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Abstract

Wilf-Zeilberger pairs are fundamental in the algorithmic theory of Wilf and
Zeilberger for computer-generated proofs of combinatorial identities. Wilf—
Zeilberger forms are their high-dimensional generalizations, which can be used
for proving and discovering convergence acceleration formulas. This paper
presents a structural description of all possible rational such forms, which can
be viewed as an additive analog of the classical Ore-Sato theorem. Based
on this analog, we show a structural decomposition of so-called multivariate
hyperarithmetic terms, which extend multivariate hypergeometric terms to the
additive setting.

Keywords: Additive Ore—Sato theorem, Hyperarithmetic term, Orbital
decomposition, Wilf—Zeilberger form

1. Introduction

The definition of Wilf~Zeilberger forms was first introduced by Zeil-
berger [20]; they are a direct generalization of Wilf-Zeilberger pairs [18, 19, 16]
to tuples with more than two entries. The interest in such pairs and forms
originates from the algorithmic proof theory of hypergeometric summation
identities. In this paper, we restrict our attention to forms with rational
functions instead of hypergeometric entries. These forms can also be seen as a
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difference version of differential closed 1-forms. It is challenging to extend the
above structure theory to the hypergeometric case, which would be a useful tool
to generate combinatorial identities automatically.

Throughout this paper, let N denote the set of nonnegative integers. Let
K be an algebraically closed field of characteristic zero and K(x1,...,x,) be
the field of rational functions in the variables x1,...,x, over K, which is also
written as K (x). We define the shift operators o; that act on elements f € K(x)
as follows:

ai(f(xl,...,xn)) = f(z1,.. i+ 1,...,2,), Vie{l,...,n}.

The action of operators on functions is also denoted by e, e.g., o; ® f = o;(f).
Analogously, the forward difference operators are defined as

Ai(f)=0i(f)—f, Vie{l,...,n}.

Definition 1 (Hypergeometric term, hyperarithmetic term). A nonzero term
H is said to be hypergeometric over K(x) if there exist rational functions
fis-ooy fn € K(x) such that

oi(H)
H

= fi, ViE{l,...,n}.

A nonzero term H is said to be hyperarithmetic over K (x) if there exist rational
functions fi,..., fn € K(x) such that

Ui(H)—H:fi7 Vze{l,,n}

In both cases, the rational functions fi,..., fn are called the certificates of H.
Two hypergeometric (resp. hyperarithmetic) terms Hy and Hs are conjugate,
denoted by Hy ~ Hs, if they have the same certificates.

Since 0; and o; commute, the certificates fi,..., f, of a hypergeometric
term H satisfy the following compatibility conditions:
oilli) _ ol e, n). (1)
I fi
The certificates f1,..., f,, of a hyperarithmetic term H satisfy the following
compatibility conditions:

oi(f;) = fi =oi(fi) = fi, Vi,je{l,...,n}. (2)

Definition 2. An n-tuple (fi,...,fn) € K(x)" is called a rational Wilf-
Zeilberger form with respect to (Aq,...,Ay) if Ai(fj) = Aj(fi) for all i,j €
{1,...,n}. We abbreviate “rational Wilf-Zeilberger form” as “WZ-form” in the
rest of this paper. If n = 2, then we call it a WZ-pair.




The classical Ore—Sato theorem plays an important role in the theory
of multivariate hypergeometric terms, because it describes the multiplicative
structure of nonzero rational functions fi,...,f, € K(x) that satisfy the
compatibility conditions (1). The bivariate case was proven by Ore [15] and
the multivariate case by Sato [17]. According to this theorem, any multivariate
hypergeometric term can be decomposed into a product of one rational function
and several factorial terms (which are basically products of Gamma functions).

Theorem 3 (Ore-Sato theorem). Let fi,...,fn € K(x) be nonzero rational
functions satisfying the compatibility conditions (1). Then there exist a rational
function a € K(x), constants i, ..., un € K, a finite set V.C Z™, and for each
v € V a univariate monic rational function ry € K(z) such that

fi= Uj(a)uj 1T HZJ rv(v-x+ 1),

a
vev ¢

where v - X := v1x1 + - + vz, and where the product notation is defined as
follows: for s,t € Z,

QeQsy1 - 0y—1, Ift>s;

t

H Qy = 1 .

I —, ift<s.

OOy - Qg1
Christopher’s theorem [9, 21] is an analog of the Ore-Sato theorem in

the continuous case. Other analogs concern the g-discrete case [12] and
the continuous-discrete case [6]. In this paper, we want to explore the
additive structure of nonzero rational functions f1,..., f, € K(x) satisfying
the compatibility conditions (2), i.e., (f1,...,fn) is a WZ-form. Our main
result, which is stated in the following theorem, reveals this additive structure
and therefore implies an additive decomposition of hyperarithmetic terms.

Theorem 4 (Additive Ore-Sato theorem). Let f1,..., f, € K(x) be nonzero
rational functions satisfying the compatibility conditions (2). Then there exist
a rational function a € K(x), constants p1,...,u, € K, a finite set V. .C Z",
and for each v € V' a univariate monic rational function ry € K(z) such that

fi=oja) —atpu+ ) ZOjTV(V'XJrf),
vevV ¢

where v-X 1= v1x1 4+ - - + U2y, and where we use the sum notation (for s,t € 7)

s+ sy + o+ oy, if t > s;

t

E o =
s

)

*(Oét+04t+1+"'+065—1)7 th<$

In the proof of Ore—Sato theorem, the complete irreducible factorization
was used as a key ingredient. When it comes to the additive case, we need



another auxiliary tool, the so-called orbital decomposition, which compensates
the missing of partial fraction decompositions of multivariate rational functions.
Hence, our additive Ore—Sato theorem is not just a straight-forward analog of
its multiplicative predecessor, but is significantly different in its structure and
proof strategy.

2. WZ-forms and structure of WZ-pairs

The goal of this section is to introduce some notions that will help us to
describe the proofs in the later sections more concisely.

Definition 5 ((Pairwise) shift-invariant). A rational function f € K(x) is
called shift-invariant if there exists a monzero integer vector v € Z" such that
f(x+v) = f(x). It is called pairwise shift-invariant if for each pair o,7 €
{01,...,04}, there are s,t € Z, not both zero, such that o*(f) = 7'(f).

Definition 6 (Integer-linearity). An irreducible polynomial p € K[x| is called
integer-linear over K if there exist a univariate polynomial P € K|[z] and a
nonzero integer vector v € Z" such that

p(x) = P(v - x).

We can always assume that ged(vy, ..., v,) = 1 because a common factor can be
extracted and absorbed by P. Such a vector v is called the integer-linear type of
p. We say that f € K(x) is integer-linear of type v if all the irreducible factors
of its numerator and its denominator are of the common integer-linear type v.

There is an efficient algorithm for the computation of the integer-linear
decomposition of multivariate polynomials [13], which will be used for com-
puting additive decompositions in Section 6. The next lemma reveals the
equivalence between the pairwise shift-invariant and the integer-linearity of a
rational function.

Lemma 7. [3, Proposition 7] A rational function f € K(x) is pairwise shift-
imwvariant if and only if there exist a monzero integer vector v € Z" and a
univariate rational function r € K(z) such that

fx) =r(v-x),
i.e., f is integer-linear of type v.

Given the integer-linear type of f, one can easily see that f is pairwise shift-
invariant. In contrast, the opposite direction of Lemma 7 is not that obvious.
However, it follows, by using an inductive argument, from the bivariate case
that is illustrated in the following remark.

Remark 8. Let f € K(x,y) be such that afEJZ(f) = f with s,t € Z not both
zero. If s =0, then f is free of y, which implies that f is integer-linear of type
(1,0). Similarly if t = 0, then f is integer-linear of type (0,1). If both of them
are nonzero, then f is integer-linear of type (t,5), where t = t/ ged(s,t) and
5= s/ged(s,t).



According to Definition 6, an element in K can be viewed as having any
integer-linear type. But for a non-constant rational function whose factors are of
the same integer-linear type, its type is unique. Such a type remains unchanged
under addition and under application of shift operators.

We now introduce two kinds of special WZ-forms, i.e., exact WZ-forms and
uniform WZ-forms, which will play an important role in describing the structure
of general WZ-forms (see Theorem 4).

Definition 9 (Exact WZ-form). A WZ-form (fi,...,fn) with respect to
(A1,...,A,) is said to be exact if there exists g € K(x) such that f; = A;(g),
forallie{l,...,n}.

Definition 10 (Uniform WZ-form). A WZ-form (f1,..., fn) with respect to
(Ay,...,A,) is called a uniform WZ-form if there exists an integer vector v
such that each f; is integer-linear of type v.

Remark 11. A WZ-form can be both exact and wuniform, for example,
(Ax(ﬁ%Ay(%ﬂ)) is an exact WZ-pair where each component is integer-
linear of type (1,1).

In the remaining part of this section we recall the structure theorem on
WZ-pairs in [5] that is described in terms of exact and cyclic pairs.

Definition 12 (Cyclic operator). Let G = (01,...,0,). For any m € Z and
0 € G, define

1+0+---+0m1 ifm >0
=<0, if m=0;
—(@™+---+ 07, ifm<O0.

Definition 13 (Cyclic pair). A WZ-pair (f, g) w.r.t. (Agz,Ay) is called a cyclic
pair if there exists h € K(z,y) that satisfies 03 (h) = o (h) for some s,t € Z,
not both zero, such that

ol —1 s—1
f=- eh and g:Jz oh.
oy —1 o, — 1

Note that any cyclic pair is a uniform WZ-pair by Remark 8. The following
theorem shows that each WZ-pair can be decomposed into one exact WZ-pair
plus several cyclic pairs.

Theorem 14 (Structure of WZ-pairs). Any WZ-pair can be decomposed into
one exact WZ-pair plus several cyclic WZ-pairs.

When it comes to a multivariate generalization of Theorem 14, cyclic pairs
will be replaced by uniform WZ-forms, see Theorem 20. For this purpose, we
define orbital decompositions and orbital residues of rational functions in the
next section.



3. Orbital decompositions and orbital residues

In this section, we recall the notion of orbital decompositions of rational
functions that was first used in studying the existence problem of telescopers
in [7] and present a modified definition of discrete residues, which were originally
introduced in [8] with polynomial and elliptic analogs in [14, 11].

Definition 15 (Shift-equivalence). Let F be a subgroup of (o1,...,0,). For
a,b € K(x), we say a and b are F-equivalent if there exists 7 € F such that
7(a) = b, denoted by a ~p b. We call the set

lalp = {7(a) | T € F}
the F-orbit of a. Note that if a ~p b then [a]p = [b]F.

The orbital decomposition of a rational function f = P/Q € K(x) depends
on the variable z; and a subgroup F. In order to define it, we first focus on its
denominator as a polynomial in z1, that is, Q € K(X)[z1] with X := 2a,...,z,.
The first step consists in factoring the polynomial @ completely over K (X). We
sort all of its irreducible factors into distinct F-orbits as follows:

I J
Q=c-I[II II ~@®).

i=1j=17€A;;

where ¢ € K(X), A; ; are finite subsets of F, and the b; € K(X)[z1] are monic
irreducible polynomials in distinct F-orbits. Note that this factorization is
unique up to the choice of the representative b; in each F-orbit. Moreover,
we impose on the sets A; ; the condition that 7(b;) # 7/(b;) for 7,7" € A, ; with
7 # 7'. In the second step, we compute the unique irreducible partial fraction
decomposition of f with respect to the above factorization:

I J
fert X3 3 T (3)

i=1 j=17€A;

where p,a; ;. € K(X)[z1] with deg, (a;;-) < deg, (b;) for all i,j,7. For a
polynomial b € K (X)[z1], a subgroup F < G, and j > 0, we define the following
linear K (X)-subspace:

a

Fo._
Ub,j = SpanK(i) {T(b])

TEF, ac K(X)[r1], deg, (a) < degrl(b)} . (4)

Qi1
(b))
exists for any f € K(x), and since the orbits [b] do not overlap, we obtain the
following direct sum decomposition:

K(x) = K(X)[z1] © (@ D Uf,}>, (5)
(]

Jj>0 F

In Equation (3), we have each sum ) € U ;. Since the decomposition (3)



where [b] p runs over all orbits in K (X)[z1]/~F. Such a direct sum decomposition
is called [7] the orbital decomposition of K (x) with respect to the variable x1 and
the group F.

According to the definition of Ulf j» it is easy to check that this linear
subspace is closed under the application of any operator in K(X)[F], that is,
any operator of the form ) . c;7 with ¢; € K(X). The following lemma is a
direct generalization of Lemma 5.1 in [7].

Lemma 16. If f € U}, and 6 € K(X)[F], then 6(f) € U;.

Theorem 17. Let f = p+21'1:1 ijl fij withp € K(X)[z1] and fi ; € UL be
an orbital decomposition of f with respect to x1 and F, and let 01,05 € K (X)[F].
We have 01(f) = 02(g) for some g € K(x), if and only if 61(p) = 02(q) for some
q € K(X)[z1] and for each i,j, there exists g;; € Ulf;j such that 61(fi ;) =
02(9i,j)-

Proof. The sufficiency is due to the linearity of the operators in K (X)[F]. For
the necessity, suppose g = ¢q + Zle ijl gi,j, where ¢ € K(X)[z1] and each
9ij € U,f7j. By Lemma 16, the orbital decomposition of 6, (f) with respect to
z1 and F'is

I J
01(f) = 61(p) + ZZ 01(fij)-
i=1 j=1
Similarly, we get

02(g) = 02(q +2292 gij)-

=1 j=1

By the uniqueness of the direct sum decomposition (5), we have 61 (p) = 62(q)
and 61(f; ;) = 02(g;,;) for each i, j. O

For f € K(x), we say that f is o;-summable if there exists g € K(x) such
that f = A;(g). Let (f1,...,fn) be a WZ-form w.r.t. (Aq,...,A,). Then
A;(f1) is or-summable, because we have A;(f1) = A1(fi;). The first part in
our proof of Theorem 4 is to decompose f; and find the shift-invariance of each
part.

Next, for the definition of orbital residues, let us look at the orbital
decomposition of f € K(x) with respect to z; and the subgroup F = (o).
In this case, the decomposition (3) can be written as

L

I J
f=r+ 333 S )

i=1 j=1 ¢=0

where the d; are irreducible polynomials in distinct (oq)-orbits.

Definition 18 (Orbital residue). Let f be given in the form (6), let d €
K(X)[z1] be irreducible, and let j € {1,...,J}. If there isi € {1,...,1} such
that d; € [d](5,) (by the properties of the orbital decomposition, such i is uniquely



determined), then the orbital residue of f at d of multiplicity j, denoted by
resq, (f,d, ), is defined to be the (o1)-orbit [r], ) with

L

ri= ZO’;Z(G@’J"Z).

£=0

If no such i exists, we define res,,(f,d,j) = 0. If it is clear from the context,
we will abbreviate [r],,y by [r].

Note that the definition of orbital residue does not depend on the represen-
tation (3) of f: if instead of d; some other representative of [d;](,,) is used, at
the cost of changing the range of ¢, then also the polynomial r in Definition 18
changes, but it will stay in the same (oq)-orbit. This is the reason why the
residue is defined to be an orbit, instead of a single polynomial. Similarly, we
have res,, (f,d, j) = resy, (f,d’, j) whenever d ~,y d'.

Example 19. Let b := 4z + 6y + 5z and if

T r+y 2x 2x 4+ 3

T= 2 v "o T ra?

then we observe that b+ 1 = o,(b — 3) and {b,b — 3,b + 3} are in distinct
(o1)-orbits. By Definition 18, we have

reso, (f,6,2) = [z, resy, (f,0-3,2) = Bety—1], resy, (f,0+3,2) = [22+3].

4. Additive decompositions of WZ-forms

Exact and uniform WZ-forms are special kinds of WZ-forms. Conversely, the
following theorem shows that these two forms are the only basic building blocks
of all possible WZ-forms. This section is dedicated to proving the following
theorem, which is a generalization of Theorem 14 to the multivariate setting.

Theorem 20. Any WZ-form can be decomposed into one exact WZ-form plus
several uniform WZ-forms.

First we recall the following notion of isotropy groups first introduced by
Sato [17] in order to prove the classical Ore-Sato theorem.

Definition 21 (Isotropy group). Let p € K[x]. The set
Gp={reG|7(p)=p}
is a subgroup of G, called the isotropy group of p in G.

This definition can be easily extended to rational functions. The next lemma
shows that shift-equivalent elements have the same isotropy group.

Lemma 22. Let f,g € K(x). If f ~g g, then Gy = G,,.



Proof. Let 0 € G such that f = o(g). For 7 € G, we have 7(g) = g. Applying
o to both sides of the equation yields o (7(g)) = o(g). Since ¢ and 7 commute,
we have 7(o(g)) = o(g), i.e., 7(f) = f. Thus 7 € Gy, which implies that
G, C Gy. Since 07! € G such that g = o7!(f), similarly we have Gy C G,.
Hence Gy = G,. O

We recall the crucial lemma that leads to the structure theorem of WZ-pairs,
which will be used to conduct the induction step in the proof of Theorem 20.

Lemma 23. [5, Lemma 6] Let f € K(z,y) be a rational function of the form

(10 ay Qp,
f=r0q =
b oy () oy (™)
where m,n € N with m > 0, ag,...,an,b € K(y)[z] with a, # 0. Moreover, we

assume that deg(a;) < deg(b), b is irreducible and monic, and that o7,(b) % (s,
ol (b) for all i,j € {0,...,n} with i # j. If for some g € K(w y) we have
Ay (f) = Asx(g), then there exists t € Z such that oyt (ag) = ol (ag), oyt (b) =
ol (b), and ay = of(ag) for all £ € {0,...,n}. Furthermore, for some go € K(y)

T
we get
oyt —1 ol —1

0
f oy —1 .bm ané g o, — 1 bm+go

According to Remark 8, the bivariate function f as above is of a certain
integer-linear type. We will use Lemma 23 to reduce the problem from the
multivariate case to the bivariate one in Lemma 27.

Recall that G = (01,...,0,) and X = z9,...,2z,. Let w:= (f1,...,fn) €
K(x)" be a WZ-form w.r.t. (Aq,...,A,). Then we apply the orbital
decomposition (3) with respect to z1 and G to f1, yielding

p+ZZ Z ( (7)

i=1 j=171€A;,

where for all 4, j, 7 we have p, a; j » € K(X)[z1] with deg, (a; ;) < deg,, (b;) and
A; ; C G. The following reduction formula is crucial in Abramov’s algorithm
for rational summation [1, 2].

Fact 24. For all a,u € K[x] with u # 0 and automorphism ¢ of K(x), we have

¢ma(u) =o(9) —g+ qb_%w (8)
where L
.- ;j)w(ug L mzo o
‘;ﬂzg))’ ym<?



Let E := {(03,...,0y). Then each 7 € G can be written as o]"A for some
m € Z and X € E. By taking ¢ = 01 and v = A(b) in Formula (8), we get

e __a _ o1 "(a) _ o1 "(a)
T(b)_amu)_m(9)+ - Ai(g) + OB (10)

for some g € K(x) of the form (9). Applying the above reduction (10) to each
summand a; j - /7(b!) in Equation (7) yields

I J
Al go ZZ 1,i,5 Wlth }V'Liyj = Z al(’;j); (].].)

>

/\EAi,j

where gg € K(x), Ki,j C E, and A(bi) %(s,) N (b;) whenever A\, \" are two
distinct elements from A; ;. Since the shift operators o7 ™ preserve the degrees
of the polynomials a; ; x, we have for all ¢, j that f,;; € U}g’j. In fact,

[@;,5,0] = reso, (f1,A(b:), ).

We give an illustrative example to show how we can immediately obtain the
orbital residue via the reduction (11). Note that the result is the same as
specified in Definition 18.

Example 25 (Continuing Example 19). Rewrite f as
T z+y 2z 20 + 3

dl + .
b2 o7lo.(02)  0.05%0.(b2) 0z 03(b?)

f=

First we get rid of the operator o, among all the denominators,

f:A( T4y 20 -2  2zx+3  2x+45 2m+7)
5 R o ) e (1 B o 5 e e T2
+7+x+y+1 20 — 2 +2:c+9'
B o o) T o)

Note that o, %0 (b*) = 0, 0. (b*), so we continue the reduction as follows:

20 — 2 A (- 2 — 2 2x 2x + 2 2x + 4
)_ xr

oy 20, (b2 05 30.(b?) B o5 20,(b?) - oz to.(b?) o.(b?)’

Hence 3r+y+5 2049
T T+y T
:A —
f=8 4+ =0 T e

for some g € K(x). We observe that {b* o.(b?),02(b%)} = {b%, (b+5)%, (b +
15)2} are pairwise {0, )-inequivalent, hence the reductwn is done. We have

reso, (f,b,2) = [z], reso, (f,0.(b),2) = [Bx+y+5], resq, (f,02(b),2) = [2z+9].

10



Using the gy that was obtained by Abramov’s reduction (8), we define an
exact WZ-form wq = (Al(go), el An(go)), which we remove from the given

WZ-form w. To this end, we let ﬁ := fi — A;(go) and observe that (fl, e ﬁ)
is still a WZ-form, which implies that for each k € {2,...,n}, Ak(fl) is o01-
summable. Note that Zl 1 s i1 f1 i.; 1s the orbital decomp081t10n of fi with
respect to 21 and G. By Theorem 17, for each ,j, we have Ay (fl,w) is o1-
summable. Then we can focus on each orbital component of ]?1 in a linear
K (X)-subspace chfm.

Remark 26. We claim that a € K(x)\ K(X) is pairwise shift-invariant if and
only if for each k € {2,...,n}, there exist Ly, Ny € Z with Ly # 0, such that

,f’“(a) = a{v’“ (a). The necessity follows from Definition 5. For the sufficiency,
we combine for any k,s € {2,...,n} the Ns-fold application ofalf"‘( ) = U{V’“ (a)
with the Ny-fold application of o= (a) = o¥* (a) to obtain

o (a) = o1 ) = o1 )
If N, = Ny = 0, then a is free of xy, and x5 which implies that oi(a) = ol(a).

Lemma 27. Let fi = ) \cpax/A(0™) € Ub with A C E and the )\(b) being
in distinct (o1)-orbits. If Ay(f1) is o1-summable for each k € {2,...,n}, then
all of the ay and b are integer-linear of the same type.

Proof. By Remark 26 and Lemma 7, it is sufficient to show that for each k €
{2,...,n}, there exist Li, Ny € Z with Ly nonzero such that o* (b) = o'* (b)
and alf’“(a)\) = ai\'k (ay) for all A € A. Let By := (02,...,0k—1,0k+1s---,0n).
For each A € A C E, there exist ty € Z, ny € Ej such that A = 02*77)\7 and

therefore ax
A=Y 2
g\ a2 (™)

By applying the reduction formula (8) once again, we can rewrite f; in the form

fi=A1(fie) + Z Z ane (12)

nEAL £=0 kn
where Ay C Ei, () A oy.00) () if 7 # 1), 06(D) Aoy ok (b) if £ # ¢, and
ay,T, # 0 for each 7. Furthermore, we assume that this representation is such
that T,, > 0 is as small as possible. Note that Zﬁo Gy e/oin(d™) € Un?bl’ak .
Recall that by our assumption A(f1) is o1-summable. Then by Theorem 17, we
have that Ay (ZZ;O 'dn’g/aﬁn(bm)) is o1-summable for each . Now Lemma 23

implies that there exist integers S, such that

o (b)) = 07" (n()), (13)
Uknﬂ(an 0) = 015" (@n,0), (14)
Qo = ok (dyo), forall £ €{0,...,T,}. (15)

11



Applying 7! to both sides of Equation (13) yields UkT"H(b) = als" (b) since G
is commutative. Since the of(b) are in distinct (o7)-orbits, we have T}, = T,y
and S, = S, for any two 1,7’ € Ay. Let Ly := T, + 1 and Ny := 5, then Ly
is the minimal positive integer such that o* (b) ~(oyy b and ok (b) = apVk(b).
According to Equation (14) and (15), for each 1, €, 0% (d,0) = o % (@,.). We
observe that

res,, (fl,/\(b),m) =[ax] and res,, (fl,aﬁn(b),m) = [an,e)-

For each A € A, there exists a unique pair (n,¢) where n € A, ¢ € {0,...,T,}
such that A(b) ~(y,y on(b). By Definition 18 we have a ~(s,) Gye. Now

Lemma 22 implies that (f,f"‘ (ax) = oi* (ay). O
Now we are ready to give the proof of Theorem 20.

Proof. We proceed by induction on n. For the base case when n = 1, the
theorem follows from the fact that any univariate rational function is a uniform
WZ-form. Suppose now that n > 2 and the theorem holds for any WZ-forms in
(n — 1) variables. As in Lemma 27, we focus on each component of the orbital
decomposition of f; and rewrite it as in (12). Next we use the cyclic operator
to describe f; in a more precise way as

Ly ~
B o —1 .0
Jr=21( k) + o1 " > n(bm)

neAL

Suppose that L, Ni € Z with Ly nonzero such that

O_Lk a7),0 _ O'Nk an,O
B\ n(m) ERVICONA

For each k € {2,...,n}, let

fo=Dn(fin) + "o > 220

o1 —1 nEMR U(bmy

then one can easily check that Ag(f1) = Aq(f;) with f; and f; being integer-
linear of the same type. For k,¢ € {2,...,n} with k # £, we have Ag(f1) =
A1(f7) and Ag(f1) = A1(f}), from which it follows that

AeA1(fr) = AeAk(f1) = ArA1(f7).
Thus A1 (Ae(ff) — A(f)) = 0, ie., Au(f)) — Ak(f)) € K(X). By
construction, we have fy ) € Ulfm and f5,...,fl € Ulfm. By Lemma 16, also

A¢(fr) — Ar(fy) is an element of Ulfm. According to the definition of Ufm (4),

Ug, NK(X) = {0}.

12



Thus Ay(f},) — Ar(f;) = 0. By Definition 10, (fi, f5,..., f),) is a uniform WZ-
form in Ulfm7 denoted by w; ; for some 1, j.

In conclusion, from the orbital decomposition of f;, we can obtain a WZ-form
(f1, f5, ..., f}) which is one exact WZ-form wq plus several uniform WZ-forms
wj j. Note that there may remain a WZ-form: (0, fo — f3,..., fn — f},). From
the compatibility conditions (2), we have for each k € {2,...,n}, A (fr — f1) =
Ag(0) =0, so fr, — fi € K(X). So the remaining can be viewed as an (n — 1)-
variable WZ-form w.r.t. (Ag,...,A,). By the induction hypothesis we can
complete the proof. O

Note that this decomposition is not unique in two aspects. Referring to
Remark 11, when a WZ-form is both exact and uniform, we will put it into the
exact part, which minimizes the uniform part. It is decided by the operators in
G we choose in the orbital decomposition. Next we give an example to illustrate
how the decomposition works.

Example 28. Let w = (f,g,h) € K(x,y,2)% be a WZ-form with

3
1
f_;4x+6y+5z+£’
5 2
1 1
g_;4m+6y+52+€+;3y+2z+€’
AR S S - S
_£:O4m+6y+5z+€ i B3y+22+ 10

It is easy to check that (f,g,h) satisfy the following compatibility conditions:

{Ay(f) = Aul9), As(f) = Au(h), A.(g) = Ay(h)}.
Here we let b := 4x 4 6y + 5z and rewrite f as

P P S i —
b aglay(b) cr;loy(b) U;?’ag(b).

Note that this representation is not unique. Let ¢ := 3y + 2z, then rewrite

22: LN 1
Z3y+2:+L ¢ oyl0%(c)  oulc)

13



Then we can decompose it into an exact WZ-form plus two uniform WZ-forms:

o2—1 ¢2-1 1\ o)—-1 ¢2—1 1
:Am = A:c Y Lz - Y L2 -
! (a—l—a)—i—( (a2)+ay—1 O'zl.b) oy —1 crzfl.c
_ ot=1 o,—1 1\ o2—1 op—1 1
:Aw(a—i_a)_‘_(Aw(a?’)—’—al.ayl.b>+al.ayl.c’
z Yy z Y
od—1 o2-1 1 o,—1 o2—1 1
ngy<“+“)+<Ay(“2)+a _1'0_1°b)+f_1'g_1’a
o2—1 o,—1 1\ o,—-1 o;-1 1
h:AZ(a+a)+(AZ(a3)+ 3c—l.o*y—l.b)—Fcfgc—l'oy—l.c
x Y x Y
where
1 1 1 1 1
a=— — — — - ,
ozlo.(b) ozl (d)  0.203(b)  ozl03(b)  ou'lod(b)
1 1 _ 1
az = ) a3 = ——2 ) a=——— .
P o) 7 e le(h) 0, '02(c)

As we can see, the first uniform WZ-form is of the type (4,6,5) and the second
is (0,3,2).

5. Structure of uniform WZ-forms

Theorem 20 tells us how every WZ-form can be decomposed into exact and
uniform WZ-forms. While exact WZ-forms are easy to describe and to construct,
Definition 10 only allows us to check whether a given tuple is a uniform WZ-
form, but this characterization is not explicit enough to construct such forms. In
this section, we use a difference homomorphism in order to write a uniform WZ-
form in terms of its integer-linear type and a single univariate rational function.
Then we finish our proof of the additive Ore—Sato theorem.

Let (A,0) and (A, T) be two difference rings, where o = (01,...,0,) and
7 = (71,...,7). A homomorphism (resp. isomorphism) ¢: A — A is called a
difference homomorphism (resp. isomorphism) from (A,0) to (A, 7) if poo; =
7; 0 ¢, for each i € {1,...,n}. That is to say for each i there is a commutative
diagram:
A" A
o]
AT A

Lemma 29. Given a unimodular matriz D € Z™*", i.e., D™' € Z™ ", we
define a ring isomorphism ¢: K(x) — K(x) by ¢(x) = D - x. Furthermore, we
let the o; act on vectors as 0;,(x) = x+e€;, where e; denotes the i-th unit vector.
If we define 7;(x) = x+ D7 -e;, for alli € {1,...,n}, then ¢ is a difference
isomorphism from (K(x),o) to (K(x),T).

14



Proof. We have to check that ¢ o o; = 7; 0 ¢. For the left-hand side we get

¢(0i(f(x))) = o(f(x+ei)) = f(D-x+e),
and the right-hand side gives

Ti(0(f(x)) =7 (f(D-x) = f(D-(x+D7"-e)) = f(D-x+e;). O

Given fi,..., fn € K(x) satisfying the compatibility conditions (2), Theo-
rem 2 in [4] shows that there exists a difference ring extension (K (x)[H],o) of
(K(x), o-), where H is a hyperarithmetic term with the certificates fi,..., fu.
A difference homomorphism from (K(x),o) to (K(x),7) can naturally be
extended to the corresponding difference ring extensions.

Lemma 30. /3, Proposition 9] For every integer vector v.= (vy,...,vy) there is
an integer matriz D € Z™*™ with the first row v and det(D) = ged (v, ..., vp).

Next we use such a matrix D to construct the difference homomorphism.

Theorem 31. Let (fl(v-x)7 RN fn(v-x)) be a uniform WZ-form of the type v,
then there exist constants pi,...,u, € K and a univariate rational function
r € K(z) such that for each i € {1,...,n},

filvex) =it Y r(vex+0),
J4

Proof. Let H(x) be a hyperarithmetic term, and let fi(v -x),..., fn(v-x) be
its certificates. That is to say for each i,

oi(H(x)) = H(x) + f;(v - x). (16)

Without loss of generality, we can assume that ged(vy,...,v,) = 1. By
Lemma 30, there exists an integer matrix D = (d;;) € Z™*"™ with det(D) =1
whose first row is v. Let ¢: K(x) — K(x) such that

¢(f(x)) = f(D~ ' x), for all f(x)€ K(x).

By Lemma 29, ¢ is a difference isomorphism from (K (x)[H], o) to (K (x)[H],T),
where 7;(x) = x4+ D - e; for all ¢ in {1,...,n}. Applying the operator ¢ to
Equation (16) yields

6(0i(H(x))) = $(H(x)) + 6(fi(v - x)),
T ((b(H(x)) = ¢(H(x)) + fi(zy).
Let H'(x) = ¢(H(x)), then it follows that 7; (H'(x)) = H'(x) + fi(z1). For any

integer m > 0 and i € {1,...,n} we have
m—1
HH' () = H'(0) + > filer i) = H' () + fim(@), (A7)
§=0

7, " (H'(x)) = H'(x) - Z fi(z1 = jdvi) = H'(X) + fi,—m(1). (18)

Jj=

15



Let D! =: (d‘;j)nxn’ then for all ¢ € {1,...,n} we can rewrite o; in terms of

Tlye-eyTnt
n .
dji
o =[] .
J=1

By applying (17) and (18) repeatedly, we obtain o; (H'(x)) = H'(x)+ f/(x1) for
some univariate rational function f/. That is to say, A;(H'(x)) = f/(z1). By
the compatibility conditions (2) we have that Ay (fi(z1)) = Ag(fi(z1)) = 0,
and thus f; € K for all k € {2,...,n}. Then an easy induction shows that

H'(x) ~ F'(z1) + Y fhak,
k=2

where F’(x1) is a solution of the difference equation y(z1+1) —y(x1) = f1(z1).
Next, we can recover H(x) as follows,

H(x)=¢ ' (H'(x))
=H'(D-x)

~ F'(v-x)+ Zf;'c (Z dkiﬂﬂi)
k=2 i=1

=F'(v-x)+ Z (Z f;;dm> Ti,
i=1 =2

where F'(v-x+1) — F'(v) = f{(v-x). Write that p; := >_;_, f/.dk;. Then for
each i € {1,...,n},

,ui—f—viz:_lf{(v-x—i—ﬁ), if v; > 0,
filv-x)=A,; (H(X)) =< Mi - if v; =0,
fif{(v~x+£), if v; < 0.
t=v;
Finally we let the univariate rational function r be defined as f7. O

Now we obtain Theorem 4 by combining Theorem 20 and Theorem 31.
Note that we can save the {u;}? ; since the constant tuple (ui,...,u,) can
be viewed as an exact WZ-form. Now we show that any hyperarithmetic term
can be described up to conjugation in terms of a rational function plus a K-
linear combination of polygamma functions. First we employ the partial fraction
decomposition on the univariate function r over K:

ﬂst
ZZ (z+ as)

16



where s,t € N and «, 85+ € K, both with the finite support set.
According to the recurrence formula of polygamma functions in [10, (5.15)]:

(—1)t¢!
PO+1) -9z = L, 1=0,1,..
we have (—1)te!
—1)%¢!
(t) _ () =~ 7
YW (z+as+1) =9 (Z+as)—(z+as)t+1'

Then the hyperarithmetic term H’ with certificates
V1 Un
(XI:O r(v-x+4£),..., 2{):0 T(V-x+€))

is conjugate to

55 t+1 t
E E LW (v x 4 ay).
— 1)t
— < (—=1)tt!
Corollary 32. Any hyperarithmetic term is conjugate to

a+ Z Z Z ﬁv,s,t¢(t) (V "X+ av,s)a

veV s t

where a is a rational function, V. C Z"™, s,t € N, and for each v, we have
Bv,s,hav}s S K.

Example 33. Let H be a hyperarithmetic term with certificates (f,g,h) as in
Ezample 28. Then H is conjugate to (0 (4a + 6y + 52) + () (3y + 22).
6. Algorithms and implementation

Now we will present an algorithm for computing additive representations of
WZ-forms based on the recursive idea in the proof of Theorem 4.

Definition 34 (Additive representation). Given a WZ-form w = (f1,..., fn),
there is a decomposition of the form

w= (A1), .., An(a)) + Z(Zzl v ex+0, L3 rv(v.x+e)),
L

veV V4
We call the list (a, v, {Tv}vev) an additive representation of w.

Let w = (f1,..., fn) € K(x)™ be a WZ-form. Firstly, we apply Abramov’s
reduction [1] with respect to the variable z1 to decompose f; into

I J
fr=algo) + 30D,

i=1 j=1
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where go € K(X)[x1], ai5,b; € K[X][z1] with deg, (a; ;) < deg,, (b;), and the b;
are in distinct (oq)-orbits.

By Lemma 27, each a; j/b] are integer-linear of some type v;. In order to
compute the type of each simple fraction in the above decomposition, we are
reduced to the following problem.

Problem 35 (Integer-linear testing). Given a polynomial p € K|x|, decide
whether there exist u € K[z] and v € Z™ such that p = u(v - x).

The above problem has been solved in [13]. Applying the algorithm
IntegerLinearDecomp in [13] to the numerator and the denominator of each
simple fraction a; ;/b] yields

@
ﬁ = u;,j(Vi - X),
2

where u; ; € K(z) and v; € Z" with the first entry v;; being nonzero. By
collecting the simple fractions of the same type, we obtain

fi=Dg0) + 3 uul(v %),

veV

where V' C Z" is a finite set and u, € K(2) for each v € V. The next step is to
write the rational function u, into the form

un(z) = Y ez 40,

/4

where r, € K(z). Note that r, must be a rational solution of the difference
equation
y(z +v1) —y(2) = uy(z + 1) — uy(2),

which can also be solved by Abramov’s reduction.

Let wg = (Al(go), .. .,An(go)) and wy = (fl,v, .. -7fn,v)7 where for each
kEe{l,...,n},

Vg
fk,v = ZO TV(V "X+ E)
¢

Then w can be written as a summation of one exact WZ-form, several uniform
WZ-forms and a “degenerate” WZ-form:

w:wO—I—Zwv—l—@.
veVv

We now proceed with the induction step by repeating the above process for w
which only involves (n — 1)-variables. The above process for computing additive
representations of WZ-forms is summarized in Algorithm 1 and is illustrated in
Example 36. Our Maple code for implementing Algorithm 1 is available at

http://www.mmrc.iss.ac.cn/~schen/AddOreSato.html
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Algorithm 1 WZ-form decomposition algorithm

Function: WZFormDecomp((fl7 e )y X, Z)

Input: WZ-form (fy,..., fn) € K(x)", x = (x1,...,%,), and a new variable Z
Output: Its additive representation: (a, V,R = {Tv}vev)

if fi =0 then
(a,V,R) + WZFormDecomp((fg, ceosIn)s (T, T, Z)
for v = (vq,...,v,) in V do
v+ (0,v9,...,0,)
end for
return (a,V, R)
end if

Call AbramovReduction: f; = Aj(go) + Zle Z;']:1 ai ;b
if n =1 then
return (go, (1)), (fi — A1(90)))
end if
for1 <i<Ido
Call IntegerLinearDecomp: b; = ¢;(w; - x) with ¢; € K[Z]
end for

Ve (vi,..., Vi) with {vy,..., v} ={wq,...,wr}and v; # v, for i # j
for 1 <k <mdo
Uk 0
for1 <i<Jdo
if the integer-linear type of b; is vy = (vg1,.-.,Vk,n) then

for 1< j < J do
Perform the substitution vy -x — Z in a; ; so that a; ; € K[Z]
g — up + a; ;/q)
end for
end if
end for
Call AbramovReduction: o,(hg) — hi = up(ve12 + 1) — ug(vi12)
Tk < hk(l/kaZ)
end for
a< go, R+ (ri,...,1m)
for 2<k<ndo

foete=> Z;k ri(vi-x+0)
=1 ¢

end for
if f] # 0 for some k then
(a’, |48 R') — WZFormDecomp((fé, cos ) (may .oy, Z)

for v/ = (va,...,v,) in V' do
v (0,v9,...,0p)
end for
a<a+a, V< Join(V,V'), R+« Join(R,R/)
end if

return (a,V, R)
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Example 36. Set w := (f,g,h) € K(x,y,2)® be a WZ-form with respect to
(A, Ay, A, specifically,

f_xyz—yzz—yzz—i—yz—l

N r—y—z+1

222 — xyz — x2? —y? —yz—
yz —x2+ay—y- —yz—1

Y

T—y—z ’

h— 22y —xy? —ayz+rr—yzr—22—1
B T—y—z '
Employing Abramov’s reduction on f yields

1

= A, .

Then we record the following exact WZ-form as a part of w:

wo = (Ag(zy2), Ay(zy2), AL (2Y2)).

Obuviously from the decomposition of f there is only one integer-linear type v =
(=1,1,1) and the corresponding univariate rational function is rv = 1/Z. Then
a uniform WZ-form shows up as a part of w:

1 1 1
Wy = , , .
v (—x—i—y—i—z—l —T+y+z —x—i—y—l—z)
Then we can update w by subtracting wy and wy: (0,y,2), which

a =
is equivalent to the WZ-pair (y,z) with respect to (A,,A.). By simple
manipulation we can see it is an exact WZ-pair:

(8, (322 + 322), 8. (37 + 127)).
Combining this exact WZ-form with the previous one we can update wy as:
wy = (Az (xyz + %y2 + %22), Ay (xyz + %yQ + %zz),AZ (acyz + %y2 + %z2))

Finally the decomposition works as w = wy+wy, i.e., the additive representation
of w is

(wyz + 307 + 322 {(-1, 1,0}, {1/2}).
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