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GENERAL ORDER MULTIVARIATE PADE APPROXIMANTS
FOR PSEUDO-MULTIVARIATE FUNCTIONS

ANNIE CUYT, JIEQING TAN, AND PING ZHOU

ABSTRACT. Although general order multivariate Padé approximants were in-
troduced some decades ago, very few explicit formulas for special functions
have been given. We explicitly construct some general order multivariate Padé
approximants to the class of so-called pseudo-multivariate functions, using the
Padé approximants to their univariate versions. We also prove that the con-
structed approximants inherit the normality and consistency properties of their
univariate relatives, which do not hold in general for multivariate Padé approx-
imants. Examples include the multivariate forms of the exponential and the
g-exponential functions

E(z,y) i =y
m7 y = . .
520 G+
and i sig
Eq (z,y) = L
e Tt dl!
as well as the Appell function
oo

a)., . xtyl
Fl(a,l,l;c;x,y)z Z M
i,5=0 (Disj

and the multivariate form of the partial theta function

oo
F(z,y) = Z g~ Gt /24005
i,j=0

1. INTRODUCTION

Multivariate Padé approximants have been extensively investigated in the past
few decades. The existence, uniqueness and nonuniqueness for homogeneous and
general order multivariate Padé approximants and some convergence theorems have
been established ([1], [5], [6], [7]). Despite all these activities, there are very few ex-
plicit constructions of multivariate Padé approximants. It is noteworthy that much
of the difficulty in finding explicit formulae for multivariate Padé approximants lies
in the determination of appropriate index sets for the numerator and denominator
polynomials. By using the residue theorem and the functional equation method,
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several researchers have successfully constructed multivariate Padé approximants
to some functions which satisfy functional equations ([4], [15], [16], [17]). Unfor-
tunately, not many functions satisfy those functional equations. Besides, because
the index sets for the numerator and denominator polynomials cannot be chosen
freely, most numerators of the approximants look complicated. In this paper, we ex-
plicitly construct multivariate Padé approximants to so-called pseudo-multivariate
functions, by using the Padé approximants of particular univariate functions which,
in most of the cases, are the univariate projections of the pseudo-multivariate func-
tions obtained by letting all but one variable be zero.

In order to avoid notational difficulties, we restrict ourselves to the case of bivari-
ate functions. The generalization of the definitions to more than two variables is
straightforward. We first recall the definition of the multivariate Padé approximant
and introduce the concept of the pseudo-multivariate function in this section. The
main results are proved in Sections 2 and 3. Several examples are given in Section
4.

Definition 1.1. Let
F(x,y) := Z cija'y’, ¢ €C,
(i,5)€N?

be a formal power series, and let M, N, E be index sets in N x N = N2, The (M, N)
general order multivariate Padé approximant to F'(z,y) on the lattice E is a rational
function

where the polynomials

P(z,y) := Z aijz'y’, a;; € C,

(i,5)eM
Qz,y) ==Y bia'y’, b €C,
(i,)EN
are such that
(1.1) (FQ-P)(z,y)= Y dya'y’, di; €C,
(i,j)EN2\E

with E satisfying the inclusion property
(1.2) (1,j) EE,0<k<i,0<I<j= (k])€E.

Equation (I)) translates to the linear system of equations
i J
(1.3) dij = Z Z Cw,bifu’j,,, — Qijj = 0, (27]) c E‘7

pn=0rv=0

where by, = 0 for (k,1) ¢ N and ay; = 0 for (k,1) ¢ M. Condition (I2) takes care
of the Padé approximation property, provided Q(0,0) # 0, namely

P o
—(z,y) = Z ei; 'y, e;j € C.

(£ —
Q (i,j)EN2\E
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The linear system (I3]) can be split in two parts: some of the equations serve to
compute the numerator and denominator coefficients a;; and b;;, while the remain-
ing equations are automatically satisfied by F'() — P for the computed P and Q.
We refer to the former set of indices (i,5) as C and to the latter as E'\ C. For the
class of pseudo-multivariate functions introduced in Definition 1.2, we shall see that
very few equations of ([3)) are actually used for the computation of the coefficients.
However, in general this is not the case.

It is clear (see [5], [I0]) that a nontrivial general order multivariate Padé approxi-
mant always exists if #C is at least as large as the number of independent numerator
and denominator coefficients (usually this translates to #FE > #N +#M —1, which
if M C E simplifies to #(E\ M) > #N —1). It is unique up to a constant factor in
the numerator and denominator if the coeflicient matrix of the linear system (L3)
has maximal rank. If the rank of the coefficient matrix of ([L3]) is less than the
maximal rank, then multiple solutions of Q(z,y) and P(x,y) exist, and we refer to
Allouche and Cuyt [I] for a detailed discussion of this situation. For all definitions
covered by the general definition given here, one cannot guarantee the existence of
a unique irreducible form if multiple solutions of (L3 exist. One may find more
properties of general order multivariate Padé approximants in [5], [6], [7].

Definition 1.2. A multivariate function F(x,y) is said to be pseudo-multivariate
if the coefficients of its formal power series

oo
F(z,y) = Z Cijxiyj
i,5=0
satisfy
cij=g(+j), 4,j=01,---,
where g (k) is a certain function of the index k.

For a pseudo-multivariate function F (z,y), if x # v,

Fzy) = > gk) Y o'y
k=0

i+j=k
1 oo o0
= — (Zg(k) =" g (k) yk“) :
Yy k=0 k=0
and if x =y,
Fla,e)=Y gk) Y a7 =3 (k+1)g(k)a*.
k=0 i+j=k k=0
If
. g (k) ‘
lim |—" | = R < oo,
oo ’g (k+1) >

then the series >_p- g (k) 2* has R as its radius of convergence. So if we let

hz) =g k),
k=0
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then for |z|, |y| < R, if z # y,

F(x,y)%_zh(y),

and if z =y,

F(a,3) = 5 (oh () = 2 (0h (1) = F (1),

We refer to Section 4 for examples of pseudo-multivariate functions.
2. PADE APPROXIMANTS FOR PSEUDO-MULTIVARIATE FUNCTIONS

In this section, we explicitly construct multivariate Padé approximants to pseudo-
multivariate functions using the univariate Padé approximants of their projections.
Throughout this paper we let, for integer k > 0,

Xk .= Z oyl = Y.
it+j=k
Theorem 2.1. Let
[ee]
F(x,y) =Y g(k)X*
k=0
be a pseudo-multivariate function. For m,n € N, let

™ol
(2.1) Do () 2g=0 %57
dm,n Zj:() 6jzj

be the (m,n) Padé approximant of the function

h(z)= 3 g k)2,
k=0

ﬂ():la

let s = max{m,n}, and let

(2.2) N : ={(4,7):0<14,5 <n},
(2.3) M : ={(,7):0<4,j<s}nN{(:,7): 0<i+j<m+n},
(2.4) E : ={(i,j):0<i+j<m+n,ij>0}

be index sets in N2. Then the (M, N) general order multivariate Padé approzimant
to F(xz,y) on the index set E is

M /N2, y) = DY)

Qz,y)’
where
(25) Q(xv y) = A4mn (:E) dm,n (y)
and
m min{i,n} o ' 4 .
Pla,y) = Y | D i (@fy +a T )
i=0 =0
(26) - Z Oli,Bj ($i+1yj_1 + xi+2yj_2 4+ .. 4 xj—lyi-‘rl)

j=min{i,n}+1
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Proof. From (23)),

(27) Q(Z,y) = qm,n( qmn Z bljx y s ’L] cC,
(i,4)EN

where N is defined by (22)). Now let, for = # y,

xpm,n(x)Qm,n (y) — Yqdmn (x)pm,n(y) '
rT—Y

(2.8) P(z,y) =

Ifj <i+1,

szrl 7 z+1xj _ i+1—j

y —y )

wly! (« —y
zﬂj‘jy\j (x—y)( i—J +x17j71y++$y17‘771—|—y17j)

=(z—y) (xy + i g+1+ +xj+1yifl+xjyi),
and if j >i4+1,

gitlyd _ gitlgd — pitlyitl (yjfifl -~ xjfifl)
gitlyitl (y—x)( J=im2 g i —ie3 +xj7i73y+xj7if2)

= (y _ {E) (xi+1yj71 +xz+2yjf2 N xjf2yi+2 + xjflyiJrl) .

Then
« ﬁ 1+1yj _ yi+lxj
P(%MZZZOZ] o2 o )
r—=y
m n J;i+1yj—yi+13:j
B S I Ea s
i=0 j=0 Y
m (min{in} it i+1,.j n i1, 5 i+l 0
Y —ytle Ty Ty X
=3 | X et X
i=0 j=0 Yy j=min{in}+1 y
m min{i,n}
=> | D el @y a2ty 2y
i=0 \  j=0

n
_ Z I O )
j=min{i,n}+1
= Z aijxiyj, Qij E(C,

(i,)eM

where M is defined by [23]). We remark that if min{é,n} = n, the second sum in
P(z,y) is empty.
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For x # y,

we have

(FQ = P) (z,y)

(2.9)
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_zh(z) —yh(y)
T —y

) G @ (8) = 91 () G ()0 )

{me,n (y) (h (33) dm,n (ZIJ) — Pm,n (.]3))

T —y
~YGmn () (B (Y) Gmon (Y) = Pmon (¥))} -

Recall that p,.n (2) /gmn (2) is the (m,n) Padé approximant to h (2), i.e.,

h () dm,n (z) — Pm,n (x) = Z 'ijjv v; € C,
j>m4n+1

h (y) qm,n (y) — Pm.n (y) = Z 'ijj, Y € C.
j>m+4n+1

Then

(FQ - P) (z,y)

(2.10)

ZJ’2m+n+1 Vi (xjﬂqmn () — ¥ gmom (95))
r—y
n @Ity iyt
N

j>m+n+1i=0 Yy
oD B @y + Ty e aty) (asi <)
j>m+n+1i=0

Z dijz'y’ di; € C,
(i,J)EN2\E

where FE is defined by ([2.4]). It is easy to see that

C={(0)]10<i<n+m}U{(0,5)|0<j<n+m}CE.

This proves that P (x,y) /Q (z,y) is the (M, N) general order multivariate Padé
approximant to F(x,y) for « # y on the set E.
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Now for the case x = y. Since

P
nguQ)@m

Tqdm,n (y) (th,n - pm,n) (1‘) —Yqm,n (1‘) (th,n - pm,n) (y)

= lim
— lim x (h - pm,n/Qm,n) ($) -y (h — pm,n/Qm,n) (y)
y—x r—y

gt it
= lim dj——
Yy—x Z J xXr — y

j>m+n+1
= > (G+DdX,
j>m4n+1
lim P(l',y) — lim xpm,n(x)Qm,n(y) - me,n($)pm,n(y)
v—z Q(z,y)  y—e (T = Y) Gmn (T) G (Y)
(2 11) — lim TPm,n (l‘) /Qm,n (l‘) — YPm,n (y) /qm,n (y)

- & ()

and
i (xpm,n (:B)) _ (pm,n (x) + xplm,n (x)) dm,n (x) — TPm.n (:C) qgn,n (x)
dz \ qmn () q72n,n (z) 7
we have

Q (.%', T) = q?n,n (),
which is (Z5) when z = y. Since

P (:C, "T) = (pm,n (x) + xp/rn,n (x)) dm,n (x) — TPm.n (:C) Q;n,n (x)

m m n m n

= <Z ozt + o Z iaixi_1> Zﬂjxj - (Z aixi> Zjﬁjxj_l
i=0 i=0 §=0 i=0 j=0
n m n

I

N

NgE
i
=

;:0 =0 j=0
:ZZ (i +1—7) a;Bjz'a’
1=0 5=0
m min{i,n} n .
=S >+ > (i+1—j) B2t
i=0 7=0 j=min{i,n}+1

m min{i,n}

fz Z (i+1—7) Bz’ Z Z (j—i—1)a;Bjz",

i=0 j=0 =0 j=min{i,n}+1
we obtain (Z6]) when x = y. This proves Theorem 2.1. O

Remark. It is easy to see that P (z,y) /Q (x,y) is irreducible, as py, pn (2) /Gm.n (2)
is irreducible.
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3. PROPERTIES OF THE APPROXIMANTS

The univariate Padé approximant satisfies a consistency property, meaning that
when the given function h is itself rational, then it is reconstructed by pm.n/dm.n
when m and n are chosen large enough. This consistency property holds mainly
because of the unicity of the irreducible form of Py, n/Gm,n. For a general or-
der multivariate Padé approximant this is not necessarily the case, because of the
possible nonunicity of the irreducible form of the approximant (see [5] for more
details). However, the general order multivariate Padé approximants constructed
here in Theorem 2.1 have many nice properties. We prove the consistency and
normality properties of these approximants, the latter meaning that if the univari-
ate (m,n) Padé approximant p,, n/¢m.n to the function h appears only once in
the Padé table, then so does its general multivariate counterpart constructed here.
In both the univariate and multivariate case the Padé table of the approximants
T (2) = Pmon(2)/@mn(z) and [M/N]g(z,y) = P(x,y)/Q(z, y) respectively, is de-
fined as a matrix-like structure with row index m and column index n containing
all approximants for increasing m and n. A projection property, such as

P(z,0) _ D (X)
Q(:L‘,O) Qm,n(ﬁ)’
P(0,y) P (Y)

Q(0,y) Gmon(y)

is automatically satisfied because of (2.8)), (Z7) and I). At the end of this section
we also present a truncation error upperbound.

Theorem 3.1. Let M, N, E be defined as in Theorem 2.1. If the pseudo-multivari-
ate function F (x,y) is a rational function, i.e., if F (x,y) has the irreducible form
u(z,y) Z(i,j)eM uijr'y’
v(z,y) D j)en Vi Ty ’

F(I7y) = Usj, Vij € (C,

with v (0,0) # 0, then the (M, N) general order multivariate Padé approximant to
F(x,y) on the index set E given in Theorem 2.1, satisfies

P(x,y)
Q(z,y)

Proof. As F is a pseudo-multivariate function, we can write

F(z,y) =) g(k)x*

k>0

:F(l‘,y).

for some univeriate function g(k), and if we let
h(z):=3_ g(k) 2",
k>0

then h (z) = F (2,0) = F (0,2), and for = # v,

Flay) = u(a,y) _ zh(x) —yh(y)

v (z,y) r—y
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Because vgg # 0, F(2,0) = F(0,z) implies that u(z,0) = u(0,2) and v(z,0) =
v(0, z). From the projection property, the (m,n) Padé approximant to h (z) is

u(z,0)  u(0,2)

hz) = v(2,0)  v(0,2)’

and from the consistency property of the univariate Padé aproximant, we have
Pmon(2) = u(z,0) = u(0, z) and ¢ n(2) = v(z,0) = v(0,2). So

P(:c,y) — xu(:c,O)v(O,y)fyu(O,y)v(:c,O)
Q(z,y) (z —y)v(z,0)v(0,y)
_ zh(x) —yh(y)
-y
= F($,y).
For z =y,
d _d (au(z,0)
F(z,z) = . (xh(x)) T < o (5.0) )
while (ZTIT]) gives
P(x,z) im P(x,y) _ i zu (z,0)  Flra
Qx,x)  v—z Q(r,y) dx ( v (z,0) ) F o).
This completes the proof of Theorem 3.1. (]

Theorem 3.2. For m,n € N, let M, N, E, F(z,y) and h(z) be defined as in
Theorem 2.1. If the (m,n) Padé approximant pm.n (2) /@mn (2) to h(z) is normal,
then the (M, N) Padé approximant P (z,y) /Q (x,y) to F(x,y) on the index set E
given in Theorem 2.1, is also normal.

Proof. If the (m,n) Padé approximant to h (z),

m ]
Pm,n (Z) _ Zj:O a5z
dm,n Z?:o Bz ,

is normal for m,n € N, then

ﬂ():l,

am #0,  Bu #0,
and
(A = Pmn) (2) = D %7,
j=zm4n+1
with
Ym+nt1 7 0.

The (M, N) Padé approximant to F (z,y) on the set E is P (z,y) /Q (z,y) , where

Q. Y) = gmn (T) gmn (y) = Z bia'y’, bij € C,
(i.)EN
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and
m min{i,n} o 4 4 N
Play)= | > i@y +a 7y oy
i=0 j=0
B Z o By (2"t T TRy TR Ty
j=min{i,n}+1
= Z aijiiyj, a;; € C,
(1,7)eM
with
boo = (50)2 =1, bon = bno = BnPo # 0, bpn = (511)2 £0,
mn = Gnm = amﬂ" 7& O’ Amo = Aom = Oémﬂo 7é 0.
If

(fQ—P)(wy)= Y dya'y,

(i.5)eE
then from ZI0), for i +j=m+n+1,
dij = ﬁO’YernJrl = Ym+n+1 7é 0.

Now assume that for either m’ # m or n’ # n, ' = max{m’/,n’'} with

N ={(i,5):0<i,5 <n'},
M ={(0,5):0< 4,5 < YN {(6,5) 0 <i+j <m +a'},
E, : :{(Z,])O§Z+J§m,+nla 17.720}3

the general order multivariate Padé approximant [M’/N']g for F(z,y) on the set
E’ equals the same rational function P/Q. Since ay, = am,0 # 0 and 8, = by # 0,
this is only possible for m’ > m and n’ > n. Hence m’+n’+1 > m+n+1. The fact
that Ym4n+1 # 0 reduces the occurrence of nonnormality to m’+n'4+1 < m+n+1.
Hence m’ +n'+1 =m+n+1. In combination with m’ > m and n’ > n this leads
to m’ =m and n’ = n. Since the latter is a contradiction with our assumption that
either m’ # m or n’ # n, normality must hold. O

Theorem 3.3. Let M,N,E,F(x,y) and h(z) be defined as in Theorem 2.1. Let
Pmon(2)/@mn(2) be the (m,n) Padé approzimant to h(z) and let P(z,y)/Q(z,y) be
the (M, N) Padé approzimant, constructed in Theorem 2.1, to F(x,y) on E. Then

forx #y,

F-L (2, 9)
(73

_ $UPtef0 max(eg) | (Fmn) "D ()] <$|m+”+2 n y|m+n+2>
N |x—y\ (m+n+1)! |qm,n(x)| |qm,n(y)| ’

(3.1)
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and for x =y,
(3.2)
P (z,x)

r,T) —

Fen- g0
+1n+2)[gmn (@) + o
< sup (hqmm)(m-i-n+1)(§) (m n )‘q ,2 (-f)‘ |$| ]q‘, (x)|‘x|m+n+1.
£€0.2] ‘Qm,n (J})‘ (m—l—n—l—l)

Proof. For the univariate function h(z) and its (m, n) Padé approximant py, »/qm n,
we know that

|Z|m+n+1

(m+n+1)
(th,n) (w) (m Tnt 1)'

(33) |(th,n _pm,n)(z)‘ < sup
wel0,z]

A simple computation using (29) gives (3], the formula for z # y. Now if

(hqm,n - pm,n)(z) = Z dej, dj € (C’
j=m+n+1

then

(hqm,n - pm,n),(z) = %(th,n - pmn)(z)

= Y =) (GHDdind,
j=m+n+1 j=m+n

and the leading term has degree m + n. Therefore

|(hqm,n - pm,n)/('z” = |(hqm,n)/ (2) — p/rn,n (Z)|

(3.4 I B
< s [l E
Now for z =y,
B P (z,x)
P Q)
. N . R )
_dx(h()) dx(qm,n($)>
_ (@) g (@) = i (2)) + 2 (0 (2) G (@) = Pl (2)] G ()

_ [m (h (l‘) dm,n (m) — Pm.n (x))] q;n,n (x)

Q3 (T)
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Recall that Q (z,z) = g3, ,, (x) , and by using (3.3) and (B.4), we have

_ P(z,2)
Q@) |F(o.0) - G

< |h(x) dm,n () = P ()] ‘qm,n ()]
+ 2] | (7 () g () = P (€))] 1@, ()]

+a| |(h (@) dmn (@) = P ()] |a5n,0 (2)]
|z g ()]

< o [Cama 0| S
+ 52%%} (th,n)(er"H)(ﬁ)‘ |$m+(::_q$,!n (2)]
o (hqm,n)(m““)(f)‘ Ix?:n"fkif,f)!(x)l
o e T
Dividing by |@ (x, z)|, we have (3.2). O

4. EXAMPLES

For the sequel we need the standard g-analogues of factorials and binomial co-

efficients. The g-factorial is defined by
(1-¢")(1—g""")--(1-9q)
L= [n]l :=
[n]Q' . [’fl] . (1 _ q)n ’

where [0],! := 1. The g-binomial coefficient is given by

= =

For any positive integer i,

(a), == {a(a+1)(a+2)...(a+i1) i>1,

1, i =0.

Throughout the section, we let M, N and E be defined as in Theorem 2.1. The
following examples result as applications of Theorem 2.1.

Example 4.1. A multivariate form of the exponential function is

E (z,y) i =y
x,y) = — 7 .
o (i 4 j)!

It is a pseudo-multivariate function with
>k

h(z) =exp(z) = Z %

k=0
From [2], we have that the (m,n) Padé approximant to h (z) is

Pm,n (2) = 11 (=m; —m —n; 2)

G 1 FL (=i —m =y —z)]
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and then the (M, N) general order multivariate Padé approximant to E(z,y) is
P (z,y) /Q (x,y), where

Qz,y) = 1F1(-m —m = —x) 1F1 (=n;—m —n; —y)
n (_1)z+J (_n)Z (_n)j P

B Z (—=m—n);(=m —n);

4,7=0

and

1
P(z,y) = r— (z1F1 (=m; —m —njz) 1F1 (—n;—m —n; —y)
—y1F1 (=n;—m —n; —x) 1F1 (=m; —m —n;y))

(33 e et

szO J

min{i,n} (_1)j (=m), (_n)j gyl — it

Z (*m*n)i(*m*n)j T—Y

J=0

‘Pnﬂs

~
Il
=]

n (—1)7 (—m), (—n); aitlyi — yitlgd
+
J’—mi%n}ﬂ (=m —n); (=m —n); -y
min{i,n} j
(=1) (_m)z (_n)j
Z (7m*n)i (—m —n),

=0

(e 2 ady)

.

~
Il
=]

J

" () () (),
T2 T Cmn,

j=min{i,n}+1 J

) (Iz’-i-lyj—l _'_xi+2yj—2_'_._.+xj—1yi+1)

Example 4.2. A multivariate form of the g-exponential function is

oo

xiyd

By(zy)= > = =0 ladl>1
|
i,j:O [Z +]]q

It is a pseudo-multivariate function with

ok
z
h(z) = Eq(2) = Z W7
k=0 "
From [3] combined with [I6], we find that the (m,n) Padé approximant to E, (z)
is pm,n/Qm,na with

mon (2) = ,Z H klE—1)/2- 2”’“1_[ 1+ (q— 1) '2),

j=1
( 1)"“ q*n<n+l>/

pun() = L > -n ]

k4l=n,k,1>0
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and hence the (M, N) general order multivariate Padé approximant can be con-
structed.

Example 4.3. The natural generalizations of the Gauss hypergeometric function
to two variables are called Appell functions (see [§], [I3] for more details). The
Appell function

> (a),, . x'y’
Fl(avlal;c;xay)zz()(%
i,j=0 €itj

is a pseudo-multivariate function with

(a); 2

h(z)= oF1(a,1;¢;2) = Z

i=0 (C)Z '

We introduce the notation I (f) to denote the partial sum of degree k of the Mac
Laurin series development of the function f(z). From [14], [12] we know that for n <
m+1and ¢ € Z~ the (m,n) Padé approximant to 2 F1 (a,1; ¢; 2) 1S pmn (2) /@mn (2),
where

Pmon (2) =Ly, (2F1(a, 156, 2) o Fi(—a —m, —n; —c —m —n+ 1; 2))

Gmn (2) = 2F1 (—a—m,—n;—c—m—n+1;2),
and then the (M, N) general order multivariate Padé approximant can be obtained.

Example 4.4. The multivariate form of the partial theta function (also see [16],
111, B31) is

T, (z,y) = Z qUH DI+ 1)/2500,7 lg| < 1.
4,j=0

It is a pseudo-multivariate function with
h(z) — T(Z) _ Z qk(k+1)/2zk.
k=0
The (m, n) Padé approximant to T (z), constructed in [3], equals py, p (2) /@m.n (%),
with

Gm.n (2) = Zn: (-1)* {Z} g

k=0

Using the technique developed in [3] and [I6], we have that

n k—1
n m(n— i(i— n4i—
Poa(z) = Y (-1 M(ﬂ 03 gD/ i

k=0 =0

+

l
(—1)" L gr(nt /2 Z D2 [n;r } Stk
k+l=m—n,k,l>0
From this information again the (M, N) general order multivariate Padé approxi-
mant can be given.
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