, by the main property of the indicial equation,
M has no rational solutions and hence no polynomial solutions. Assume that y(x) is a rational
solution of L. Then it follows from RS1 and RS2 that y(z) = R(x)f(x) for some polynomial
f(z), and so M(f(x)) = (LR)(f(z)) = L(R(z)f(z)) = L(y(x)) = 0. But M has no polynomial
solutions, a contradiction. So we conclude that L has no rational solutions.

Now let us prove the second part. If M has a polynomial solution f(z) then L has the
rational solution R(x)f(x). Thus

deg f(z) + valo R(x) = valo f(z) + valoo R(z) = valo(R(x) f(z)) < Ao

The inequality deg f(z) < Ao — valR(x) follows. a

This proposition makes feasible an improvement of the scheme RS given in Introduction.
One can start with constructing the indicial equation I1,(A) = 0 of the original operator L. We
get the scheme RS':

RS’0: Construct the equation I, (\) = 0; if it does not have integer roots then STOP otherwise
define )\ as its maximal integer root.



RS'1: Construct a rational function R(z) such that any rational solution of L can be represented

as f(x)R(z) with polynomial f(z); set d = Ao — valo R(z); if d < 0 then STOP.
RS2: Construct M = LR.

RS’3: Construct all polynomial solutions of M taking into account that degree of each of them
is < d.

3 Additional STOPs in the difference case

Now we turn to the step RS’1. On occasion the conclusion that rational solutions of L do
not exist may be made in the beginning of constructing R(z). In the difference case, after left
multiplication of L by a suitable polynomial we get an operator

Un ()" + - +ur ()¢ + uo(x), ¢(y(x)) = y(r +1), (1)

with polynomial coefficients. Numerous algorithms (|2], [3], [7], [8], [5] etc) in a preliminary
stage of constructing R(z) compute the dispersion dis (u,(x—n), uo(z)) of polynomials u,(x—n)
and ug(x), i.e., the maximal non-negative integer h such that w,(z — n) and uy(x + h) are not
co-prime. If there are no such non-negative integers then h = —oo. It is proven in [2| that if
h = —oo then L has no solutions in k(x) \ k[z] (one can use 1 as R(x) in RS'3). Otherwise
it is possible to construct R(x) in the form ﬁ with a polynomial U(z) which is a universal
denominator (but in some cases other functions R(z) can also be taken).
Proposition 2. Let h = dis (u,(z — n),up(z)) = 0, and let Ny be as in Proposition 1. In this
case, if the inequality

Ao + (A + 1) min{deg uo(z), deg u,(z)} > 0 (2)

1s not valid then L has no rational solutions.

Proof. Considering the algorithm from [3] it is easy to see that this algorithm results in the
universal denominator U(z) such that degU(x) < (h + 1) min{deguo(z), degu,(z)}. We do
not suppose that R(z) is computed by the algorithm from [3|, but nevertheless the rational
function R(x) = ﬁ may be used in RS'2. By Proposition 1 the inequality (2) has to be valid
if L has rational solutions. O

Therefore in the difference case the step RS’1 can be used in the following form:

RS'1: Execute a preliminary stage of constructing R(z) which includs the computation h =
dis (un(z — n),up(z)); if h = —oo and A\g = 0 then set M = L, d = A\ and go to RS'3; if
h = —oo and Ay < 0 then STOP; if (2) is not valid then STOP; terminate constructing
R(x); set d = A\g — valo R(x); if d < 0 then STOP.

Consider the following three simple examples.

For L = 2(x 4+ 2)¢ + (22 + 3) the indicial equation is 2\ + 1 = 0. There are no integer roots.
Thus L has no rational solutions.

For L = (z + 1)(2® + 1)¢ — x(z* — 4z + 1) the indicial equation is A +5 = 0. We have
Ao = —5, h = 0. Inequality (2) is not valid. Thus L has no rational solutions.

For L = (z + 2)¢ — x we have A +2 = 0, \y = —2, h = 1. Inequality (2) is valid. If the
algorithm from [3] is used, then we get R(z) = @D +1 . We have —2 —valooR(z) = 0. Thus 0
is an upper bound for degrees of polynomial solutions of LR = — +1 — x_-i-l Any constant is a
polynomial solution of this operator.

Note that the situation is similar in the ¢-difference case.
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4 Appendix: Indicial equations at oo
We will suppose that the operator is of the form
an ()" 4+ -+ - + a1 (z)d + ap(z), (3)

where a1 (), ..., a,-1(z) € k(z), ap(z), an(z) € k(z) \ {0}, 6 = D = L in the differential case,
d = A = ¢ — 1 in the difference case, and § = @ in the g-difference case (Q(y(x)) = y(gx)).
The difference operator (1) can be transformed into a,(z)A™ + - - - + a;(z)A + ag(x) by setting
aj(z) =Y (;)uz(x), j=0,1,...,n If F(x) € k(x) and

/(=)

F(z)=c @) (4)

where ¢ € k and f(x), g(x) are monic polynomials then we write ¢ = lc F(z).

Proposition 3. Let L be as in (3). Let in differential and difference cases the number w and
the polynomial I(\) be

w= max (valwa; —j), I\ = D lo(a)X (5)

og<n
SYAS o<j<n

valooaj —Jj=w

()\Z =AA=1)...(A—=j+1)), and in the g-difference case

w = max valoa;, I(\)= Z le(aj)qV. (6)

oy<n
S 0<j<n
Valogaj:w

Then valoo L(F) < valoo F(z) +w for any F(x) € k(x)\ {0}, and strict inequality takes place iff
I(val F(z)) = 0.

Proof. Let F(x) be asin (4) and deg f = u, deg g = v, m = u—v. One can prove by induction
on j that

- ml vt mi gt

D) =e ey T e
N(F(z)) = ¢ mi vt ., mi vt |
g(x)g(z+1)...9(x +7) g(@®)g(z+1)...9(x +n)

. n(n+1) .
QJ(F(x)) . f((]]l') _. q 2 vhimgputov 4
9(¢') 9(@)g(qz) ... g(q")
for j =0,1,... (dots in the numerators hide lower terms). Suppose that all a;(z) are polyno-

mials. We have then for 7 =0,1,...,n:

le(aj)yme putnrotdesa;=i 4
g"+(z) ’
le(aj)yml gutnotdesa; =i 4
g(@)g(z+1)...g(x+n)
n(n+1)

lc(aj)qu—i-jmxu—l—nv—i-degaj + ...

g(r)g(qr) ... g(g"x)

a; (@)D (F(2)) = ¢

a; (@) N (F(2)) = ¢

a;(2)Q’ (F(x)) = c

The corresponding expression for L(F(z)) has the numerator ¢I(m)z* ¥ 4+ ... in the dif-
ferential and difference cases and cqn(n;l)”I (m)z*t™*t« 4+ in the g-difference case. This
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proves the case of polynomial coefficients. Let a;(z) = J((x)) , where w(z) all a;(x) are polyno-

mials, w(x) is a monic polynomial, L = an(2)6" + - 4 a1 ()0 + ao(x), and &, I()\) correspond
to L. The statement holds for L,o, I()). Since valoo@(F(x)) = valoo L(F(z)) — degw(z) <
valo F(z) + @ — degw(z) = ValooF( ) +w and I(\) = I()), it holds also for L,w, I()). O

Definition 1. Let L be as in (3) and I(\) as in (5), (6). Then the equation I(\) = 0 is the
indicial equation of L.

Let S(x) € k(z). Then S(zx) is non-zero iff val,S(z) € Z (by definition val,,0 = —o0).
Therefore L(F(z)) = 0 iff valooL(F(x)) ¢ Z. As a consequence of the proven proposition we
get the main statement of this Appendix:

Proposition 4. Let L be of the form (3) and L(F(x)) =0 for F(x) € k(xz)\{0}. Let I(\) =0
be the indicial equation of L at co. Then I(val,oF') = 0.

Remark 1. Let M = LR, where R is a rational function, and I(A) = 0, )/(\) = 0 be the
indicial equations of L and M. Then one can prove that up to a constant non-zero factor
I (A + valoR(x)) = Ip(A). The differential and difference versions of Leibniz rule together
with equalities (A + )" = 3" ) (NN~ and (A + )2 = >0 (1) AL p»=* are used for this.
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