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ABSTRACT. The object of this paper is the study of the
convergence of integral approximants, which are a special case
of Hermite-Padé approximants of Latin type, to functions
which are analytic in a disk except for one interior singular
point. We give detailed estimates of the rate of convergence
of the sequence of approximants of type [L/M; 1] for fixed M,
as L — oo, in a model case study. We also give estimates
of the rate of convergence of approximants of type [L/M;1;2]
for fixed M, as L — oo, for a model exhibiting a confluent
singularity. We prove that integral approximants of these
types converge uniformly on compact subsets of the disk which
is centered on the origin and has the singular point of the
given function on its boundary. We further prove convergence
on additional Riemann sheets beyond the principal one in a
lune near the singular point.

1. Introduction. Functions which are defined on a multiply-
connected Riemann surface can be approximated accurately only by
functions having a similar Riemann surface. To this end, Hermite-
Padé approximants (of Latin type) have been used successfully to
approximate functions having branch cuts; these approximants were
introduced by Padé [23, 24] and contemporaneously by Hermite [14].
Let f(z) be a function which is analytic except for a finite number of
branch points of square root type. Shafer studied the special case of
quadratic approximants [25], which are suitable for f(z). He showed
how polynomials P(z), Q(z) and R(z) can be found from a knowledge
of f(z) so that

(1.1) P(2)y(2)* + Q(2)y(2) + R(2) =0
has a solution y(z) which approximates f(z) near its branch points.
Provided that P(z),Q(z) and R(z) have been suitably chosen, the

branch points of y(z) will be located close to those of f(z), and the
Riemann surfaces of f(z) and y(z) will be similar.

Hermite-Padé approximation is the preferred method of approxima-
tion of a function f(z) when f(z) has known analytic properties (ide-
ally, the topology of the Riemann surface of f(z) should be known) and
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when the Maclaurin expansion of f(z) is given. Using this expansion,
one can, for example, find nontrivial polynomials P(z), Q(z) and R(z)
for which

(12) PR +QE(E) + R(z) = O(z7H00+01+2),

where OP denotes the maximum allowed degree of P(z), etc. Clearly,
OP + 0Q + OR + 2 coefficients of the Maclaurin expansion of f(z) are
needed in order to derive P(z),Q(z) and R(z) (up to an irrelevant
constant common factor). A quadratic, or Shafer, approximant of f(z)
then follows as the corresponding solution of (1.1). Further explanation
is given by Baker and Graves-Morris [5].

In this paper, we are primarily concerned with approximation tech-
niques which allow extrapolation further onto the Riemann surface.
The problem of finding Padé approximants for a function which is ana-
lytic in the cut z-plane has received a great deal of attention [1, 5, 22,
26, and references therein]. In ideal circumstances, a suitably chosen
sequence of Padé approximants for f(z) converges to f(z) except that
certain poles and zeros of the approximants accumulate on lines which,
in this sense, are the natural locations of the cuts of f(z). Commonly,
these lines are arcs of circles [4, 20], and, as such, they are not com-
ponents of a Mittag-Leffler star [13]. Because each Padé approximant
is single-valued, there is no natural method of continuation through
the natural cuts. Certain Hermite-Padé approximants, including the
quadratic approximants, have the potential to approximate accurately
on a multi-sheeted surface and to reveal features which are thought to
exist there.

In many physical applications, functions are known (either by value
or by their power series expansions) on what is called the physical
sheet, because physical quantities are the values (possibly boundary
values) of the function on this sheet. For one class of problems of
current interest, namely the reconstruction of thermodynamic variables
from their power series expansions, e.g., [27], we have an incomplete
knowledge of the analytic structure of f(z), and we have the values
of a finite number (say the first 20 odd) of its Maclaurin coefficients.
For example, Baker, Rushbrooke and Gilbert [8] discuss the specific
heat Cy(K) of the linear ferromagnetic Heisenberg model, where
K = J/ET in conventional notation. Near diagonal sequences of Padé
approximants of Cy(K), place natural cuts of this function across the



CONVERGENCE THEOREMS 43

negative K axis and prevent extrapolation of the specific heat on the
negative axis, which corresponds to the antiferromagnetic model at
lower temperatures. Approximants which are singularity-free on the
real K axis are to be preferred. A similar difficulty, in which near
diagonal sequences of Padé approximants place a natural cut across the
positive real time axis occurs in the “bubble” problem [21]. Scattering
amplitudes are usually constructed as boundary values of a function
with cut-plane analyticity, and one of these cuts is the elastic scattering
cut. Resonances of the scattering particles are represented by poles
on unphysical sheets, and the more significant poles are close to the
physical boundary [11, 19].

Undoubtedly, much contemporary research on Hermite-Padé approx-
imants is motivated by interest in evaluating the critical exponents of
certain thermo-dynamic variables [12, 15] and on their impact on the
theory of universality.

We are concerned here with integral approzimants which belong
to the class of Hermite-Padé approximants of Latin type. Integral
approximants are defined in the following way. Given a function defined
by its Maclaurin series as

(13) HOEDIF TS
j=0
we can always find nontrivial polynomials P(z),Q(2),...,S5(z),T(z),
of degrees p,q, ... ,s,t at most, such that
dm dmfl
(14) P+ Q@) s+ + () +T(2) = 0G),

where n+1=m+p+q+---+ s+t [6]. Except in degenerate cases,
we can impose the normalization P(0) = 1. Corresponding to these
polynomials, we define the integral approximant

(1.5) y(z) ==1[t/s;... ;q:p]
as the solution, or integral, of the differential equation

(1.6) P(z)dm—y + Q(2)

dz™

dmfly
dzm—l

+--+SEYy+T(z)=0
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initialized by (1.3). A review of current progress is given in [3].

We concentrate on a special aspect of integral approximants in this
paper. Specifically, we will assume that f(z) is analytic in the disk
|z| < p, for some p > 1, except at the single point z = 1. Suppose
that f(z) has a singular point of finite order at z = 1, and that
the continuations of f(z) provide precisely m + 1 linearly independent
coverings of the disk |z| < p, one of which is the analytic (background)
term. Then, Baker, Oitmaa and Velgakis [7] have show that there
exists a polynomial P(z) and also functions Q(z), ... ,S(z),T(z) which
are analytic in |z| < p such that f(z) is a solution of the differential
equation

(L.7) PR (2) + Q)" V(2) + -+ 8(2) f(2) + T(2) = 0.

The separation property [7] allows the class of functions so defined to
be split into two sub-classes. Roughly speaking, f(z) has the separation
property if it can be decomposed into the sum of two functions, one
of which has no singularities inside |z| < p, and the other having no
singularities in p < |z| < co. If f(z) has the separation property in
|z| < p, then the functions Q(z),...,S(z) are, in fact, polynomials,
as is P(z), and T'(z) is analytic in |2| < p. Otherwise, at least one
of Q(z),...,5(z) is not a polynomial but merely a function which is
analytic in |z| < p.

Baker, Oitmaa and Velgakis [7] have not treated the theory of the
case where the separation property fails, although they do give some
numerical examples. It is this case with which we shall be concerned
here. We will investigate the convergence of sequences where ¢ — oo
and p,q,... ,s are held fixed and finite. In the cases we have treated, we
find that this limit reproduces the behavior of P, Q, ... , S, as expanded
about z = 1 with explicit results on the error. The approximation y(z)
converges to f(z) for |z| < 1, and a detailed description of f(z) for
z near 1 is desirable. As is well known from the theory of ordinary
differential equations, the singularity at z = 1 corresponds to a zero
(possibly multiple) of P(z) at z = 1. We find this zero, together
with estimates of its rate of approach to unity, in the sequence of
approximants which we study.

In Section 2, we consider Hermite-Padé approximation of functions
expressible as

f(z) = A(z)(1 = 2)77" + B(2),
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where A(z) and B(z) are analytic in |z| < p and p > 1 is given. Such
functions satisfy a first order ordinary differential equation (ODE). We
give detailed estimates of the rate of convergence of the polynomial
coefficients of y,y’, etc., in (1.6) (i.e., in the defining equations of the
integral approximants) in the limit as 0{T(z)} — oco. We find that
they approach the limit as various powers of that degree.

In Section 3, we consider the integral approximants to functions
expressible as

F(2) = A1 = 2) 7 + B(z)(1 - 2)~ + C(2),

where A(z),B(z) and C(z) are analytic in |z| < p for some p > 1.
Such functions satisfy a second order ODE. This case is referred to
as a confluent singularity because it has two independent singularities
at the same point. Again, we give detailed estimates of the rate of
convergence of the polynomial coefficients in the equations defining the
integral approximants. These rates also turn out as powers of 9{T'(z)},
but the exponents are not normally integers, in contrast with the integer
powers which occur in Section 2.

In the final section, we give two theorems concerning integral approx-
imants to the class of functions discussed in the previous two sections.
In the first theorem, we prove uniform convergence of the approximants
on compact subsets of |z| < 1. For the functions of Section 2, we prove
in our second theorem that their integral approximants converge in the
portion of all Riemann sheets accessible in |z| < p which can be lifted
onto the lune |z| <1, |1 —z| < p—1.

2. Hermite-Padé approximation using first order ODEs. Our
aims are the reconstruction of a function f(z) and its properties as
accurately as possible from a knowledge of a finite number of its power
series coefficients. We make certain other hypotheses about f(z), of
which the main one is that f(z) satisfies an ODE of the form

(2.1) (1=2)f'(2) + G(2)f(2) = H(2),
where H(z) and G(z) := Y .2, Gi(1—2z)" are analytic in the disk |z]| < p
for some p > 1. We assume that v := —G is not an integer, and then

the solution of (2.1) may be expressed [16, 17] as
(2.2) f(z) = A(z)(1 = 2)77 + B(2),
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where A(z) and B(z) are analytic in |z| < p. Our third assumption
about f(z) is that

(2.3) A(1) # 0,

so that f(z) necessarily has the singularity structure explicitly exhibited
by (2.2). To introduce our first method of Hermite-Padé approxima-
tion, which is suitable for a function f(z) of the form given by (2.2), we
suppose that the first L+ M +2 coefficients of its Maclaurin series (and,
thereby, the first L+ M + 1 coefficients of f’(z)) are given. Using these
coefficients, we form a set of L + M 4 1 homogeneous linear equations
which are then solved and values of A(X), (5 {gi(L)}f\igl, {hEL) ZL:_()l
are found so that

(24) [AD(1 = 2) +aB] f/(2) 495 (2) f(2) = b (=) +O(F 4+,

where
M-1 )
(2.5) 9" =Y g -2
=0
L—-1

(2.6) hP) (2) = Z hEL)zi

0
and the O(-) notation used in (2.4) only implies an accuracy-through-
order condition. The solution y(z) of

(2.7) A (1= 2) + oDy (2) + ¢P) (2)y(2) = hH)(2)

satisfying y(0) = f(0) is called the Hermite-Padé, integral approximant
to f(z), defined by the method stated.

Our main result in this section is

Theorem 2.1. With the hypotheses and the construction of (2.1)—
(2.7), we may take M) =1 for L large enough. With this normaliza-
tion,

(2.8) o) = oMY,

M-1
(2.9) g (z) — Z Gi(1-2)" as L — oo,
i=0
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and

(210) WD) - HE) - [66) - Y G- 2| £), [ <1,

=

—

as L — oo.

Remarks. Before beginning the proof of this theorem, first we mention
its predecessor, next we establish some notation and then a lemma. If
G(z) is a polynomial of degree M — 1 or less, much stronger results
giving convergence in the cut-plane and on other sheets, for |z| < p,
were established by Baker [2] and then were amplified by Baker, Oitmaa
and Velgakis [7]. For such a G(z), it happens that h(F)(z) — H(z) with
a geometric rate of convergence in |z| < p. This situation is a natural
analogue of de Montessus’ [18] theorem.

Notation. Let [f(z)]; denote the coefficient of 27 in the Maclaurin
expansion of f(z). We also define

() =pp+1)--(u+j—-1), =1,
(M)j = 1> J:07
(n); =0, j<0,

and the O(+) notation is used in its strong sense [13] unless otherwise
stated.

Lemma 2.1. Let {agL)}?% denote a set of 2m + 1 real or complex

numbers, each depending on L. We assume that sup ;, max; |a§L)| < 00,
and that these numbers satisfy the constraint equations

2M
211) Y aPyr1-j=n",  i=LL+1,..,L+M,
j=0

where, for some constant k, not depending on L or i,

(2.12) P < k|(y—2M);|, i=L,L+1,. .. ,L+DM.
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Then

(2.13) a =o@ MY, j=0,1,... M.

Proof. Define matrices X,Y elementwise by

Xij=(+1—4)pyi, 4,5=0,1,... M,
Yi=(—-M-4)pyi, i=0,1,... .M, j=0,1,...,M—1.

Define vectors a, a and n by

L) (L N\ T . L L \T
a:= (a((J ),ag ). 7‘15\4)) , a:= (angrl,agwlw... ,aé]&) ,
T
L (L L
o (0l )

The constraint equations (2.11) can now be expressed in the compact
form

(2.14) Xa=-Ya+n.

Fori=0,1,...,M, divide row i of (2.14) by (v+1)r—pr+:. Then sub-
tract rows repeatedly until the coefficient matrix of a has a triangular
structure, so that (2.14) has been reduced to

(2.15) Xa=-Ya+q

where

(2.16)
Xij=O+L-M+i+Dyu—ij(y—j+1);(M~+1—i—j),
(2.17)
V. G+1Dily =M —j)jrn

Y (L =M == Dy

An example of this reduction is given as Example 2.1, where the
triangular structure of X is explicitly displayed. From (2.12), we find
that

75| < iy = 2M) Ladl/10r + 1)
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for all 7 and for L large enough. Hence,

(2.18) i = o,
Using the equations (2.15) in reverse order, and by back-substitution,
we obtain
o) =o(L~M*-1), j=0,1,...,M. o
Example 2.1. We exhibit the previous equations for the case of

M = 2. Equations (2.14) are

L

G+ (e (=1 ] [ag”
Y+ Doy (Meer (v =D | |l
(Y+ D+ (Mrvz (v = Dizvz] | o

(=20 (=3 Jramy W)

== (=211 (=31 { :())L):| + |

(V=242 (y—=3)p42| 1% néL)

After division of rows 0, 1, 2 by (v + 1)r—2, (v + 1)r—1, (v + 1)z,
respectively, we obtain

L
(v+L-1(v+L) ~A(+L-1) y(v—-1) GBL)
Y+ Ly +L+1) (v +IL) -1 |a”
(V+L+DO+L+2) v(y+L+1) v(y—1] | 4P
10=D(v=2) 26=D(E=2)(v=3) (L)
y+L—2 (y+L—2)(v+L-3) (L) o
_ _ | 26=D(=2) A(=D(r=2)(v=3) a3 | 4 | 5D
y+L-1 (+HL-D(+L-2) (L) |
20=D(=2) 2= (=2)(r=3) 4 e
v+L (CRRAICERZSY) 2

where ﬁZ(L) = O(L?). In this example, it is easy to see how the rows

are subtracted sequentially:

L)
(Y+L-1)(+L) (v+L-1)y ~(v-1) a(E)L)
(v+ L)2 v 0 a
2 0 0 b
2
y(r=1)(v=2) (=1 (v=2)(y=3)
y+L—-2 (y+L=2)(v+L-3) r (L)
_ Y(y=1)(v=2) (=1 (v=2)(v—3)2 s | 4 pD)
(G HL-T)(v+L-2) GFL-DO+L-GFL=3) | | (1) | 71
(=1 (v=2)2 (=1 (v=2)(v—3)2-3 =74

(VL) (v+L-1)(v+L-2) L) (7 1L-3)
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with H(*) = O(L~3). From the last row of these equations, we find that
aéL) = O(L™3). By backsubstitution, it follows that a(L) = O(L7?) and
ot = o).

Having established Lemma 2.1, we turn our attention back to finding
A(z) in (2.2). By direct substitution of (2.2) into (2.1), we find that

YA+ (1—2)A +GAJ(1 - 2)7

must be analytic in |z] < p. Because 7 is not an integer, a single-
valuedness argument shows that

(2.19) vA(2z) + (1 — 2)A'(2) + GA(2) = 0, |z] < p.

The solution of (2.19) is

(2.20) A(z) = A(1) exp /1 % dt,  |2| < p;

because v := —G(1), we see that A(z) is analytic in |z| < p.

Proof of Theorem 2.1. We use the variable ¢ := 1 — z and retain the
prime ’ to denote differentiation with respect to z. We use (2.2) to
define coefficients ¢; and d; via

(2.20) 2}2

(2.21) Zd 2= ()= AT+ AT+ B

= AC7 + B,

Following (2.4), we derive values of the M + 2 unknowns A%, a(5),

{gfL)}ij\i o' from the set of M + 1 homogeneous linear equations

(2.22)

{A(L)( ) + oD } {Z d; zj} +¢D(z) [g:o cjzf} —0,

i

i=L,L+1,...,L+M.
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Because (2.22) has a nontrivial solution for {\(%), /(%) {giL)}} for each
L, we can arrange that AL) >0 and that
(2.23)

maxc (AP, [, |g6]. -+ g4, || = max {L,[Gol,. . |G}

By substituting (2.20) and (2.21) into (2.22), we obtain
[ {/\(L)(l — )+ a<L>} (¢ 4 7ACTT ) 4+ gD (2)ACT),
= - [{A(L)(l —2)+ a(L)} B + g(L)(z)B} ,
i=L,L+1,...,L+M, l

and, hence,
(2.24)

H)\(L)C + a<L>} {ACT +4ACTT 1) 4 g@)(z)Ag—WL —0[p 4],

i=L,L+1,...,L+M

for any p such that 1 < p < p. By substituting for A’ from (2.19) into
(2.24), we obtain

(2.25) —a' [AGCTT] + HQ(L) B A(L)G} AC?W}

%

O[p "],

%

i=L,L+1,...,L+M.

Now we expand A(z) = Y .o, A;¢*, so that the coefficients of (777!
and (77 in (2.25) can be analyzed. We define

(2.26) aéL) = oD Ayy,
i Min
(227) ) =M YT A;Gi 4 Y A [gj('L) - /\(L)Ga} :
7=0 7=0
i=1,2,...,2M,
where Min := min(M — 1,7 — 1). Then (2.25) takes the form
(2.28)
[a(()L)(l—z)_"*_l +a(1 -2+ a1 - z)—v+2M—1]
= [EL(2)(1—2)" M +O[p7"],
i=L,L+1,...,L+M,
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where Ef(z) is analytic in |z| < p. In fact, the functions {EL(2)}77
are uniformly bounded in |z| < p for the following reasons. From
(2.26), (2.27), we find that a(()L), agL), .. ,agﬁ/} are linear combinations
of NE) q(), {gEL)}iAigl, and so they are also uniformly bounded (inde-
pendently of L). We give Example 2.2 later to clarify this relationship.
Because each F,(z) is a finite linear combination of functions analytic
in |z| < p, and, because the coeflicients involved are bounded, {EL(z)}
are analytic and uniformly bounded in |z| < p. Therefore, we can use
Darboux’s theorem [9, 10] to show that a constant x; exists, which is
independent of L and j, for which

(2.29)

|[EL(z)(1 - z) 7 72M] | < k1l(y—2M);| /i, i=LL+1,... , L+M.

i

From (2.28) and (2.29), it follows that

2M
S aPy+1-g)=n®, =L L+1,.. ,L+M
§=0
where
0" < sl(y =2, i=LL+1.. L+ DM,

for L large enough and some constant k. Therefore, {a;L)} satisfy the
conditions of Lemma 2.1, and so

(2.30) a =o@M-Y,  i=0,...,M.

From (2.26), we obtain

(2.31) olb) = o(L=M-1),

From (2.27) and (2.30), we obtain

(2.32) g P - ADG =o@ My, i=0,1,...,M—1.

Equations (2.31) and (2.32) constitute the central estimates of this
section. Since {A(M)} is bounded by (2.23), the Bolzano-Weierstrass
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theorem implies that a finite limit A and its corresponding subsequence
L exist for which

(2.33) lim A = A,
L—oo
Lel

Suppose that |A| # 1. From (2.32), we have

(2.34) lim g;(L) = AG;.
b

From (2.31), (2.33) and (2.34), we obtain

lim max {|)\(L)|, (SR |9(()L)|= T |9§\/L[),1|}
(2.35) e
= |A| IIlaX{l7 |C¥0‘7 ey |G1\/[_1|} .
This contradicts (2.33) and, therefore, |A| = 1. Because each A(X) > 0,

it must be that A = 1. Using the usual argument about deletion of
subsequences, it follows from (2.33) that

lim AP = 1.

L—o0

From (2.31) and (2.32), we obtain

(2.36) oP) = o(LM-1)
237) ¢P =G +o@ M),  i=0,1,...,M—1.

and
M —

g (z) — Z gi(1—2)" as L — oo.

7=

—

From (2.4), we find

~

R (z) = sz hj —

Jj=0
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and, hence,
M-—1 .
W) (z) — H(z) — {G(z) - > Gi(1- z)Z} f(z) in|zl<1.0o
=0

We conclude this section with

Example 2.2. For the case of M = 2, equations (2.26), (2.27) take
the matrix form

(L)

Qg AO

agL) A1 AO VQ(L)

aP | =14 A 4| [g” - ABGy —aPG,
olP Ay Ay Ar| [ g a0, —aDa,
aflL) Ay Az A

and we see that a((JL),agL), . ,aiL) are linear combinations of A&,

a®, g5 and gi".

3. Hermite-Padé approximation using ODEs. In this section,
we suppose that the function f(z) (which we wish to reconstruct from
its power series) satisfies an ODE of the form

(3.1) (1=2)%f"(2) + (1 = 2)Gof'(2) + K(2)f(2) = H(2),

where Gy is a constant and K (z), H(z) are analytic in the disk |z| < p
for some p > 1. We assume that the quadratic equation

(3.2) 4+ (Go+1), +K(1)=0

has two roots <, 6, neither of which is an integer, and that Rey >
Ref > Rey — 1. We discover that the Hermite-Padé approximants
specified here reproduce the main features of f(z). In particular, the
approximants have a singular point near z = 1 (at sufficiently high
order) and we find estimates of the exponents 7,8 from these approx-
imants which converge to +, 6, respectively. The rate of convergence
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is slower than the rate of convergence of the estimates of v found in
Section 2. The solution of (3.1) may be expressed as

(3.3) f(2) = A(2)Q =277+ B(2)(1 —2)"% + C(2),

where A(z), B(z) and C(z) are analytic in |z| < p. Thus, the expansions
Az) = Y2 A B(z) = Yooy Bi¢t in ¢ := 1 — 2 converge in
[{| < p— 1. We also assume that Ay # 0 # By. For reasons similar to
those given in Section 2, we find that A(z) and B(z) satisfy

3.4
&4 (1—2)2A" +29(1 — 2) A" + y(y + 1) A+(1 — 2)Go A’
+GoyA+ KA =0,
(3.5)
(1—2)2B" +20(1 — 2)B’ + 0(0 + 1) B+(1 — 2)Go B’
+GoIB+ KB =0,

respectively. To obtain Hermite-Padé approximants for the solution
of (3.1), we first need to find the values of \(X), a(5) gE) (L) (L)

(kM and {h LY for which

(3.6)
AB(1 = 2)2 + a1 = 2)+8 B} (2) + {oB) + 7 B(1 = 2)} ' (2)

+ kP () f(2) = ) (2) + O(F Y,

where k() (z) = Zﬁvio_l k;EL)(:" and hM)(2) = Ef:_ol hEL)zi. Obviously,

L + M + 4 terms of each of the power series Y .-, c;z' = f(z),

Sogdizt = f'(2) and Y ;o ezt = f"(z) are required to set up the

equations. The values of \X) o(E) (L) (L) (L) and {kEL)}?ial are

found by solving the set of homogeneous equations

(3.7)
A1 =22 +aBP(1 - 2) + B} Z e;jz
j:oz o] = O’
+ {0 + 751 - 2)} Z d;z? + kD) (2) Z cjz!
7=0 3=0

i=L,L+1,...,L+M+3.
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Using much the same analysis as that of (2.23), (2.33)—(2.35), we
find that we may introduce the normalization A(*) = 1 for L large
enough. At this rather premature stage, we introduce the normalization
ML) =1 for L > Ly, so as to avoid repetition and further complication
of the analysis. The values of the other parameters now follow from
(3.7) (and (3.6) for {h;L)}jL;Ol). Using these values, we obtain the
Hermite-Padé integral approximants for f(z) as the solutions y(z) of

(3.8)
{1=2+aP(1-2)+ 8D} (2) + {oP + (1 - 2)}y (2)
+ kP (2)y(2) = B (2)

for L = Lo,Lo+ 1,Ly+ 2,.... The initial conditions associated with
the ODE (3.8) are y(0) = ¢, y'(0) = ¢; for each L. Our general method
of Hermite-Padé, integral approximation is exemplified by the case of
M =1.

Example 3.1. The case M = 1. We substitute the known form of
the equation (3.3) into (3.6) and obtain
(3.9)

{{4‘2 +a P4+ By (y + DA+ 204+ AT
+ 9(9 4 1)BC7972 + 29B/<7971 + Bllcfe + C//}
+ {0+ T CHy AT+ AT 0BT + BICTY ')
+kSHACTT+ B+ CY| =0, i=L,L+1,....L+4

K3

Using (3.4), (3.5) to eliminate A”, B” from (3.9), we obtain
(3.10)
{(8 +aB ¢4 IO — (CGoA' + GoyA+ KA 2
— (CGoB' + GodB + KB)( 972}
+{oP + 7B Q{yACTTT + ACTY + 0B + BT+ ')

+k(()L){AC*7+BC*9+O} =0, i=L,L+1,...,L+4.

K3
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Following the method of Section 2, we pick out the coefficients of
¢7772,¢7%2 ¢=7=1 ... in (3.10) and define

(3.11a) al” = BB {GoyAp + Koo},
(3.11b) bP =~ {Go8By + KoBo},
(3.11)

agL) = U(L)’)/AO - OZ(L){GQ’}/AO + KOAO} + ﬂ(L)tla
B = 6WgAy — aW{GooBy + KoBo} + Bty
ol = 1By Ay + k§H Ag — GoyAo — KoAo + 8P ts + Dty + oD,
bs") = 0B, + kY By — GotBy — KoBo + 8 Pts + a Pty + 0Pty
where t1,t2,... are constants not depending on L. Notice that aéL) x
b(()L) o BF) for all L. In this sense, (3.11b) is linearly dependent on its
predecessor (3.11a), whereas the other equations of (3.11) are linearly
independent. For this reason, (3.11b) is treated differently from the
other equations.

In our analysis, we need to use the order notation in a slightly
modified sense, and we define

(3.12) B =00

to mean that |z(%) /()| is bounded as L — co. From (3.10), (3.11),
we obtain
(3.13)

o0

(v+2)r (v+ 1)z 0+1)L (V) 0)r °)
(Y+2) 11 (v+ D1 0+ Dz (Vs (0 Z(lL) B

o

(Y+2)rta Y+ Drga O+ Drya (Mrwa ()44 o)
2
(L)

b
0+2)r (=D (@-1r - (0-4) a?L)
O+2)p41 (V= Vzyr @ =Drgr - (0 =41 b?“

- . . . . 3
O+2)p4a (Y =Vrga (0 —=D)rga -+ (0 —4)144 b(:L)

6

+O0()L-1
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These equations (3.13) are simplified by introducing the definitions

(3.14) i =P (y+2-5)p, B =60 +2- ),

j=0,1,...,6, which induce a scaling of the columns. We also find it
convenient to introduce the notation

(3.15) (a)j:=ala=1)(a—2)---(a—j+1).

We perform elementary row operations on the matrix coefficient on the
left-hand side of (3.12) and obtain

(3.16)
~(L)
1 1 1 1 1 )
—0+2 A 1 0 alt
—0 —0 =(L
(v 2.2 (v )1 1-(0—~+1) 0 0] |BL)
(Y *2)-2 (v )31 0 0 0| aH
(v 12)5 - 2! 0 0 0 0l |z
2
P(L)
1 1 1 1 l.)?m
2 y—0—1 —1 4 pr 3
= — | 205942 (—0-1)(=1) (~1)(O—y—1) - (—4)(6—v—1) | | B
2(0—7+2)3 (y=0-D)z(~1) (~D)g(6—7—1) - (~4)3(9—7—4)
20(0—7+2)5 (v=0—-1)3(=1)z (=1)3(60—v—=1)3 - (=4)5(0—7—4)3 (ZL)
bG
+O(’Y)L_1.
From (3.11), (3.12), (3.14) and (3.16), we see that
(3.17)  ag”| < xmax{[g”], as”|, (85, 16"}, L= Lo

for some constant X. If |l~)éL)| were the largest in the list in (3.17), then
(3.18) i) < pF )L D> I

for some Ly > Lo and some € > 0, which contradicts (3.11a,b).
Recalling the previous analysis, (2.33)—(2.35), of the normalization, we
obtain the estimates

a”)
bi"
bs™

oL, o =0(L7?),
O(LV—(’—?), aéL) _ O(L—l)7
oL,
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and, from (3.11),

B = O(L™3), o) ol = O(L%Oﬂ)?
(3.19) 7 =Gy + 0LV,

kY = Ko+ 0L 1. o

These estimates suffice to establish convergence of the exponents of
the Hermite-Padé, integral approximants. For the case of M > 2, we
use the method of Example 3.1 and find that

B = o(LV——M-1), o) o) = O(L=M),
7 =Gy +O(L M),

K = Ko+ 0L M),

kY = K+ O(LY MOy =120 M -1

(3.20)

The estimates of (3.20) can be used to give estimates of the location
of the leading singular point and of its associated singular indices. We
first remark that each integral approximant which results from solving
(3.6) has, in general, two distinct algebraic singular points near z = 1,
rather than one confluent singularity. These singularities are located

at
1
1 1 2 2
20 14ty oy {_am} _ 5@)]

2 2

(3.21) )
=140 [L—a(M+1+v—9)} ., M >2,

=14+0(L7%?%), M=1.

To show leading order, the exponents of y(L)(z) at z(iL) are

1 1
(3.22) Yo=—3Go—1= (0 +7-1),

whereas the exponents of the originating function are v and 6. In order
to estimate the latter exponents, we first note that

1
w._Llw, w]_ Y S
5.23) AD) . 2{z+ +z,} 1+0(L™™M), M>2,

=14+0IL7 7%, M=1,
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and (3.23) is, in general, a more accurate estimate than (3.21) of the
singular point. To estimate the values of -y, #, one may insert the values
of 7(1) and k(()L) for Go and Ky in (3.2). The estimates of the error in
both 7,0 are then O(LY~%~1) for M = 1, from (3.19), and O(L*~M)
for M > 2, from (3.20).

4. Properties of the approximants. The general theme of this
paper is the approximation of functions which satisfy an ODE of the
general form (4.1), using integral approximants which themselves are
integral of specially constructed ODEs. We pay particular attention
to convergence of “horizontal sequences” of integral approximants. In
Sections 2 and 3, the examples show how the rate of convergence of
the coefficients of (4.2) may be estimated. In this section, we shall
take results having the character of those of the previous sections
as hypotheses and use these hypotheses to study the behavior of the
integrals of the corresponding ODEs.

Our assumptions in Sections 2 and 3 are compatible with the more
general hypothesis that the function to be approximated satisfies an
m-th order ODE of the general form,

m

(4.1) Y Qi) (=) +e(2) =0

Jj=0

where Q,,,(z) is a polynomial of degree M,,, and Qo, Q1,... , Qm—1(2)
and ® are functions which are analytic in D, := {2z : |2| < p} for
some p > 1. We assume that Q,,(1) = 0, that z = 1 is a regular
singular point of (4.1) and that f(z) has a branch point at z = 1; we
also assume that @,,(z) # 0 for all other values of z € D,. In fact,
we assume that f(z) has disk monodromy dimension m with respect
to D, [2]. The implication of this assumption is that when f(z) is
analytically continued on any path in D,, there are no singular points
except z = 1 and that precisely m linearly independent coverings of D,
are generated, no matter how often the point z = 1 is encircled.

Our sequence of integral approximants for f(z) are solutions of ODEs
having the general form

(4.2) ST PP )y (2) + milz) =0,
j=0
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where the polynomials Pj(L) (z) and 7, (2) are determined from a knowl-
edge of the power series coefficients of f(z), as described previously.
Likewise, the initial coefficients of this power series supply the initial
conditions which uniquely determine the required solution of (4.2). To
emphasize the dependence of the solution on the choice of the degrees
of the polynomials of (4.2), we adopt the notation

(4.3) v (2) = [L/po; - s pm—1; M)
We refer to the sequence with pg,p1,... ,Pm—1, My, fixed and L — oo
as a horizontal sequence.

Our hypotheses needed in this section are for L large enough (say
> Lo):

(4.4a) P (2) = Qum(2),
(1.40) P = 30 QW (1) — 1Pk,
k=0

and that the rate of convergence of (4.4a,b) is O(L~%) uniformly for
z € D, and some w > 0. Equation (4.4b) is primarily a hypothesis
about convergence of Pj(L) (2) to the p;-th Taylor section of ), (z) about
z =1 and not to Q;(z) itself. The preceding hypotheses suffice for the

following general convergence theorem pertaining to the disk |z| < 1.

Theorem 4.1. Under the hypotheses of this section, there exists a
finite Ly, such that the horizontal sequence of integral approrimants,

H = {[L/po;p1;--- ;Pm—1: M) : po, P15 - - -, Pm—1, My, fized,
L:LQ,L0+1,LQ+2,...},

converges to f(z) uniformly in any compact subset of |z| < 1, where
M, is defined by (4.1).

Proof. From (4.2) and (4.4a,b), we are led to define

(45) B(z) = B(z) + 3 {Qm) -3 QW) - 1)k/k!}f<j>(2)-

=0 k=0
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Since the P, converge to @, and Q.,(z) # 0 except at z = 1, and
since the P; also converge, as explained in (4.4) for L large enough
(L > Ly), substitution of these results in (4.2) and comparison with
(4.1) and (4.5) leads to the result

(4.6) Lh_)rr;<> 7r(z) = ®(2), |z| < 1.

Therefore, we can select an Ly such that, for all L > Lg, the approxi-
mants (p; fixed) of (4.3) have the property that |P;/P,,| and | /Py, |
are uniformly bounded on any compact subset of |z| < 1. If, for a
given zg, |z0| < 1, we choose the path P := {¢ = rz/|20],0 < r < 1},
then these conditions are sufficient to apply Baker’s theorem [2] on the
uniqueness of convergence and, so, conclude the theorem. o

Our eventual aim is to extend the result of Theorem 4.1 onto Riemann
sheets accessible within |z| < p. For the case of integral approximants
specified in Section 2, we have progressed toward the objective with
the following result.

Theorem 4.2. Let f(z) satisfy the ODE
(4.7) (1=2)f'(2) + G(2) f(2) = H(2),

where G(1) is not an integer, and G(z) and H(z) are analytic in |z| < p,
p>1. Then

(4.8) lim lim [L/M;1] = f(2), |2| <1, ]1—2|<p-1
M —o00 L—o0

on compact subsets of any (finitely numbered) Riemann sheets of f(z)
accessible from the disk |z| < p.

Proof. First, we treat the case Re (G(1)) < 0. The solution to (4.7)
can be written explicitly as [15, 17],

(4.92) f(2) = fs(2) + fa(?),
(4.9b)
fs(z) = (1= 2)77e79 [% + / H(n)(1—n) e dy|

(49¢)  fa(x) =(1-2)7e / CH()(1 ) e dn,
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where a is the initial point from which the integration of (4.7) is begun.
Using this separation (4.9), we find that fa(z) is analytic at z = 1
because, if we expand the integrand in powers of (1 — n) and then
integrate, we see that the prefactor (1 — z)~7 exactly cancels all the
(1 — z)7 dependence of the integrand. The function g(z) is defined by

(4.10) o) = [ B a6 =,

Let us select a point r, max(0,2 — p) < r < 1, an M. > Re(y), and
an € > 0, so that

M.—1

(4.11) Y Gi(1-2) - G(2)| <k,
§=0

for all [1 — 2| < 1 —r, and where G; = GU)(1)/;! as in Section 2.
We may impose (4.11) by the assumed analyticity of G(z) and Taylor’s
theorem with remainder. Next, let us select L. so that, for all L > L.,

(4.12) [f(r) = [L/M: = 1;1](r)] <.
We may take this step by Theorem (4.1). The [L/M. — 1;1] has its

singularity at zz, the zero of AW (1 — 2) + a®). From (2.35), (2.36),
we see that

(4.13) 2z =1+0(L M),
If we now define (g (t) is from (2.4))

# gD (1) + Avr

dt, D (z) /AL = =L,
)\L(ZL —t) g ( L)/ L YL

@) )= |

where §r,(z) and, later, g(z) will indicate that the initial point for the
integration of the differential equation is r [a = r in (4.9)], then we can
write the approximant as

(4.15a) yr(2) = yr,s(2) +yr,a(2),
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(415b) yL75(Z) =

N r 2L N
(2p—2) TLe=92() {%4_/ Hi(n)(zr, — )= ed20 gy |

(4.15¢) ypa(2) = (21— 2) e ) / H () (2, — )220 dy,
ZL

where, as in (4.9) for fa(z), here yz 4(z) can be seen to be analytic
about z = zy. Hp(z) is defined in (4.17) below. If we consider now a
path from z =7 to z =7 on |1 — z| = 1 — r encircling z = 1 n times,
we obtain, from (4.9), with a = r, and (4.15), the results

Foty = e 2mm ps (rlO) 4 £ (P10,

4.16
(416 yr(z) = e 2Ty o (7)) + yp A (rl?),

where 7Vl is the point on the j-th Riemann sheet which lifts onto 7
on the 0-th or principal Riemann sheet. The integration of the terms
involving H and Hy, from 7% to [ disappears by Cauchy’s theorem
because of the analyticity in the disk |1 — 2| < 1 — r. Likewise,
Gg(rl®) = g(r[*)y = 0 and g (r1%) = §r(r™) = 0. Thus, we obtain
result (4.16). By Theorem (4.1) and our hypothesis v, — v as L — oo,
we can conclude that, except for the f:L part, the yr s term in (4.16)
converges to the fg term. That integral part of (4.15b) is identical to
(4.15¢), and its convergence will follow immediately when we prove the
convergence of (4.15¢). It now remains to consider the fa and yr, 4
terms.

Following (4.5), we may write

M.—-1

Hi(2) = [H(Z) - {(G(Z) - Gi(l—Z)i}f(Z)
=0

M:.—1 )
T {( S (o - G- z)Z}ﬂz)] ,

i=0 L

where [ | denotes the Maclaurin section through 2, and ggL) are the
Taylor series coefficients about z = 1 of ¢(%)(z), the approximant to
G(z). The first term on the right-hand side of (4.17) is independent of
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L and a convergent series in the disk |z| < p. The singular multiplying
factor in (4.15¢), (21, — n)72 71, is integrable as, again, Re (y1) > 0 for
large enough L by the hypothesis on =y and the convergence of 7, and
so the contribution from the first term on the right-hand side of (4.17)
to (4.15¢) tends in the limit L — oo to (4.9¢).

By (4.11) and Schwarz’s lemma, the absolute value of the second term
on the right-hand side of (4.17) is bounded in |1 — z| < 1 —r by

(4.18) £ {M]M 1f(2)l.

1—r
This result bounds the order and coefficient of the dominant singularity
of the second term on the right-hand side of (4.17). By Darboux’s

theorem [10], we need only consider it to get the asymptotic estimate
of the series-truncation error. Therefore, if we expand the term (1 —

z)M==7 to order z¥, the error is of the order > ;- (MTV) (—2)b. Ifwe

use the estimate [10] (Mfl_"*) = O(I"=M=1) then, for |z| < 1, we can

bound the series-truncation error by Y o, O(17~M=1) = O(L7~ M)
which goes to zero if M. > Re () as we have here. Thus, the integral
of the second term is found to be of order e by the use of (4.11) directly
in (4.17) without series truncation, for substitution into (4.15c¢).

The singular part of the last term in (4.17) when substituted into
(4.15¢) can, by the estimates of (2.37), be re-expressed as

L

| [1210@%“)(1 -]

< iO(LME“) EL: (Z i 7) (—2)’

=0

)

(4.19) + H Mf o(L=™M*H(1 - z)i—V]L

i=[]+1

where [v] is the greatest integer less than or equal to Re(v). The
last term on the right-hand side of (4.19) consists of terms which
vanish at z = 1. By the use of the arguments given above for the
second term of (4.17), the truncation error in L vanishes as L — oo.
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The principal part vanishes because of the O(L~M*%) coefficient so
the whole term converges to zero as L — oo. In the first term on
the right-hand side of (4.19), the binomial coefficients increase as j
increases when Re(vy) > ¢ 4+ 1. In these terms, we can majorize
i—y
L

all the binomial coefficients by and, again using the estimate

for binomial coefficients, the sums of those terms are bounded by
O(LM==7). There remains the term,
(4.20)

O(L~M+bhy(1 - Z)['Y]—'Y} .

L
= O(L~M=+D1) (1 + Z O(jw—[v]—1)>

=1

= O(L~M1),

which goes to zero as M, > Re (). Since zy, also converges to unity
by the results of Section 2, we conclude that yL(r["]) converges to
f(r™) + O(e) as L — oo. This argument can be extended by taking
M, large enough to include any point in the lune |z| < 1, |[1—z| < p—1
and any € > 0.

Now we discuss the case Re (G(1)) > 0. Instead of beginning with
(4.9), we need to recast the solution of (4.7). First, it is convenient to
define

(4.21) F(n) = H(n)ed™.
The required form for the solution of (4.7) is

(4.22a) f(2) = fs(2) + fa(2),

(4.22b)
fs(z) = (1 —z) Ve 9

f(a) ! I FO ) — 1)
X[(l_a)ﬁ/a P = Y (s
Y pO A (a - 1)

YL e |

=0



CONVERGENCE THEOREMS 67

(4.22¢)
fa(z) =

T EOW)n -1y

- (1 - 77)7_1 d77
=0 o

(1— z)—ve—g(Z)/lz F(n) —

~1201 pG) 1)
o efg(z) F (1)(2: 1)
2 TG0+

Now the integrals are convergent and so the separation into the singular
and analytic parts is well defined when Re () < 0. A similar recasting
is also required for (4.15). The proof for this case now follows the
same method as that given above for the case Re(y) > 0. Therefore,
Theorem 4.2 follows. O

Note. The preview of this work [3] contains at (2.37) an incorrect,
miswritten version of (4.8).
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