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Abstract

We consider a large class of sequences, called admissible sequences, which are defined
by systems of (possibly nonlinear) difference equations. A procedure for recursively
enumerating the algebraic dependencies of such sequences is presented. Also a proce-
dure for solving linear difference equations with admissible sequences as coefficients
is proposed. The methods are illustrated on some problems arising in the literature
on special functions and combinatorial sequences.
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1 Introduction

A difference equation of order » € N is an equation of the form
Flu(n),u(n+ 1), ... u(n+7),m) =0 (n> 1), 1)

where F': k™2 — k is an explicitly given function. Any sequence u: N — k
which satisfies (1) is called a solution of that equation. If F' is linear in the
first r + 1 arguments, i.e., if the equation reads

ag(n)u(n) +ai(nju(n +1) + -+ a(nju(n +7) =g(n) (n=>1) (2)
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for some sequences ag,...,a,,g: N — k, then we call it a linear difference
equation. Depending on the class of functions from which the a; and ¢ are
chosen and on the class of functions in which solutions u are to be found,
there are various known algorithms for solving linear difference equations. In
the simplest case, the a; and g are independent of n. In this case, a closed form
solution in terms of exponentials can always be found by classical means [14].
Less trivial is the case where the a; and ¢ are rational functions in n. There
are algorithms due to Abramov [1] and van Hoeij [22] which find all ratio-
nal function solutions u to such equations. Petkovsek’s algorithm [15] can
find hypergeometric solutions u of the same type of equations. Hendriks and
Singer [8] define the notion of liouvillean sequences and propose an algorithm
for computing such solutions of linear difference equations with rational co-
efficients. Schneider [19] has got an algorithm for the case where the a; may
involve complicated expressions of nested sums and products. This algorithm
finds solutions in terms of nested sums and products.

All these algorithms have in common that the coefficient sequences a; can be
written as rational functions of some basis sequences f1, ..., f,, which are al-
gebraically independent (transcendental). In addition, these algorithms have
the feature that they find all closed form solutions of a given equation in a
finite number of steps. In the present paper, the focus is different. We aim
at covering a very large class of linear difference equations, i.e., the class of
functions, from which the functions a; and g in (2) are chosen, is very rich. It
contains all the above-mentioned classes as subclasses, plus a lot of additional
sequences, including in particular sequences that may obey nontrivial alge-
braic dependencies (Section 2). We will describe how to determine algebraic
dependencies of such sequences, and how to find solutions of linear difference
equations (2) whose coefficients ay, ..., a,,a belong to this class. As we will
argue, there is no reasonable hope that decision procedures for solving such
problems exist. Instead, we will therefore propose procedures that recursively
enumerate the set of all algebraic dependencies, resp. of all solutions to a given
equation. Alternatively, these procedures may of course also be formulated as
semi-decision procedures which, in a finite number of steps, find a solution if
and only if there exists one, and otherwise run forever without producing any
output.

The development of our algorithms was motivated by problems arising in the
literature of special functions and combinatorial sequences, especially summa-
tion problems, which could up to now not be treated by symbolic computation.
The overall goal is to devise methods for problems to which the classical algo-
rithms are not applicable. Indeed, with the methods described in this paper,
it is possible to solve some such problems. Example applications involving
expression like Fy» (the 2"-th Fibonacci number) and other quantities, which
are defined by nonlinear difference equations, are interspersed throughout the
paper. In contrast to some of the algorithms mentioned in the beginning, our



methods are conceptually simple and the mathematical background they are
based on is rather moderate. Familiarity with basic facts of ideal theory and
Grobner basis techniques [3] is sufficient for reading this paper.

Not only are we interested in the theoretic aspects of solving difference equa-
tions. Rather, we claim that most of the proposed procedures are actually
feasibly on modern computer architectures. We are not able to justify this
claim by any sort of theoretical statements about the complexity of our proce-
dures. In fact, the worst case runtime of most algorithms is so poor that it is
of little interest to actually bounds for their time and memory requirements.
However, as it is often the case with algorithms related to commutative alge-
bra, we observed that the computational cost for many examples is reasonably
low, and certain identities arising in the literature could indeed be tackled by
an implementation of the methods described in this article [12].

2 Admissible Sequences

A sequence is a function f: N — k, where k is some fixed computable field of
characteristic zero. The set of all sequences in k£ with pointwise addition and
multiplication forms a commutative ring and is denoted by S. Algorithms for
sequences necessarily operate only on certain subsets of §. The sequences to
which our algorithms are applicable are called admissible sequences. They are
defined by systems of difference equations of a certain form, called admissible
systems. Admissible systems are defined as follows.

Definition 1 Let fi,..., f,u: N — k be solutions of a system

S - {diﬁeqla RN dlﬁQQm}

of difference equations where each diffeq; takes the form

filn+mr;) = ratl(fl(n), filn+1), ..., filn+r;—=1), filn+m),
fici(n), fica(n+1), ..., fisi(n+1r; = 1), fica(n+15),

fn(), fu(n+1), .. fu(n+ri—1))

with a rational function rat; over k whose numerator or denominator is con-
stant. (In other words, either rat; = p or rat; = 1/p for some polynomial p.)
Then the sequences f1,..., fm are called admissible and S s called an admis-
sible system for fi,..., fm.



In the sequel, we understand that phrases like “admissible sequences fi,..., fi
are given” mean that the following data is explicitly known:

e An admissible system S which has fi,..., f,, as solutions
e The initial values f;(j) € kfor j=1,...,r; (i=1,...,m)

Given this data, any desired value f;(n) (n € N) can be computed by a linear
number of field operations, by starting with the initial values and applying
the recurrence equations in S a suitable number of times.

Example 2 We list some admissible sequences.

(1) The sequence n — n is admissible. It is a solution of the admissible
system {f(n+1) = f(n) + 1} with initial value f(1) = 1.

(2) The sequence of Legendre polynomials P, (x) [2] is admissible via the ad-
missible system

2n + 3 n+1
1) —
n+2xf2(n+ ) )

(A +1) = i) + 1, faln +2) = falm)}
with initial values fi1(1) =1 (so that fi(n) =n for all n) and fo(1) = x,
f2(2) = 1(322 = 1) (so that fo(n) = P,(z) for all n). Similarly, many
other orthogonal polynomials, in fact all univariate holonomic sequences
(also called P-finite sequences [24]) are admissible.

(3) The sequence of Fibonacci numbers is admissible. Moreover, the sequence
n — Fon is admissible. To see this, recall that the Fibonacci numbers obey
the addition theorems

Foprqg = Fp By + FyFypn — B Fy,

Foprqrr = Fpby + Fpa Fopa.

Setting p = q = 2", we find

F2n+1 = F2n+2n == F2n+1F2n + FQnF2n+1 — FQnFQn,
Foni11 = Fongonyy = FonFon + Fong 1 Fongy,

and consequently

{filn+1) =2f(n) fr(n) = fr(n)?, foln+1) = fi(n)* + fo(n)*}

1s a suitable admissible system for specifying the sequence n +— Fon. By a
similar construction, admissible systems for n w— 2 n +— Fg . and in
fact for any sequence n — f(g(n)) where f and g satisfy homogeneous
linear recurrences with constant coefficients and the coefficients in the
recurrence of g are integral, can be obtained.



(4) For some fized ay,...,a, € k, a sequence C satisfying the equation

Cn+r)Cn)=aCn+r—1)Cn+1)+aC(n+r—2)Cn+2)+---
o+ a,Cn+r—|r/2)C(n+|r/2])

is an (r-)Somos sequence [20,6].
Somos sequences are admissible; a suitable admissible system is

{An+7) = ) (afitn+r—1)filn+1)+-
ctarfiln+r—|r/2]) filn+ U‘/QJ)),
fa(n) = 1/f1(n)}

Observe that the sequence fo was introduced to fulfill the requirement of
Def. 1 that numerators or denominators of the rational functions on the
right hand side be constant.

It should be remarked at this point that for some admissible systems, not
every choice of initial values yields well-defined sequences. This is because
denominators might become zero for some points. For instance, the admissible
system {fi(n + 1) = fi(n) + 1, fo(n) = 1/fi(n)} defines two admissible
sequences f1, fo once the initial value fi(1) is chosen. If a negative integer is
chosen for fi(1), then fy(n) is undefined at n = — f;(1). For admissible systems
and initial values which are supplied as input of our algorithms, we will always
assume that this situation does not occur, i.e., that the input sequences are

well-defined.

New admissible sequences can be composed out of known ones by using the
following closure properties of the class of admissible sequences.

Theorem 3 [11, Thms. 8.5, 3.7] Let f and g be admissible sequences, a € N
and o € k. Then

(1) af, f+g and f-g and, if g(n) # 0 for all n, f/g are admissible,
(2) n o S (0), e Ty F(3), and, if £(n) # 0 # g(n) for all n,

ne f(1) +

are admissible,
(3) n— f(n+a), n— f(an), n— f(|n/a]) are admissible,

and admissible systems for these sequences can be effectively computed from
admissible systems for f and g.



Using this theorem, it is possible to automatically transform an expression
involving sums and products into a corresponding defining admissible system.
Rather than giving a formal proof, we illustrate the theorem with an example.

Example 4 The expression

1~ F

n 2_1
J
27 e

constitutes an admissible sequence. A suitable admissible system can be con-
structed by first considering the innermost subexpressions and then building
up the entire expression step by step:

It is easily seen that the class of admissible sequences properly includes many of
the classes known for the algorithms mentioned in the introduction, such as the
(univariate) holonomic sequences and Karr’s IIX sequences [9], for instance.
In addition, sequences like n +— Fr , which are admissible, do not belong to
any class of sequences that can be handled by a known algorithm. Yet there
are — of course — still sequences which are not covered. For instance, we can
show [11, Section 4.3] that the sequences n — (—1)1°8™) and n + 2" cannot
be defined via an admissible system.

3 Reduction to Polynomial Algebra

Let f1,..., fm be admissible sequences, and consider the ring homomorphism
¢: klzy,...,x,] — S that maps z; to f; and each ¢ € k to the constant se-
quence (¢, c,c,...). The homomorphism theorem asserts that the factor ring
klxy, ..., 2]/ ker ¢ is isomorphic to im ¢, which is the smallest subring of S
containing f1, ..., f,, and all constant sequences. As ker ¢ is just a polynomial
ideal, the computational treatment of the ring k[z,. .., z,]/ ker ¢ is well un-
derstood. The theory of Grobner bases [3] provides an algebraic framework
for solving problems in such domains. By the isomorphism, there is a one-
to-one correspondence between k[xy, ..., x|/ ker ¢ and im ¢, so that results
obtained in the former ring (by Grobner basis or other means) can be directly
translated into results in the latter ring, which is in our interest.



There is only a slight obstacle here: in order to perform computations in
the ring k[xq, ..., 2,,]/ ker ¢, we have to know the ideal ker ¢ explicitly, i.e.,
we have to know a list of ideal generators pi,...,ps € k[xi,...,2,] such
that ker ¢ = (p1,...,ps). Ideally, we would like to be able to compute such
generators pi,...,ps from a given admissible system and initial values for
the fi,..., fm. No algorithms are known for this problem. However, in an
earlier paper [10] we have shown that the membership problem for ker ¢ (given
p € kl[z1,...,x,], decide p € ker ¢) is decidable. The remarkable aspect of this
algorithm is that generators of ker ¢ need not be known; only an admissible
system for the fi,..., f,, and initial values are required as input.

Note that p € ker ¢ just means that F' := p(fi,..., fm) is the zero sequence.
Regardless of whether this is the case, F' is for sure an admissible sequence,
because the f; are admissible (Thm. 3). Our decision procedure [10] is hence
an algorithm for deciding zero equivalence of admissible sequences. It works
by constructing an induction proof for the sequence F' to be zero. In a first
phase, it computes a number N € N with the property that

VneN:P(n)=Pn+1)=---=Pn+N—-1)=0= P(n+N)=0.

This N provides the induction step. In a second phase, the algorithm evaluates
P(1),P(2),...,P(N) and determines whether they are all zero. (It is assumed
that the ground field £ is such that zero equivalence in the ground field can
be decided.) This either supplies the base of the induction and thus a decision
that indeed F' = 0, or it leads to an index n € {1,..., N} with P(n) # 0 and
thus a decision that F' #Z 0. The algorithm reveals the following theorem.

Theorem 5 [10,11] There exists an algorithm which for a given admissible
system S and p € klxq,...,x,] computes a number N € N such that for all
solutions fy,..., fm of S:

Vn € N: P(n)=0 <= P(1)=P(2)=---=P(N) =0,

where P =p(f1,..., fm). O

As an example, it can be shown with this algorithm that the expression of
Example 4 represents the zero sequence. It must be remarked that the num-
ber N asserted by the above theorem only depends on the admissible system .5,
but not on the initial values of the fi,..., f,,. For further details about this
algorithm and more examples, we refer to [10,11].



4 Recursive Enumeration of a Basis for the Kernel

Our goal is to find elements of the ideal ker ¢. There is little hope that an
algorithm could be found which computes a basis of ker ¢ from an admissible
system and initial values for the fi,..., f,,. This is because of the following
reduction.

Theorem 6 If there exists an algorithm which for given admissible sequences
fi,--., fm computes a basis of ker ¢, then there exists an algorithm which for
a giwven admissible sequence f decides whether there exists an index n with
f(n) =0, and, if yes, delivers the smallest such n.

Proof. Let f be an admissible sequence, say f is defined via an admissible
system for fi,..., f, and f = f;. If we define fy(n) := n and f,1(n) =
[T}—; fi(j), then fo and f,,1 are admissible, too, by Theorem 3.

Let ¢: klxo, ..., Tme1] — S be defined via ¢(z;) = f; (i =0,...,m+1). Then
f(ng) = 0 for some ng € N if and only if

Tm+1(zo — 1)(wo — 2) - -+ (w0 — no) € ker .

Suppose now that a basis ker ¢ = (p1, ..., pm) is known. Then we can compute
a Grobner basis G for this ideal with respect to the lexicographic order x,, 1 >
Ty > -+ > x1 > x9. This G contains the polynomial z,,1(x¢ — 1)(z¢ —
2) -+ (xp — nyp) indicating the smallest root ny of f — or no polynomial of this
form if f does not have any roots. O

According to this theorem, the computation of a basis for ker ¢ is at least
as difficult as finding a root of an admissible sequence. Unfortunately, finding
roots of sequences is a very difficult problem. Already for the class of sequences
satisfying homogeneous linear recurrence equations with constant coefficients
(also called C-finite sequences [24]), it is an open problem whether the question
about the existence of a root is decidable [5, Sec. 2.3]. As this class is only
a ridiculously small subclass of the class of admissible sequences, it does not
seem reasonable to look for an algorithm that is capable of solving this problem
for the much larger class. We want to describe instead a procedure by which
a basis of the kernel ker ¢ can be recursively enumerated.

4.1 Linear Dependencies of Admissible Sequences

As a subalgorithm for the enumeration procedure, we need an algorithm for
computing linear dependencies of admissible sequences. Given a finite set of
polynomials P = {p1,...,pm} C k[x1, ..., 2], this algorithm computes a basis



of the vector space
Vp := (pik + pok + - -+ pik) Nker ¢ C kfzy, ..., 2]

The algorithm proceeds by making an undetermined ansatz, obtaining can-
didates for the desired relations by comparing them with the initial values
and solving a linear system. The candidates can be validated by the algo-
rithm of Theorem 5. If necessary, the ansatz is refined more and more, until
all candidates actually belong to the kernel.

Algorithm 7 Input: Admissible sequences f1,..., fm: N — k, a set P =

{p17"'7pl} g k[x17"'7xm:|
Output: A basis of the vector space Vp.

1 Define g; :==pi(f1,---, fm) (i=1,...,m)

2 N=I

3 repeat

4 N=N+1

5 Compute a basis B C k' for the solution space of the linear system

gi(1) - al) ) [a

(=

until by g;(n)+baga(n)+---+bgi(n) =0 (n € N) for all (by,...,b) € B
return {b1p1—|—b2p2+"'—|—blpl : (bh---ubl) EB}

J

Observe that the g; are admissible sequences by Theorem 3.(1). Therefore, the
condition in line 6 can be decided according to Thereom 5.

Theorem 8 Algorithm 7 is correct, i.e., if B is the set of polynomials returned
by the algorithm, then B is a basis of the vector space Vp.

Proof. Obviously, each element of B belongs to Vp by line 6, and by con-
struction the elements of B are linearly independent. It only remains to show
that every cip1 + -+ + ¢p; € Vp is a linear combination of the vectors in B.
For every vector cip; + - - -+ ¢p; € Vp the identity

c1gi(n) + -+ agn) =0
holds for all n > 1, by definition of Vp. In particular it holds forn =1,..., N,

and hence (cy,...,¢) belongs to the solution space of the linear systems in
line 5. O



Theorem 9 Algorithm 7 terminates, i.e., in the notation of the algorithm,
for sufficiently large N, all elements of B will give rise to kernel elements.

Proof. Let S be an admissible system defining fi,..., f,,, and consider the
admissible system

S'i=85U {fm+1<n+ 1) = fm+1<n>> x -afm+l<n+ 1) = ferl(n)}

for fi,..., fmrr. Let P = fopapi(fio- oo fm) + o0 4 fui(f1s -, fm). By
Theorem 5, there exists a number N € N such that P = 0 if and only if

P(1) = P(2) =---= P(N) = 0. This N bounds the number of iterations in
the loop in Algorithm 7. O

4.2 Algebraic Dependencies of Admissible Sequences

It is a simple matter to extend Algorithm 7 to the desired enumeration proce-
dure: just apply the algorithm in turn to find all linear dependencies of all the
polynomials with total degree d = 1,2, 3,.... The union of the outputs for all
d € N is obviously a k vector space basis for ker ¢. Unless ker ¢ = {0}, this
basis will be infinite. The vector space basis is also an ideal basis, but a rather
redundant one. In order to obtain an irredundand ideal basis, we should re-
strict the set P in the input of Algorithm 7 in such a way that solutions of the
linear system are not already consequences of the dependencies accumulated
for degrees smaller than d. This can be done as follows.

Procedure 10 Input: Admissible sequences f1,..., fm: N — k
Output: An ideal basis of ker ¢

1 G=0;d=0
2 repeat
3 Let P be a vector space basis of

{pek[xlaaxM]degPSd}

4 Delete from P all elements p with Lv(g) | Lt(p) for some g € G
5 Apply Algorithm 7 to f1,..., fm and P, obtaining B
6 Output the elements of B
7 G = GrobnerBasis(G U B)
8 d=d+1
To be specific, assume that k[zq, ..., x,,] is equipped with a total degree term

order. Any other admissible term order [3, Def. 4.59] could be taken instead.
By Lt(p) we mean the leading term of a polynomial p € klxy,...,x,,] with
respect to that order.

10



Theorem 11 Procedure 10 is correct, i.e., the polynomials it outputs gener-
ate ker ¢ as an ideal.

Proof. Without line 4, the Theorem would be evident. We have to show that
no relations are lost in line 4. In other words, if a denotes the ideal generated
by the output of the procedure, we have to show that a C ker ¢.

Suppose for the contrary that there exists p € ker¢ \ a. Then, because Al-
gorithm 7 is complete, LT(p) must be a multiple of Lir(a) for some a € a.
iggs ;a (with Lc being the leading coefficient)
is smaller than that of p, and p’ also belongs to ker ¢ \ a, because p ¢ a and
a € a C ker ¢. Repeating the argument, we find p” € ker ¢ \ a with a leading
term smaller than that of p’, and so on. This leads to an infinite descend-
ing chain of terms L1(p), L1(p’), LT(p”), ..., which by the admissibility of the
term order cannot exist. O

The leading term of p’ := p —

Example 12 Consider the sequences f1, fa, f3 defined by

f1(n) = F2n+a7 f2<n) = F2n+a+1’ f3<n) — zn: Fl .
k=0 *20FF

Applying Procedure 10, we find no algebraic dependencies of total degrees 0, 1,2
between these sequences, i.e., there does not exists a polynomial p € Q[z,y, 2]
of total degree at most 2 with p(fi, fo, f3) = 0. For degree 3, the procedure
delivers the relations

2 3 2 2
0 — F2n+aF2n+a+1 - F2n+a+1 + F2n+a+1 + F2n+aF2n+a+1
2
- F2n+aF2n+a+1 —|— F2n+a+1 - F2n+a - 17
2
0= Fionra — 2Fgnsay i Fonta + Fonva + Fyniayq — Fontagy

therefore {xy? —y3 ++y> + 2%y —ay+y—a>— 1,23 —2y°2+x+y> —y) C ker ¢,
with ¢: Qlx,y, 2] — S such that ¢(x) = f1,6(y) = fa, d(2) = f3. For total

degree 4,5,6,...,10, there are no further relations.

Procedure 10 does not terminate. However, after a finite number of steps, it
will have output a complete basis of ker ¢. This follows from Hilbert’s basis
theorem: If a; denotes the ideal generated by the output of the first d iterations
(d=0,1,2,...), then

a Cap Cap C---

is an infinite ascending chain of polynomial ideals, so there must be some index
dp such that a; = ag4, for all d > dy. As the procedure in each iteration d > 0
only outputs elements of a; \ az_; (this is easy to see), it follows that for
d > dy, no further output will happen. What misses for a full algorithm is a
way to compute a suitable upper bound for the value dj.

11



A finite algorithm for computing a basis can be obtained by restricting the
attention to smaller classes of sequences. For instance, Karr’s summation al-
gorithm [9] includes as a subroutine an algorithm for computing the algebraic
dependencies of sequences which can be expressed in terms of nested sums and
products. Also the algebraic dependencies of sequences which satisfy homoge-
neous linear difference equations with constant coefficients can be effectively
computed [13,11]. It would be desirable to further investigate for which classes
of sequences the algebraic dependencies are computable.

5 Applications

The procedures introduced in the previous section enable us to solve certain
problems appearing in the literature of special functions and combinatorial se-
quences automatically. In this section, we want to illustrate some applications
with concrete examples.

Example 13 Consider the 4-Somos sequence C(n) defined by

Cln+2) = (Clo— DO+ 1)+ Cf) O =2) (ne)
: =ca

1
c(1) = ¢(0) ) =
It is of interest to know whether C(n) also satisfies a r-Somos recurrence for

some r # 4 (cf. [21]).

For any given r, say r = 8, this question can be answered using Algorithm 7:
compute a vector space basis {b,...,bs} of

keroN{peQz_r,x_ry1,...,2,] : degp <2},

where ¢: Qlx_,,...,x,] — S maps x; to the sequence n — C(n+i). Forr =8,
this basis is lengthy and not reproduced here.

We have to find out whether the b; can be combined to a relation of the desired
form. One way to do so is to make an ansatz

a,C(n —4)C(n+4) +asC(n—3)C(n+3)+ - +aC(n)* =0

for the coefficients a;, compute the normal form of the polynomial asx_sx4 +
a3T_3T3 + AaT_9Ty + a1T_171 + agri with respect to the ideal (by,. .., bs) (and
some term order), equate the coefficients of that normal form to zero and solve
the resulting linear system for the a;. The solutions of this system are precisely
the desired values for the coefficients.

12



In this way, we have found the relations

Cn+2)C(n—2)=C(n+1)C(n—1)+C(n)?
Cn+3)C(n—3)=C(n+1)C(n—1)+5C(n)?
C(n+4)C(n—4)=25C(n+1)C(n — 1) —4C(n)?,

and by an analogous ansatz for odd r the relations

C(n+3)C(n—2)=5C(n+1)C(n) —C(n+2)C(n—1)
Cn+4)C(n—3)=C(n+1)C(n—1)+5C(n)*

The first three relations were also given by van der Poorten [21], the last one
is new. By Theorem 8, we can be sure that every other r-Somos recurrence
of C forr < 8 is a linear combinations of those given above.

Example 14 Certain nonlinear difference equations can be solved using Pro-
cedure 10. For instance, Rabinowitz [17] has asked for a solution of

u(n) +1

uln+1) = Su(n) + 3

(n>1),  u()=1
in terms of Fibonacci numbers. If there exists a rational function r = p/q with
p,q € Qlx,y] such that u(n) = r(F,, F,i1) for all n > 1, then q(x,y)z —

p(z,y) € ker ¢, where ¢: Qlz,y, z] — S maps x to the Fibonacci sequence F,
y to the shifted Fibonacci sequence n— F, 1, and z to u.

In order to find a solution, we apply Procedure 10. After each iteration, we
compute a lexicographic Grobner basis G of a with respect to z > y > x
and check whether G contains a polynomial linear in z. Fach such polynomial
supplies a solution, and if no such polynomial appears in G then no such
polynomial is contained in a, and we increase the degree.

This procedure will eventually reveal any solution of the difference equation in
terms of Fibonacci numbers—if such a solution exists at all. Otherwise, the
procedure will run forever. In the present situation, we find

2F2 — 2F,Fu + F2,
AF? —6F,F, ., + F2,,

u(n) = (n>1).

By leaving the initial value u(1) symbolic during the computation, the more
general solution

(3 =Tu(1))F? — 4(2u(1) = 1)F, Fpq + (1 — 3u(1))F2,,
u(n) = (15u(1) = T)EF2 + 4(2 — 5u(1)) F, ot + (5u(l) — 3)F2,,

can be found.

13



Example 15 Linear difference equation can be treated as explained for non-
linear equations in the previous example. This includes indefinite summation
as a special case. The important aspect here is that any admissible sequence
may occur in the summand. Identities like

Sl B 0
k=0 ng an ’ k=0 F3,2k

Fzonqq

-3- (n>1)

[7, Ex. 6.61] can thus be found automatically. In contrast, no closed form for
Sh_o 1/ Forta in terms of Fonva and Fon+ayy is found (cf. Example 12).

6 Linear Difference Equations

Linear difference equations deserve special attention because of their impor-
tance in practice. Although we could find solutions of linear difference equa-
tions by means of Procedure 10 just as explained before for nonlinear difference
equations, we would like to describe an alternative method for this special case.
Let us consider an equation of the form

ap(n)u(n +7) +a,(n)u(n +r—1) +---+ag(nju(n) = g(n),  (3)

where ag, . . ., a,, g are known admissible sequences and u is unknown. If a, has
finitely many roots only, then u is determined uniquely by finitely many initial
values, and in particular every solution is admissible. Otherwise, if a,(n) has
infinitely many solutions, then the equation has a continuum of solutions.

What interests us here is not the general solution of equation 3, but solutions
of a prescribed form. We will assume that admissible sequences fi,..., fi
are given and that solutions of (3) are to be computed which have the form
p(fi1,. .., fm) for some polynomial p.

6.1 The Homogeneous Equation

Let us first consider the case of a homogeneous equation, g(n) = 0. In order
to find polynomials p such that u := p(fi,..., fi) satisfies (3), we first use
Procedure 10 to compute generators of the ideal ker ¢ where

o k[z1o,. o Timos e STy s Ty Yos -« -5 Yr] = S




maps z;; to n — fi(n +j), y; to n — a;(n), and constants to constants.
Assuming that ker ¢ is known, we then compute a basis of the syzygy module

S = Syz(yo, .., Yr) = { (Pos- -, pr) DoYo + -+ pryr =0} C (R ker ¢p)" .

It is well known how to compute the syzygy module over a polynomial ring [3,
Sec. 6.1], and it is straightforward to generalize this algorithm to the case of
a factor ring k[X]/a [11, Thm. 2.9]. (For simplicity of notation, we will not
distinguish polynomials and their residue classes modulo ker ¢.) Now observe

that for every polynomial p € k[xy, ..., 2z,,] we have
p(fi(n),..., fm(n)) solves (3)
= (4)
(p(xl,(]u"'wrm,())u ----- 7p('r1,r7-"7xm,r)) c S

Hence, we can find polynomials p with the desired property as follows. If we
make an ansatz p = >, @i, 0,21 -zim for the solution polynomial and
compute the normal form of the vector

(p(xw, U ) PR (T ,xm,r))

for this general p with respect to a Grobner basis of S, then we will end up
with some vector (py, ..., D) where each p; is a polynomial whose coefficients
are linear combinations of the as yet undetermined a;, . ;... The ansatz poly-
nomial p represents a solution precisely for those values a;, ;. that make all
p; vanish, because of (4) and the fact that normal forms are zero precisely for
vectors which belong to the module. Comparing the coefficients of the p; to

zero gives rise to a linear system over k for the coefficients a;, . ;,, which can
be solved.

Algorithm 16 Input: A Gébner basis G of a module S C (R/a)®, a set
P={py,....p} € (R/a)°

Output: A basis for the vector space of all linear combinations p of p1, ...,
with p € S
1 Make an ansatz p = a1p1 + -+ + aip;
2 Compute the normal form (q1,...,qs) of p w.r.t. G
3 Letci(ay,...,a;) (i € 1) be the coefficients of qo, ..., qs
4 Compute a basis B of the space { (a1, ...,a;) : ci(ay,...,aq)) =0(G € 1)}
5 return {aip;+---+ap : (a1,...,q) € B}

Termination of this algorithm is obvious, and its correctness follows from the
discussion above. Applying the algorithm in turn to bigger and bigger ansatz
polynomials, we obtain a procedure that recursively enumerates a basis for
the solution space of (3). We cannot hope for a termination criterion (such
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as, e.g., a degree bound) here either, because the solution space may have
infinite dimension. As in Procedure 10, we can discard leading terms to avoid
redundant solutions and to keep the linear systems small. Cancellation of
leading terms also ensures the output solutions are linearly independent.

Procedure 17 Input: Admissible sequences aq, . ..,a, and fi,..., fm and a
basis of ker ¢ with ¢: R — S as defined above.
Output: A basis of the vector space of all solutions u of

ag(n)u(n) +---+a.(n)u(n+r)=0

which depend polynomially on f1,..., fim.

1 B=0;d=0
2 Let G be a Grobner basis of ker ¢
3 Let S be a Grébner basis of Syz(yo, - .., yr) C (R/ ker ¢)"
4 repeat
5 Let P be a vector space basis of {p € k[z1,...,x,]:degp < d}
6 Delete from P all elements p with Liv(g) | LT(p) for some g € G
7 Delete from P all elements p with Lt (b) = Lt(p) for some b € B
8 P:={(p(x10,--,Zmo)s -, P(T1py-- s Tmy)) :pE P}
9 Apply Algorithm 16 to P and S, obtaining By

10 By:={q:(q,---.9) € Bo}

11 Output the elements of By

12 B:=BUBy,d=d+1

Theorem 18 Procedure 17 is correct, i.e., its output constitutes a vector space
basis of the k vector space of all solutions u of (3) which can be written poly-
nomially in f1,..., fm.

Proof. First of all, it is clear that every output polynomial really gives rise to
a solution. We have to show that (a) no solutions are overlooked due to lines 6
and 7 and (b) the output solutions are linearly independent over k.

(a) Let p be a polynomial that corresponds to a solution u of the difference
equation. The polynomial p is equivalent modulo ker ¢ to a polynomial p’
that does not contain terms which are multiples of leading terms in G. This
polynomial p’ corresponds to the same solution u so it suffices to take the
terms into account that may possibly occur in p'.

Secondly, if a solution polynomial p involves a term 7 which appears as a
leading term of some solution b € B which was found before, then p’ := p—ab
for a suitable constant o € k is another solution which does not involve 7.
Restricting the ansatz such that only p’ is found is just fine, because p is a
linear combination of p’ and b.
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(b) Induction to d. For d = 0, B = () is linearly independent. Now sup-
pose that B is linearly independent at iteration d and assume bq,...,b, € B,
C1,...,Cy € B, and By, ..., Bv, V15 -+, Yw € k are such that

ﬁlbl+"'+5vbv+fylcl+"'+fywcw:0- (5>
If 5161 + - - - 4+ Bub, is not the zero polynomial, then we must have
LT(ﬁlbl + -+ ﬁvbv) = LT(’chl + -+ ’chw)v

which is excluded by line 7. It follows that §1b; + --- + (,b, = 0, and hence
by (5) also y1¢1 + -+ - + YwCw = 0. Now using the linear independence of B
and By, respectively, we obtain f; = --- = 3, = 1 = -+ = v, = 0, as
desired. O

Procedure 17 requires knowledge of ker ¢ as input, but we only know a recur-
sive enumeration procedure for computing ker ¢ (Procedure 10). If in practice
that procedure is aborted after a while, then it is not clear whether the ideal a
generated by the output produced before abortion already generates the whole
ideal ker ¢. It is therefore interesting to know to what extend Procedure 17
remains correct if it is applied to some ideal a C ker ¢ in place of ker ¢. It is
quite easy to see that its output will still be correct and complete, but the
output might be redundant. The sequence of polynomials it produces will also
continue to be linearly independent, but this need no longer be true for the
sequence of solutions u that these polynomials represent.

Example 19 Procedure 17 applied to the difference equation
(Fy, —2F,1)u(n+2) 4+ (3F, + 2F,41)u(n+ 1) — Fu(n) =0

with the assumption ker ¢ = {0} gives the infinite output

F2
Fi F3+FnFn+1_F3+1 ?
FS Fr%"’"FnFnJrl_FSH !

( )
( )
FS(F3+FnFn+1 _F3+1)6
FS(F3+FnFn+1 _FSH)B

All these solutions are correct. However, they are not linearly independent as
sequences. Indeed, because of the identity (F? + F,F,41 — F2,.1)* = 1 they
all represent the same solution. If we take ker ¢ = ((z2 + zoz; + 23)? — 1),
assuming that o and x, are the variables encoding F,, and F, ., respectively,
we get the single solution

E,
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as output. There ought to be a second solution to the equation, linearly inde-
pendent of F?. This second solution is

anz_:l 1 ﬁ F1i71
Mo R 2 3F — B

k=1 =2

and cannot be expressed as a rational function in F,, and F,1. This is the
reason why only one solutions is output by Procedure 17.

6.2 The Inhomogeneous Equation

Extension of Procedure 17 to the inhomogeneous equation (3) is straightfor-
ward. If an additional variable z is introduced to represent the inhomogeneous
part g(n), then we have

p(fi(n),..., fm(n)) solves (3)

<~

(p(:pm, s T 0)y e (1 T, —1) € Syz(yo, - -+ Yr, 2)

Modifying lines 3 and 8 of Procedure 17 accordingly, we obtain a method to
find the solutions of the inhomogeneous equation.

This leads us to an alternative procedure for indefinite summation of admis-
sible sequences. In order to find a closed form for >}_; f(k) in terms of some
other given admissible sequences fi(n), ..., fm(n), solve the telescoping equa-
tion

u(n+1) = uln) = f(n+1)

using the inhomogeneous extension of Procedure 17. If u(n) is a solution, then

i=1 f(k) = u(n) —u(0).

Example 20 For the Legendre polynomials P,(x) we find the summation
identity

Sk + DAGRG) = 5 (Pu) s (#) = Polo)Pusa)

by solving the telescoping equation
u(n +1) —u(n) = (2n + 3) Py (2) Posa (y)

in terms of n, P,(x), Pyy1(2), Po(y), Poi1(y).
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6.3 Chreative Telescoping

As opposed to an indefinite sum Y}_, f(k), by a definite sum we understand a
sum Y_7_; f(n, k) where the summand sequence f(n, k) need not be indepen-
dent of the summation bound n. Most summation problems arising in practice
are of this type. Usually, closed forms for definite sums cannot be obtained by
solving the telescoping equation as in the previous example.

Zeilberger [23,25,16] has extended Gosper’s algorithm for hypergeometric in-
definite summation such as to find recurrence relations for definite sums.
His extension is known as the method of creative telescoping, and it has
been applied also by Chyzak [4] and Schneider [18,19] for non-hypergeometric
summation problems. The idea is as follows. Given a definite sum F(n) =
Sy f(n, k), find co(n), ..., cs(n), independent of k, such that cq(n)f(n, k) +
-+-+cg(n) f(n+s, k) is summable with respect to k, i.e., such that there exists
u(n, k) with

Co(m) (1K) &+ cy(n) f(n + 5, k) = uln, k+ 1) — uln, k),
for then upon summing this equation over k =1,...,n + s gives

co(n)F(n)+---+cs(n)F(n+s)=u(n,n+s+1)—un,1)

+20i(n) zsj f(n+in+j).

j=it1

We thus obtained a recurrence equation for the definite sum F'(n). (Note that
s is an explicit number at runtime, so that the double sum on the right hand
side is not a symbolic sum but just a polynomial in the ¢;(n) and f(n+i, n+j).)

Our procedure for solving linear difference equations can be adapted such as
to solve the creative telescoping problem as well. In general, let admissible
sequences ag(k),...,a.(k) and go(k),...,gs(k) be given. We seek a sequence
u(k) and constants c, . .., ¢s such that

ao(k)u(k) 4+ -+ ar(K)u(k + 1) = cogo(k) + - - - + cs95(k). (6)
(For creative telescoping, set g;(k) = f(n + i, k) and regard n as a constant.)
As usual, we assume that admissible sequences fi(k), ..., fi(k) are specified
upon which u(k) is expected to depend polynomially.
Let R be a polynomial ring containing variables x;;,v;, z; for each of the

sequences f;(k + j),a;(k),gi(k) (j =0,...,7), and let ¢: R — S be the ring
homomorphism that maps each variable to the corresponding sequence. Then,
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like before,

(p(f1(k), ..., fm(k)),co,-..,cs) solves (6)

(p(:pm, ey T 0)y e (T, T)s —Co,s - - —cs)

€ SYZ(Y0y - -+ s Yry 205 - - -5 Zs)-

Procedure 17 thus extends as follows.

Procedure 21 Input: Admissible sequences ag, . .., ar, 9o, - .-, Js, and fi,. ..

and a basis of ker ¢ with ¢: R — S as defined above.

Output: A basis of the vector space of all solutions (u,cq,...,c;) €S x k*t1

of
ag(k)u(k) + -+ a-(k)u(k +r) = cogo(k) + - - - + cs9s(k)

in which u depends polynomially on fi,..., fim.

B=0;d=0
Let G be a Grobner basis of ker ¢

repeat
Let P be a vector space basis of {p € k[z1,...,x,]:degp < d}

Delete from P all elements p with Liv(g) | Lt(p) for some g € G
P:={(p(x10s - Tm0)s--,P(@1ss- s Tmyr),0,...,0) :pE P}
P:=PU{e:i=r+1,...,7+ s+ 2},
where e; = (0,...,0,1,0,...,0) with 1 at position i
9 Delete from P all elements p with Liv(b) = Lr(p) for some b € B
10 Apply Algorithm 16 to P and S, obtaining By

11 Output (qo, Gr+1, - - - » Grrs+2) for each (qo, qu, - -, Grist2) € Bo
12 B:=BUBy,d=d+1

0~ O Ui W N

The technical difference to Procedure 17 is that the accumulated basis ele-

Let S be a Grébner basis of Syz(yo, - - -, Ur, 20, - - - » 2s) € (R/ ker ¢)" 512

7fm

ments are now stored as a set of vectors B C (R/ ker ¢)*™"*2 rather than as
a set of polynomials B C R/ ker ¢. Consequently, in line 9 we understand by
Lr(p) the leading term in the sense of a module term order. This modifica-

tion is necessary to keep the output linearly independent. Besides this change,

the correctness argument of Theorem 18 applies also here, and need not be re-
peated. Also the remarks of Section 6.1 about the usage of a subideal a C ker ¢

instead of ker ¢ apply for Procedure 21 as well.

Example 22 Let us illustrate how to compute a closed form for the definite

sum
"1
f) =2 7 —

k=0
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First of all, recall that this sum is not indefinitely summable (Ezx. 12). We
apply creative telescoping: Find cg, c1, independent of k, and u(k) such that

Co C1
= +
F2n+k

u(k+1) — u(k)

F2(n+1)+k

Procedure 21 finds the solution u(k) = 1/Fonsx, co = —1, ¢1 = 1, which we
could have spotted right away by inspection:

1 o 1 1
F2n+(k+1) F2n+k F2n+k FQ(n+1)+l ’
Now summing over k =0,...,n gives
=) F 1), i
F22n+2 FQn o n F22n+1 " ’ Z.e.;
1 1 1

1) — = — .
f(n + ) f(n) F22n+2 + F22n+1 FQn
This recurrence is now suitable as a definition for f(n) in an admissible sys-
tem. Procedure 10 can thus be applied to express f(n) as a rational function
of Fon, Fonyq, Foon, Foonq, say. It finds

“1 1 — Fon + Fon Fo2n
fy = 30—y L e P

o k=0 F2n+k an F22n
Unfortunately, owing to the considerable complexity requirements of our pro-
cedures, we were not able to compute more sophisticated definite sums that
could not already be handled by other algorithms.

7 Conclusion

Difference equations of quite complicated form can be solved algorithmically.
In this paper, the focus was on quite a large class of univariate sequences that
we called admissible. We have given an effective method for enumerating a
basis of the ideal of all algebraic dependencies of a set of given admissible
sequences, a problem for which a finite algorithm is not likely to be found.
Applications related to combinatorial sequences and symbolic summation were
indicated.
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