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We investigate the approximation of some hypergeometric functions of two variables,
namely the Appell functions F;, : = 1,...,4, by multivariate Padé approximants. Section 1
reviews the results that exist for the projection of the F; onto x = 0 or y = 0, namely,
the Gauss function »Fi(a, b; ¢; z), since a great deal is known about Padé approximants for
this hypergeometric series. Section 2 summarizes the definitions of both homogeneous and
general multivariate Padé approximants. In section 3 we prove that the table of homogeneous
multivariate Padé approximants is normal under similar conditions to those that hold in the
univariate case. In contrast, in section 4, theorems are given which indicate that, aready for
the special case Fi(a,b,b’;c;z,y) witha = b =0b" = 1 and c = 2, there is a high degree of
degeneracy in the table of general multivariate Padé approximants. Section 5 presents some
concluding remarks, highlighting the difference between the two types of multivariate Padé
approximants in this context and discussing directions for future work.
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1. Introduction

There are four classes of functions, each called Appell series, that arise as the
natural generalization to two variables of the Gauss hypergeometric function. For any
positive integer i, let

(a)i::{a(a—l—l)(a—i—Z)...(a—i—i—l), zié, (1)
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Then the Gauss or ordinary hypergeometric function is defined by [24]

(@)i(0); ;
()it 7

2Fi(a,bic;2) 1= Z @

where the parameters a, b, ¢ and z may be real or complex. Some of the vast literature
pertaining to the properties and applications of hypergeometric functions of al types,
including the Gauss function, may be accessed via the bibliographies in [11,22,24].
Following Appell’s approach, if we consider the simple product of two Gauss
functions
.. T2 = (a)i(a/)j(b)i(bl)jmiyj
2ha.bie:h(d Vidy) z‘;o (c)i(c) i 5!

and replace pairs of products (a);(a’); by the composite product (a)i4;, four new
functions of two variables are generated. These four functions bear Appell’s name and
are defined by

Fi(a, b,V ¢2,y) = io (a)ngi](fej.w ’ ©)
Fo(a, b5, s 2,y) = ”i:o (Q)Z{C])fl()if)(jgﬁzyj : 4
Ps(a,d b,V ¢z, y) = wf:o (a)i(aéi;fiiiiﬁi?j 'y : (5)

R

All four Appdll functions reduce to the Gauss function if one of the variables is equa
to zero. Moreover [24], we have that

Fl(a,b,b';c;m,m) :zFl(a,b—i—b';c;x). @)

The study of generalized hypergeometric functions of several variables has been ex-
tensive due to their frequent occurrence in the solution of datistica and physical
problems [11].

In several papers[10,21,25,26], properties of Padé approximants for the univariate
function 2 Fi(a, b; ¢; z) have been studied. The Padé approximation problem of order
(n, m) for afunction f, given by its formal Taylor series expansion

f()=co+crz+ 22+, co#0, (8
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consists in finding polynomials

p(z) = 2": a;zt and ¢(z) = i bzt
i=0 =0

such that in the power series (fq — p)(z) the coefficients of 2* for i = 0,...,n+m
disappear, in other words,

dp < m, dg<m,  w(fg—p)=2n+m+1 )

where dp denotes the exact degree of a polynomial p and wp stands for the order of
a power series p. Condition (9) is equivalent to the following two systems of linear
eguations.

cobo = ay,
le?o + coby = aa, (100)
cnbo + cp_1b1 + - 4 Cmmbm = ayp,
cn+lb0 + Cnbl +-+ Cn—m-i—lbm =0,

: (10b)
Cntmbo + cnpm—1b1 + -+ by, =0

with ¢; = 0for i < 0. Since the system (10b) is a homogeneous system of m equations
in m + 1 unknowns, it has at least one nontrivial solution. Moreover, al nontrivial
solutions of (10) supply the same irreducible form after normalization [2]. If p(z) and
q(z) satisfy (10) we shall denote by [n/m]/ = pu.m/qnm the irreducible form of p/q
normalized such that g, ,,,(0) = 1. Thisrationa function [n/m]7(z) is caled the Padé
approximant of order (n,m) for f(z). When no confusion is possible, we shall omit
the superscript f in [n/m]/.

The Padé approximants [n/m] for f can be ordered in atable for different values
of n and m:

[0/0] [0/1] [0/2] [0/3]
[1/0] [1/1] [1/2] [1/3]
[2/0] [2/1] [2/2] [2/3]

This table is called the Padeé table of f. The first column consists of the partial sums
of f. Thefirst row contains the reciprocals of the partial sums of 1/f. We call a Padé
approximant normal if it occurs only once in the Padé table and we call the Padé table
normal if each entry in the table is normal.

Severa generdizations of the concept of univariate Padé approximant exist for
multivariate functions. In section 2 we recall two important approaches, which will
be used to construct Padé approximants for the Appell functions in sections 3 and 4.
Let us first review the results which exist for the Padé approximants of the univariate
function »F1(a, b; c; z). These results are summarized below.



32 A Cuyt et al. / Exploring multivariate Padé approximants for multiple hypergeometric series

Theorem 1.1 [10]. The Padé table for the hypergeometric series »Fi(a, 1; c; z) with
¢>a > 0isnormal.

Theorem 1.2 [10,26]. The Padé approximants [n/m] for the hypergeometric function
2F1(a,1;¢;z) withm < n and a,c,c —a ¢ Z~ are normal.

Theorem 1.3 [21,25]. Let ¢ ¢ Z~ and let m < n + 1. Then the denominator of the
(n, m) Padé approximant for the function »Fi(a, 1; c; 2) is given by

Gnm(2) = 2F1(—m, —a —n; —c —n —m + 1, 2).

2. Multivariate Padé approximants

During the last two decades many efforts have been made to generalize the
concept of univariate Padé approximant to the multivariate case. In section 2.1 we
shall first review the definition of general multivariate Padé approximants. This de-
finition includes all definitions for multivariate Padé approximants based on the use
of a linear system of defining equations for the numerator and denominator coef-
ficients, such as those found in [4,7,12,15,16,18,19]. In section 2.2 we then con-
sider the so-caled homogeneous multivariate Padé approximants [6], which have
the advantage that they preserve the properties and the nature of univariate Padé
approximants even better than the genera Padé approximants. This will also turn
out to be the case when looking at the general and homogeneous multivariate
Padé approximants for the Appell functions F;. Other ways to define multivariate
Padé approximants can be found in [3], where an algebraic approach is taken, and
in [9,17,20,23], where the generaization is based on the use of branched contin-
ued fractions. However, we shall not consider these multivariate Padé approximants
here.

In the sequel of this section we restrict ourselves to the case of two variables
because the generalization to functions of more variables is more difficult only in
notation.

2.1. General multivariate Padé approximants

Let a bivariate function f(x,y) be given by the formal Taylor series expansion
fay) = D cya'y
(4,5)EN?
with
11 0 f
Cij — ———~ - -
T 4 Oxtoyd

(0,0) ‘



A. Cuyt et al. / Exploring multivariate Padé approximants for multiple hypergeometric series 33

Let N, D and E be finite subsets of N2 such that

NCE, (11a)
#(E\N) =m =#D — 1, (11b)
E satisfies the inclusion property, (11¢)

where (11¢) means that when a point belongs to the index set E, the rectangular subset
of points emanating from the origin with the given point as its furthermost corner is
also contained in E. Our purpose is to determine polynomials p(z,y) and g(z,vy) of
the form

plr,y) = Y aya'y, (129)
(4,5)eEN
g,y) = Y bya'y (12b)
(¢,5)eD
such that
(fe—p)wy)= D dya'y (12c)
(i,j)ENZ\E

Condition (11a) enables us to split the system of equations
dz‘j =0, (Z,j) e F,

into an inhomogeneous linear system defining the numerator coefficients a;;,

i J
Z Z C,ul/bif,u,jfu = Q4j5, (4,7) € N, (13

pn=0v=0
and a homogeneous linear system defining the denominator coefficients b;;,

i J
Z Zc,uubiﬁu,jfu =0, (i,j) € E\N (14
pn=0v=0
By convention by; = O for (k,1) ¢ D. Condition (11c) takes care of the Padé approx-
imation property, namely

<f B)(ﬂ%y) = ) ey
4 (1,j)eEN2\E

provided ¢(0,0) # 0. Therefore we call the rational function p/q, with p,q satisfy-
ing (12), a general multivariate Padé approximant of order (N, D, E) to f(z,y) and
we denote it by [V /D]fi. The superscript f is usualy omitted when no confusion can
arise. It is clear from (11b) that a nontrivial general multivariate Padé approximant
always exists and that it will be unique up to a constant factor in the numerator and
denominator if the coefficient matrix of the linear system (14) has maxima rank. In
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this case the general Padé approximant [N/D]g is caled nondegenerate. If the rank
of (14) is not maxima then multiple solutions of (12) exist and we refer to [1] for a
discussion of the relationships between these solutions and solutions of Padé approxi-
mation problems of “higher” degree or “higher” order. For all definitions covered by
the general definition given here, one cannot guarantee the existence of a “unique”
irreducible form if multiple solutions of (12) exist.

In order to define a table of genera multivariate Padé approximants, we impose
an enumeration on the index sets N, D and E:

N = {(io,j0)1 cee !(Zm]n)} = Nm
D= {(do, eo), N ,(dm,em)} = Dm,
E=NU {(in+l’jn+1)’ s ’(in+m1jn+m)} = Enim-

The numbering imposed on the sets N, D and E now makes it possible to set up
a general multivariate Padé table where the column index indicates the denominator
“degree’, i.e.,, #D, and the row index indicates the numerator “degree’, i.e., #NV:

[No/Dole, [No/Dile, [No/DqlE,
[N1/Dolg, [N1/Dilg, [Ni/D2lE,
[N2/Dolg, [N2/Dilg, [N2/Da]E,

It is clear that a table of general multivariate Padé approximants depends on the num-
bering chosen for the index sets NV, D and E. Interchanging index points influences
columns or rows in the table, but not the intrinsic properties of particular approxi-
mants [8,13,14]. The most frequently used enumerations are the “triangl€” numbering
and the “square” numbering. In the triangle numbering, index points are ordered along
upward sloping diagonals in N2, namely

00 (10 ©01) 209 (11 ©O2 B0 21 (12

! ! ! ! ! ! ! ! !
0 1 2 3 4 5 6 7 8

while the square numbering is carried out along squares in N2
00 (10 01 1) 20 (21 O2 12 (2,2

l l l l l ! | ! |
0 1 2 3 4 5 6 7 8

2.2. Homogeneous multivariate Padé approximants

The approach we have taken in the previous section to define and construct
multivariate Padé approximants is essentially based on rewriting the double series
expansion

Z cija'y’ (15)

(i,5)EN2
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as the single sum

—+o00
E cijx'y’,

r(2,7)=0

where a numbering (i, j) of N? places the points in N2 one after the other. By doing
50, the dimension of the problem description is reduced: the input isindexed by integer
numbers (i, /) € N and not by multi-indices (i, j) € N2.

Another way to work with the bivariate power series (15) is the following.
Rewrite

o0
> ety =3 (3 e’
(1,5)EN? =0 “i+j=t

This approach is taken in [6, p. 59-62] to construct homogeneous multivariate Padé
approximants. For chosen v and i, which are the homogeneous counterparts of the
univariate degrees n and m in (9), we introduce the notations

Ag(z,y) = Z aijaly’, €=0,...,v,

i+j=vu+l

By(z,y) = Z bijxiyj, £=0,...,pu,
i+j=vu+l

Ciz,y) = Z cl-jxiyj, £=0,12....
i+j=t

Let afunction f(z,y) again be given by its formal Taylor series expansion
f@y) = Cul,y).
(=0

Then the homogeneous multivariate Padé approximation problem consists in finding
polynomials

p(x,y) = Az, y), (168)
=0
7
g(z.y) = Bi(z,y) (16b)
=0
such that
(fe—-pay)= D dya'y. (16c)

i+jzrutv+p+l
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This problem can be reformulated as

C0($, y)BO(x1 y) = AO(x! y)’
C]_(ﬁ, y)BO(x1 y) + C0($, y)Bl(x! y) = A1($, y)1

Coars ) Bolr y) + - - + Co (s 9) Bul, ) = Al ),
{ C’U+1(x,y)Bo(x,y) ot Cl”rl*,u(x! y)B,u(xJJ) =0,

Coyu(z,y)Bo(z,y) + - - + Cu(z,y)Bu(z,y) =0,

where Cy(x,y) = 0 if £ < 0. This is exactly the system of defining equations for
univariate Padé approximants if the univariate terms ¢,zt, a,x and byz’ are substituted,
req)eCtiveri by Cg($,’y), Af(x!y) and Bg(l‘,y)

Itisprovenin [6, p. 60] that anontrivial solution of (16) aways exists and that, in
contrast to the general multivariate Padé approximation problem, all solutions of (16)
have the same irreducible form. If p(z,vy) and ¢(z,y) satisfy (16), we can therefore
denote by [u/u]fl = pu.u/ v, the properly normalized irreducible form of p/q. The

rational function [I//,u];_l, or [v/u]r when no confusion is possible, is caled the ho-
mogeneous multivariate Padé approximant of order (v, ) for f. Here the subscript H
does not refer to an equation index set but merely to the adjective “homogeneous’. As
in the univariate case, the homogeneous multivariate Padé approximant can be ordered
in atable for different values of v and u:

[0/0x [0/1m [0/2]u
[1/0r [1/u [1/2u
[2/0r [2/0u [2/2u

Each entry [v/u] in this table is a homogeneous multivariate Padé approximant of
which the numerator and denominator polynomials have homogeneous degree at most
v+ v, respectively vu + p. Asin the univariate case, the order (v, ) of the homo-
geneous Padé approximant [v/u] g completely determines its row and column index
in the table of homogeneous Padé approximants. This is in contrast with the general
Padé approximation table where the order (IV, D, E) of the general Padé approximant
[N/D]g is not sufficient to determine its row and column index, since here also the
numbering (i, ) of the multi-indices plays a role.

3. Homogeneous Padé approximants for the Appell series
After reviewing some existing results for Padé approximants of the Gauss hyper-

geometric function o F1(a, 1;c; z) in section 1, we want to discuss the generalization
of these theorems to homogeneous multivariate Padé approximants for the Appell
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functions. In this respect the projection property of the homogeneous multivariate
Padé approximants plays an essential role. To formulate this property we denote for
X = (A1, \2) € C?, the projection operator by

Pr:f(x,y) — f(Arz, A2z) = Pa(f)(2).

Choosing A = (1, 0), respectively (0, 1), amounts to projecting on y = 0, respectively
x = 0. The following property holds.

Theorem 3.1 [5,6]. Let [v/ u]{{(x, 1) be the homogeneous Padé approximant of order

(v, 1) for f(z,y). Thenfor each A = (A1, \2) € C?, theirreducible form of P)\([l//lu,];_[)
equals [v/1]7>), which is the univariate Padé approximant of order (v, 1) for Py(f).

This projection property, together with the fact that all four Appell series reduce
to the Gauss function if one of the variables = or y equals zero, and the results
on univariate Padé approximants for the Gauss function »Fi(a,1;c; z), leads to the
following theorems.

Theorem 3.2. The table of homogeneous multivariate Padé approximants for each of
the following Appell functions:

Fl(a, 1,0 c;x,y), c>a >0, (174)
Fi(a,b,1;c;x,9), c>a >0, (17b)
Fi(a,b,V;c2,y), c>a>0 b+ =1, (17¢)
Fz(a, 1,V;ec; x,y), c>a>0, (17d)
Fz(a, b, 1;c, c’;m,y), d>a>0, (17¢)
Fg(a,a’, 1L,v:e x,y), c>a>0, (276
Fg(a,a’,b, 1 ¢ x,y), c>dad >0, (179)
F4(a,1;c,c’;x,y), c>a>00rcd >a>0, (17h)

is normal.
Proof. We shall give aproof only for (17a) since aproof for al other Appell functions
(17b)<(17h) is completely similar. Let

g= Fl(a,l,b';c;x,y) withe >a >0

and assume that the table of homogeneous multivariate Padé approximants for g is not
normal. This implies that there exist (v, 1), (V2, p12) € N? with (v, 1) # (v2, p12)
such that

[v1/ 1y = [v2/p2ly;
and hence

Pa[vr/palyy) = Pallve/paly) (18)
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for any \ € C2. Because of the projection property of homogeneous Padé approxi-
mants, (18) implies

[v1/pa] ™) = [2/ 2] ™). (19

Since, for A = (1, 0), we have that
Pao(9) = 2F1(a, 1;¢;,2)  with e > a >0, (20)
eguation (19) is in contradiction with the fact that, according to theorem 1.1, the Padé
table for (20) is normal. This completes the proof. O

Theorem 3.3. The homogeneous multivariate Padé approximants [v/u]y of order
(v, ) with u < v, for each of the following Appell functions:

Fl(a,l,b';c;x,y), a,c,c—a ¢,
Fi(a,b,1;¢;2,9), a,c,c—a ¢,
Fl(abb"c'm y) a,c,c—a ¢ Z-, b+ =1,

(alb c,c xy) a,c,c—a ¢,
Fz(ablcc my) a,cd,d —ag¢ ",
Fg(aa 1,0 cxy), a,c,c—a ¢,
Fg(aa blcxy) a,coe—ad ¢77,
F4(alcc xy), a,c,cc—a¢Z orad,d—ad¢Z,

are normal.

Proof. Our proof is again by contradiction and completely similar to that of theo-
rem 3.2. Il

4. General Padé approximants for the Appédl series

In this section we attempt to generalize the results that exist for Padé approxi-
mants of the Gauss function »F1(a, 1; ¢; z) to general multivariate Padé approximants
for the Appell series. Unfortunately, unlike for homogeneous Padé approximants, a
projection property only partialy holds for general multivariate Padé approximants.
The following theorem makes this more explicit. Let us introduce, for any finite
subset S of N2, the notations

Sy =max{i| (i,j) € S}, Sy =max{j|(i,j) € S}
and, as special cases of the projection operator P,
Pz = Pu,0), Py = Po,y-

Theorem 4.1 [16]. Let the solution of the general multivariate Padé approximation
problem (12) of order (N, D, E) for f(x,y) be nondegenerate. Then:



A. Cuyt et al. / Exploring multivariate Padé approximants for multiple hypergeometric series 39

Q) If and only if £, > N, + D,, the irreducible form of PI([N/D]Q) equals
[V, /Dz]P“(f ), which is the univariate Padé approximant of order (N, D,) for
P(f)-

(2) If and only if E, > N, + D,, the irreducible form of P,([N/D]%) equals
[N,/D,17*Y), which is the univariate Pade approximant of order (N, D,) for
Py(f)-

Even when the conditions stated in theorem 4.1 are satisfied, it should be noted
that two general multivariate Padé approximants of different orders, [N/ D]z and
[N?/D?] 2, can be projected on a univariate Padé approximant of the same order.
This easily follows from the fact that for different degree sets S and S2, one can
have S1 = S2. From these considerations it should be clear that one cannot, as for
homogeneous Padé approximants, deduce results on the normality of genera Padé
approximants for the Appell series, based on a projection property.

In order to deduce the (non-)normality of general multivariate Padé approximants
to the Appell series, we therefore need to take a different approach. To this end, we
first study genera multivariate Padé approximants for the simplest of all Appell series,
namely the function F3(1,1,1;2; z,y), of which the projection P.(F1(1,1,1;2; z,v))
satisfies ¢ > a > 0 since ¢ = 2 and a = 1. We know that for |z| < 1, |y| < 1 and
x # y, we have

+oo

.CIIiyj
AMLLL2Z2y) =) —— (21)
Py +7+1
~In(l—2) —In(1—y)
- = .

Based on the Taylor series expansion (21), it is easy to construct different general
multivariate Padé approximants to the Appell series F1(1,1,1;2; x,y). The results of
these computations are given in section 5. However, more generally one can state the
following theorems, which say that a significant amount of degenerate and hence non-
normal behaviour is present in atable of general multivariate Padé approximants for the
function F1(1,1,1;2; x,y). Surprising though this may seem, it should be clear from
the discussion on the projection property for general multivariate Padé approximants
that this is not in contradiction with the fact that the Padé table for the univariate
function P.(F1(1,1,1;2; x,y)) is normal.

In the sequel, the index sets N and E are aways enumerated using the triangle
numbering, while we shadl allow both triangle and sguare enumeration for the de-
nominator index set D, denoted respectively by D® for triangle and D) for square.
Theorem 4.2 below discusses the table of general multivariate Padé approximants for
the function F1(1,1,1; 2; x,y), where the index set D is enumerated according to the
triangle numbering. We then formulate a similar theorem for the table of general mul-
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tivariate Padé approximants, where the denominator index set is enumerated according
to the sguare numbering.

If (i,7) is the mth point in N according to some numbering (3, j), in other
words r(i, j) = m, we let

bm =1+ 7, W = J.

In other words, 6, indicates the diagonal on which the mth point in the numbering
of N? is located and w,, is the ordinate of the mth point in the numbering. Any index
set D@ with m > 0 is then uniquely characterized by the two integers 6,, and w,, as
follows:

DY = {(i,5) |0< i+j < m—1}U{(6m,0), Gm —1,2), ..., (6 — Wiy wim) }. (22)

It is easy to verify that when the triangle numbering is used for N2, the following
relation holds between m, 6, and w,,:

om(6m + 1)

1:
m + >

+w,+1, 0<w, <on. (23)

Theorem 4.2. Let the triangle numbering be used to enumerate the sets £/, N and D
and let

n(m) = 26, (6m + 1) — m, 0< wy, <6, —1,
T 2656 +2) —m A+ 2, Wy = 6.
Then, in the general multivariate Padé table for F1(1,1,1,; 2; x,y) we have:

o If 2 < m, then aready the entry [N,/ D?] is degenerate.

e If 8 < m, then, moreover, the mth column contains only afinite number of uniquely
determined general multivariate Padé approximants since al entries [N, /D®],
k > n(m), are also degenerate.

Proof. For fixed m > 0, the matrix determining the denominator coefficients of
[Ni/ D]

Ewsms k2 0, is given by
Cify1—do.Jrt1—€0 Cipr1—drgrrri—er -+ Cigpi—dmjr+1—em
M City2—do.jrt2—€0 Cipro—dijrio—er -+ Cigpo—dm.jrt2—em
Citsm—dogktm—eo  Cingtm—diirtm—er * °  Cigprm—dm.jrtm—em

We will now determine for which values of % this matrix is rank-deficient, i.e., which
multivariate Padé approximants in the mth column are degenerate. To this end we
recall that the Taylor coefficients of Fi(1,1,1;2;z,v) are given by

0, otherwise.
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Given these Taylor coefficients and assuming that m > 2, it is clear that if two rows
{1 and I> in the matrix M are such that both

(1) CGketiyr Jks1y) @ (igsi,, jrt1,) @€ ON a same diagond, i.e.,

{Grtiys Jrt10), Grttny Jer,) } C diag(N) = {(i,5) | i +5 = A},
for some \ > 0, (24)

and
(2) dl elementsin rows iy and I, are different from zero, i.e.,

Cigey 1y —ds k11,5 #0, s=0,...,m,

25
Cigy1,—ds jrri,—€s #0, s=0,...,m, (25)

then rows I; and > in M are identical and hence the matrix M is rank-deficient.
Condition (25) is satisfied if and only if

ik+l1 2 d81 jk+l1 2 €sy, S= 01 -y,

. . 26
iyt 2 dsy,  Jryi, = €5, s=0,...,m. (26)

We now first consider a fixed mth column in the table of genera multivariate Padé
approximants, with m such that 0 < w,, < 6, — 1. Afterwards we shall consider the
case where m is such that w,, = 6,,,. S0, assuming 0 < w,, < é,, — 1, it iseasy to
see that, because of (22), condition (26) is equivaent to

ihtly = Oms Jkty 2 Om — 1, 5
ihtly = Oms  Jktlp, = Om — L (27)
Joining conditions (24) and (27), one can now verify that the matrix M is rank-deficient
if the set
Epgm \ Nio = { (i1, Je+1), (420 Jk42)s - - - (ks Ghtem) }
which indexes the rows of the matrix M, satisfies
#(Eprm \ Np N diag\) N {(0,5) | i = 6m, j = 6 —1}) =2 (28)
for some A > 0. Letting ni1(m) denote the smallest value of k£ for which (28) is
satisfied, we find that
Enl(m)—i—m = {(21]) ’ 0<i+7<20m — 1}

where we have used the fact that the triangle numbering is used to enumerate the
equation set £. From (29) the value of n1(m) can be deduced

26, (26, + 1)

HEp (m)+m = ni(m) +m + 1= >

+6m +1
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and hence
ni(m) = 26y, (6m + 1) — m.

So far we can conclude that in the mth column of the Padé table, with m > 2 and
0 < wy, < 6y — 1, the Padé approximant [Ny, )/ D] is degenerate. The question
that we shall now answer is whether the elements [N/ D,,] are aso degenerate for
al k > ni(m). Assume there exists & > ni(m) such that [Ny /D,,] is nondegenerate.
Then according to (28) and (29), we must have that

VA2 0 #(Eppp \ Ny N diag(0,, +X) N {6 4) |2 6m, 2 6 —1}) <2
or, equivalently,
VA2 00 #( B \ NN {(Em + 14X, 60— 1), G+ X, 6m), -, (6 G+ A) }) < 2.

Using the fact that the triangle numbering is used to enumerate the elements in £, this
condition amounts to

x> 0: Ek+m\ng {(5m,(5m+)\),,(0,26m+)\),
(26 +14+X,0),...,(6m +2+ X\ 6 — 1)}, (30)

Since #HEx+m \ Nx) = m, condition (30) can never be satisfied when m > 26,, + 1.
This leads to the conclusion that if m is such that 0 < w,,, < 6,, — 1 and

e m > 26, + 1, or, equivaently, m > 8, then all multivariate Padé approximants
[Nt/ DnlE,..,, With k > ni(m) are degenerate,

e 2<m < 25, + 1, or, equivalently, 2 < m < 8, then a necessary condition for
the Padé approximant [Ny /Dp]g, ., With k& > ni(m) to be uniquely determined
is that Ey,, satisfies (30).

This completes the proof for the case 0 < w,, < 6, — 1. For the case where m is such
that w,,, = 6., the proof is completely similar. Taking into account (22), condition (26)
is how equivalent to

/L.k:-f—l]_ > 67)’“ jk+ll > 6m’ 31
Iktly, 2 Oms  Jktilp = Om- (31)

Combining conditions (24) and (31), the matrix M is rank-deficient if
#(Eppsm \ Ne N diag) N {G@5) [ 0= 6, § 2 6m}) > 2 (32)

for some A > 0. Letting ny(m) denote the smallest value of k for which (32) is
satisfied, we find that

Epymy+m = {(@,5) | 0<i+7 < 26, } U{(260+1,0), ..., (6m +1,6m), (6m, 6m +1)}
and hence

na(m) = 26, (6m +2) —m + 2.
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Again, we can conclude that in the mth column of the Padé table, with m such that
Wm = 6m, the Padé approximant [N,,,¢.)/Dp] is degenerate. From (32) we can aso

conclude that for k& > na(m), [Nx/Dnlg,,,, iS nondegenerate only if ., satisfies

VA2 0 #(Epym \ Ny Ndiag(20, + 1+ XN {05 | i > 6m, j = 0m}) <2
or, equivaently,

SN2 0 Bryon \ Nk C {6 + 14 A), -, (0,26, + 1+ ),

Since #(Ey+m \ Nix) = m, condition (33) can never be satisfied when m > 26, + 2,
from which we conclude that if m is such that w,,, = 6,, and

e m > 26, + 2, or, equivaently, m > 8, then al multivariate Padé approximants
[Nt/ DnlE,.,,, With k > ny(m) are degenerate,

e 2 < m < 26, +2, or, equivaently, 2 < m < 8, then (33) is a necessary con-
dition for the Padé approximant [Ny /D] with k& > ny(m) to be uniquely
determined.

Ek+m

This completes the proof. O

Theorem 4.2 tells us that in the table of genera multivariate Padé approximants
for the function F1(1, 1, 1; 2; x, y), with each of the index sets N, D and E enumerated
according to the triangle numbering, among others the entries [Ns/DY], [No/D{,
[Ng/D], [N13/DY] and [N1g/ D] are degenerate general multivariate Padé ap-
proximants found in respectively the second, the third, the fourth, the fifth and the
sixth column. This finding will coincide with the explicit formulas given in section 5
for some general multivariate Padé approximants to F1(1,1,1; 2; z, y).

Let us now turn to the genera multivariate Padé table where D is enumerated
according to the sguare numbering, while still enumerating N and E according to the
triangle numbering. Any index set D{) with m > 0 is again uniquely characterized
by the two integers 6,, and w,, as follows. For 2w,, < 6,,:

Df.fb):{(Z,])|O<1<6m*wm*1’ Ogjgém*wmfl}
U{(6m — wmi0). .., (6 — Wiy wi) }

and for 2w,,, > 6,,:
D) ={(i /) |0<i <wm, 0<j <wm— 1} U{Owm), - (6 — @iy wim) },

depending on whether we are adding index points vertically or horizontally in order
to complete the sguare.
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Theorem 4.3. Let the triangle numbering be used to enumerate the sets & and N and
let the square numbering be used to enumerate the denominator index set D. Moreover,
let

n(m) _)m+ 2(6m - Wm) — 2w, Wi < O, — W,
N m+ 2wy — 26 — W) +2, Wy = 6 — Wi

Then, in the general multivariate Padé table for Fy(1, 1, 1; 2; z, y) we have

o if 2 < m, then aready the entry [N,/ DY)] is degenerate,

e if 7 < m, then, moreover, the mth column contains only a finite number of uniquely
determined general multivariate Padé approximants since all entries [N, /D®)],
k > n(m), are also degenerate.

We omit a proof because of its similarity with that of theorem 4.2.

We should mention that, although we have only given results on the non-normality
of two particular tables of general multivariate Padé approximants for the function
F1(1,1,1; 2; x,y), we believe that this non-normality holds for any table of general Padé
approximants for F1(1,1,1;2; x,y). When looking at the given proofs of theorems 4.2
and 4.3, it is dready clear that the proofs do not essentially depend on the choice of a
particular numbering for the denominator index set D. Choosing a numbering different
from the triangle numbering for the index set E is the more difficult generalization.

In the next and final section, we give explicit formulas for some nondegenerate
general multivariate Padé approximants and, based on these formulas, we indicate
directions for future work.

5.  Conclusions and future work

Theorems 4.2 and 4.3 state that there are infinitely many degenerate entries in at
least two tables of general multivariate Padé approximants, where respectively the D®
and the D® are the denominator index sets, while in both tables N and E are enu-
merated according to the triangle numbering. Moreover, in the first 8, respectively 7,
columns of these two tables, a behaviour different from the one in the subsequent
columns is apparent. Explicit expressions for the nondegenerate entries in these first
few columns can easily be computed and are given below for the first five columns
of both tables. From the triangle and square enumeration, it is easy to see that the
denominator polynomials in these first five columns are indexed by

py =g’ = {00},

DY = D = {(0,0),(1,0)},

DY = DY) = {(0,0),(1,0),(0, 1)}, >
D§ = {(0,0.(1,0,0,1.20}, DE ={(0,0).,(1,0).(0.1),(L D},

DY = {(0,0,(1,0,0,1,20,(1 D}, DY ={(0,0,(10,(0,1),(LD, (20}
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As for the numerator polynomials, the triangle numbering of NV implies that, in each
column of the table, the entry in row (starting with row 0)

(t+ 1)t +2)
AL

is a general multivariate Padé approximant of homogeneous degree t in the numerator.
For convenience we denote this numerator index set by

Ne={(i,j) | 0<i+j <t}
and subsequent and preceding numerator index sets by

Nip={G7)10<i+j<t}u{+10),@¢1,....C—p+2p-1},

t= 1, t>20

1<p<t+2, (353)
respectively
Neg=1{G7)10<i+j<t)\{0,),(Lt~1),....(¢—Lt—g+ D},
1<g<t+1 (35b)
Moreover, we let
z'y’ z'y’
Tt(x,y)—(i’j)%gi gy —K;Ni 1 (36)

denote the homogeneous partial sum of the Taylor series expansion of F3(1,1, 1; 2; x, y).
The genera multivariate Padé approximants for F1(1,1,1;2; x,y) with numerator in-
dex sets given by (35) and denominator index sets Dl(t), 1 =0,...,4, ae listed in
table 1 in terms of the partial sums Ti(x, y).

For the general multivariate Padé approximants [Ny,/D{ g, ., i = 0,...,4, a
table analogous to table 1 can be constructed. Before doing so, however, we observe
that because of (34),

(Ne/DP ., = [Ne/ D)y, . £=0,12

Moreover, the index sets fo) and fo) are equal, disregarding the order of their
elements. The fact that both sets are enumerated differently does not influence the
form of the general multivariate Padé approximant and we have

[N/ D5 g, ., = [N/ DE]

Ejta Eyya’
Hence, table 1 is also a listing of the general Padé approximants for F1(1,1,1; 2; x, y)
with numerator index set given by (35) and denominator index set DZ(S), 1=0,1,2,4.
The approximants []\fk/Dgf)]EkJr3 for F1(1,1,1; 2; z,y) are given in table 2.

For the singular entries in tables 1 and 2, either “minimal” or “optimal” solutions
can be given, depending on the rank deficiency of the linear system (14) of defining
equations. The minimal solutions of the Padé approximation problem carry a minimal
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Table 1
General Padé approximants for Fi(1,1,1;2; z,y).
(®) _ a'y’
[NP/DO]NP_ Z i+7+1 p=0
(6,§)ENp
[News /DY), = i) t>1
T{(iﬂ,y) - i:Lij_(xvy)
— (t) _ t+27 " t—1
[Ntva*l/Dl]NHp_ 1_%30 1<p<st+1
Ti(z,y) — = yT—(x,
[Ng_z/Dg)]N _ t( y) 1 t+1ty t,]_( y) t} 2
‘ =1
1 I _t A
No ./ p® _ Ti(z,y) (t+2x + t+1y)Tt—1(m'y) i1
t=1/2 | N i1 ¢ =
Nija - 5T Y
T{(iﬂ,y) - i:Lij_(x!y)
_ (t) _ 1427t -1
[Nt/DZ]NHZ_ 1_%1, t>21
[Niy, /DY) N (14) singular t>21<p<t—1
Ti(x,y) — =yT—(x,
[Ng_g,/D:(,’t)]N _ t( y) : t+1ty t—l( y) t} 3
¢ ~ 1Y
Ti(z,y) — =yT—(z,y) — T T,
[N{iz/D:(:)] _ t( y) t+1y tft]_( y) - t4+2 tfz( y) t} 2
Nf+1 1 — my — miﬂz
T—(z,y) — aT—(z,
[Nes/ DY, = R Ty 2
t+2 — miﬂ
[Nipp-1/ DY) Moy (14) singular t>31<p<t—1
2_
o Ti(w,y) — (H7 + 75y) Tg(@.y) + g0y L@, )
[Nes/D0),, = 2 >3
Ngyq t+1 t 21

— 2% T Y T Y
3 2
Ti(z,y) — LD T (7, y)

. ) _ t—DE+12 "¢
[Nt*Z/D“ :|NE+2 - 1_ t3x+t(t2—1)y + t(2t+ D) a2+ t2(t2=1)(t+xy
(t—D(t+1)? (t=D(t+2)(t+1)3

tRt+ )P+ 2P =)t + )y 1
ey e Y) 2
1_ t3z4+t(t2—1)y + t(2t+D a2+ t2(t2—-1)(t+2xy
(t—D(t+1)? (t—=D(t+2)(t+1)3
[N,;+p_2/Dgf’] — (14) singular t>31<p<t

p+2

number of coefficients in numerator and denominator, in other words, the deficiency
has been used for equating to zero as many unknown coefficients in the rationa
approximant as possible. The optimal solutions, on the other hand, satisfy as many
Padé approximation conditions as possible, by adding to (14) the condition(s) that are
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Table 2
Genera Padé approximants for F1(1,1,1;2; z,y).

. t+1 t t2—1
N D(S) _ Tt(xfy) - (t+2$ + t+1y)Tt_1(x1y) + t(t+2)xyTt_2(37.y) >2
[ t*Z/ 3 ]N,—+1 - t+1 ¢ 21 t=>
’ I i + w2ty

2
_ Tilz,y) - (ii—ix + ti—ly)Tt_—l(x,y) + (ti—l)zxyTt_—z(ac,y)

[NZ—l/LC(’:S)]
Ny t+1 t t2
t42 _ﬁ“’_t_ly‘FWWJ

[Niyp-1/DY)] Nev (14) singular t>21<p<t

next in line according to the numbering imposed on the equation index set E. For
details we refer to [1, p. 86].

The explicit expressions for the nondegenerate general multivariate Padé approx-
imants are helpful for future investigations. Indeed, summarizing the results we have
obtained concerning Padé approximants for the Appell functions, we see that the mul-
tivariate counterpart of the univariate theorems 1.1 and 1.2 has been investigated, both
for homogeneous Padé approximants and for general multivariate Padé approximants.
In the former case the univariate results can be generalized, while in the latter case
they cannot. The univariate theorem 1.3, however, which gives explicit expressions
for the denominator of the Padé approximant in terms of the Gauss function, till has
to be investigated in the multivariate case. It isin this respect that the explicit expres-
sions for the [N}/ D] g, , and [N},/D]p, ., in tables 1 and 2 are helpful. Let us
illustrate this in some more detail. If we denote the denominator of

[N/ D]

Ete

by Q¢(x,y) then we know from table 1 that, for instance, for ¢ = 2,

t
P ) =1— ——u, t>2
Qr 2,2(95 ) t—i—ly
t+1 t

7 N=1—-—az—-—y, t=>1, 3
Qtfl,Z(m ) t—|—2x t—i—ly (37)

t+1
I , :1——, t)l.
Qralwy) =1- =@

The guestion now arises whether these denominators can be rewritten in terms of the
function F31. Consider the andogy with the univariate case. According to theorem 1.3,
the denominator ¢; 1(z) of the univariate Padé approximant [¢/1] for 2F1(1,1;2; ), is
given by

qt,l(z) = 2F1(711 71 - t’ 72 - t1 Z)! t > 01 (38)

or
t+1

— = > 0.
o 120 (39)

qa(z) =1
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The analogy between (39) and (37) is obvious. For we know from theorem 4.1 that,
with g(x,y) = F1(1,1,1; 2; z,y), the irreducible form of both

Po([Ne-1/DS]) and Pu([N;/ D))
equals [t/1]7=(9) while the irreducible form of

Py([Ne-2/ DY)

equals [t — 1/1]P»19).

The question of interest is whether, besides the analogy between (39) and (37),
there is an analogue of (38) for (37). This and, more generally, the generalization
of theorem 1.3 for general Padé approximants is the subject of further investigation.
Similarly, the multivariate counterpart of theorem 1.3 for homogeneous multivariate
Padé approximants is the subject of future research.
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