Electronic Transactions on Numerical Analysis. ETNA
Volume 30, pp. xxx-xxx, 2008. Kent State University
Copyright © 2008, Kent State University. http://etna.math.kent.edu
ISSN 1068-9613.

A SIMPLIFICATION OF THE LAPLACE METHOD FOR DOUBLE INTEGRALS.
APPLICATION TO THE SECOND APPELL FUNCTION*

JOSE L. LOPEZ! AND PEDRO J. PAGOLA'

Abstract. The main difficulties in the Laplace method of asymptotic expansions of double integrals result from
a change of variables. Generalizing previous work for simple integrals, we propose a variant of the method for double
integrals, which avoids this change of variables and simplifies the computations. The calculation of the coefficients
of the asymptotic expansion is remarkably simple. Moreover, the asymptotic sequence is as simple as in the standard
Laplace’s method: inverse powers of the asymptotic variable. A new asymptotic expansion of the second Appell’s
function F(a, b, ,c,c';x,y) for large b, b’, c and ¢’ is given as an illustration.
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1. Introduction. Consider integrals of the form
(1.1) F(z) = / / e @V g(,y)dwdy,
Q

where 0 C R2 is a bounded or unbounded convex domain, z is a large positive parameter
and f(z,y) and g(z,y) are smooth enough functions in Q. Long ago Laplace made the
observation that the major contribution of the integrand to the integral (1.1) comes from the
neighborhoods of the points where f(z,y) attains its smallest value. For instance, if f(z,y)
has its minimum value only at a point (zo,yo) € 2°, where f(z,y) and g(x,y) are analytic,
the gradient of f at that point vanishes, V f (zq,%0) = (0,0), and the Hessian matrix of f at
that point, H f (xo, yo), is positive definite. Then, Laplace’s result is

(1.2) F(z) ~ m9(Zo, Yo) e~ 2f(wowo) z = 0.

zy/Det[H f(zo,o)]
The right hand side above is the first term of a complete asymptotic expansion that can be
obtained in the following way [6, Chap. 8, Sec. 10]. The Hessian matrix H f(zq,yo) can
be diagonalized after an orthogonal change of variables. Then, without loss of generality, we
may assume that the Taylor expansion of f(z,y) at (z¢, yo) has the form

f(@,y) = f(@o,y0) + alz — z0)” + by — yo)* + - --
= f(0,90) + a(z — 20)*[1 + P(z,y)] + b(y — y0)*[1 + Q(z,v)],

where a, b > 0, P(z,y) and Q(z,y) are analytic at (zo, yo) and P(zo,y0) = Q(Zo,¥0) = 0.
Perform in (1.1) the change of integration variables (z,y) — (u,v) defined by

u=(z—20)\/1+P(z,y),v=(y —yo)v1+Q(z,y),

(1.3) F(Z) — e—zf($07y0) // €_z(au2+bv2)h(u, ’U)d’l,l/dU,
where Q' is the image of € under this change of variables,

0
(14 hluy0) = gla(us o) (u,0) 5020,
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and 0(z,y)/0(u,v) is the Jacobian of the transformation (z,y) — (u,v). If h(u,v) has a
Taylor expansion at (u,v) = (0,0),

(1.5) h(u,v) ~ i i Cmn—mu V"™,

n=0 m=0

then we can apply Watson’s Lemma to the integral (1.3): replace (1.5) in the right hand side
of (1.3) and interchange sum and integral [6, Chap. 8, Sec. 10],

o0 n
(1.6) F(2) ~ e=#f(@0:30) Z z cam.on—2m®n,m(2), z = 00,

n=0m=0

where the coefficients ¢, are the Taylor coefficients of the function h(u,v) at
(u,v) = (0,0) (see (1.5)) and the asymptotic sequence P, ,,,(2) is

én,m(z) = / e z(au®+bv )’lj,2m’l}2" 2mdudv
i
oo

~ / e—zau2u2mdu /oo e—zbv2v2n—2mdv — I"(m + 1/2)1-‘(’]1 —-m+ 1/2)
—00 —0o0

am+1/2 bn—m+1/2 antl

We see that in the standard Laplace’s method, the computation of the asymptotic se-
quence ®,, ., (2) is straightforward, whereas the computation of the coefficients ¢y, ., is very
difficult because of the complexity of the above mentioned change of variable; see the ex-
ample in [6, Chap. 8, Sec. 10] where the first term of the expansion of a double integral is
derived.

A first attempt to simplify this procedure is explored in [2] by means of an example: a
double integral representation of the Appell function F. For particular functions f and g in
the integral (1.1), it is shown that a Taylor expansion of g at the critical point of f is enough
to obtain an asymptotic expansion of (1.1) for large 2. As it is shown in [2], this idea is very
useful to obtain a uniform expansion of Fy, which requires a two-point Taylor expansion
of the function g. On the other hand, as the example of the Appell function Fy shows, the
practical applicability of the method requires a not very complicated functional form for f.

In this paper we investigate a different simplification of the Laplace’s method in which
we expand both f and g at the critical point of f and then the complexity of the function
f is not a handicap. Moreover, we perform a general analysis for the integral (1.1) and
then we apply this analysis to the particular example of the Appell function F, obtaining
a new expansion of this function. The idea is based in the modification of the Laplace’s
method for one-dimensional integrals proposed in [3], which simplifies the computation of
the coefficients of the expansion without complicating the computation of the asymptotic
sequence. It is shown there that, for one-dimensional integrals, a change of variable is not
necessary to obtain an asymptotic expansion. Consider the integral

b
(1.7 / e # @) g(z)da.

Inspired on the idea of Burkhardt and Perron [1, Chap. 2], it is shown in [3] that it is just nec-
essary to expand both, f(z) and g(x) at the critical point zg € (a,b) of f(z) and interchange
sum and integral. Suppose that f'(zo) = 0 and f"(zg) > 0 and write

£a) = £ao) + L8 0 - a0 4 fi(a), gl@)e B = 3 an(@)(e - ao)™
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Introducing this expansion in (1.7) and replacing sum and integral we find

b o0 b
(1.8) / e @) g(z)dx = e 2/ () Z an(z)/ e~ 52f" (z0)(z—w0) (z — z0)"da

~ =2 (@0) Z a 2n+1/21"(n + 1/2) -
n fll mO) )n+1/2

It is shown in [3] that a,,(2) = O(2~1"/3]) as 2 — oo and also that the above computation
is not only formal but correct. Because the coefficients a,, depend of z, (1.8) is not a gen-
uine Poincaré expansion, but the terms of the expansion can be grouped to obtain a genuine
Poincaré expansion [3].

In this paper we extend the simplifying idea introduced in [3] from simple to double inte-
grals. We will simplify the computation of the coefficients of the expansion without compli-
cating the computation of the asymptotic sequence. This is shown in Section 2. In Section 3
we apply the idea to the second Appell function, obtaining a new asymptotic expansion of
this function when four of its variables are large. Section 4 contains some final remarks.

2. The modified Laplace’s method. Suppose that f(z,y) has a finite number of iso-
lated absolute minima in Q. (We will not consider here coalescence of minima or poles of
the integrand or other situations that require a uniform approach.) Then, by subdividing the
domain of integration we may assume, without loss of generality, that f(x, y) has only one
absolute minimum in 2. Moreover, by means of a simple translation of the variables (x, ),
we may assume that that minimum occurs at (z,y) = (0,0) € Q. Suppose that both f(z,y)
and g(z,y) have a Taylor expansion at (0, 0) with a common radius of convergence r. This
condition may be relaxed and require only that both f(z,y) and g(x,y) have an asymptotic
expansion at (0, 0). But for the sake of clarity in the exposition we require the analyticity of
f and g at the minimum of f. On the other hand, this is the usual situation in most of the
practical examples.

We will consider that the boundary 92 of 2 is piecewise smooth, that is, it has a finite
number of corner points. Moreover, by subdividing 2, we can consider that the angle between
the two tangent lines at the corner points is not greater than 7/2. We will consider that the
unique absolute minimum (0, 0) of f(z, y) in € falls into one of the following three categories
(P1), (P2) or (P3) detailed below (see Fig. 2.1):

(Pr) ﬁf(O, 0) = (0,0) and Hf(0,0) > 0, that is, (0,0) is a non-degenerate local
minimum of f(z,y). We can choose orthogonal coordinates (z,y) in which H f(0,0) is
diagonal. In these coordinates, the first terms of the Taylor expansion of f(z,y) at (0, 0) are

f(:z:,y):f(0,0)+ax2+by2+---,

witha = £ f,,(0,0) > 0and b = 1 £,,(0,0) > 0.
rv £(0,0) # (0,0), then the point (0,0) can only be located at 9. In this case we
dlStlngUISh two different situations (P ) and (P3) detailed below.

(Py) V)f(O, 0) # (0,0) and (0,0) is a smooth point of Q2. Then V)f 0,0) must point
inside Q2. Moreover, ¥’ - T/’ £(0,0) = 0 for any vector @ tangent to 912 at (0, 0). We require
for that tangent vector @ that @7 - Hf(0,0) - @ > 0 [6, Chap. 8, Sec. 2]. We can
choose orthogonal coordinates (z, y) such that z > 0 for every (z,y) € Q, ¥ = (0,v,) and
¥ £(0,0) = (a,0), witha = £,(0,0) > 0and b= 1£,,(0,0) > 0.

In these coordinates, the first terms of the Taylor expansion of f(z,y) at (0, 0) are

f(z,y) = £(0,0) + az +by* + ---.
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FIG. 2.1. The contour OS2 of the domain §2 has only one corner point Ps. In the case (P1) the minimum (0,0)
can be located at any point of Q. In the cases (Pa) and (P3) the minimum (0, 0) must be located in 9.

(Ps) v)f(O, 0) # (0,0) and the point (0,0) is a corner point of 92. In this case, the
boundary A has two tangent vectors T and T at (0,0) with @1 - ¥ £(0,0) > 0 and
T - ?f(o, 0) > 0. We can choose orthogonal coordinates (z,y) with z > 0 and y > 0 for
every (z,y) € Q such thata = f;(0,0) > 0 and b = f,(0,0) > 0. In these coordinates, the
first terms of the Taylor expansion of f(z,y) at (0, 0) are

f(z,y) = f(0,0) +ax +by +---.

We will not consider here other possible types of absolute minima such us degenerate
relative minima, curves of minima, etc., [6, Chap. 8].

We define f1(z,y) = f(z,y) — fo(z,y), with
2.1) folz,y) = £(0,0) + az®™ + by’
and the values of a, b, i, 8 and s = 8/« listed in Table 2.1.

TABLE 2.1
The possible values of a, b, a, B and s considered in (2.1) depend on the case (P1), (P2) or (P3) under
consideration and are always positive.

Case | a b a B s
(P1) | %/22(0,0) % fp(0,0) 2 2 1
(P2) f:c(OaO) §fyy(0,0) 1 2 2
(PS) fz(OaO) fy 0; ) 1 1 1
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The function e~%/1(#:%) has a Taylor expansion at (z,y) = (0,0),

©  _pn o n n
e#laz® +by°] 2 laz® + byPl" = R — [az®]™ [byP]" ™.
nz::()n! [ ] ;rrgom!(n—m)!
We write, for a givenr > 0,
oo |n/s]
e—zf(m,y) — Z Z Am’n_sm(z)xmyn—sm’ 22 +y2 < ’1“2,
n=0 m=0
with
1 9™ P
(22) App(2) = ——e @) :

mlp! dzm Jyp (2,4)=(0,0)

Also, the function g(z,y) has a Taylor expansion at (z,y) = (0,0),

g(may) = Z Léj gm,n—smxmyn_sma -732 + y2 < T,Z’
n=0 m=0
with
1 gm o
Gmp = m—!p!&c—ma_ypg(m’y) (z,y):(0,0)‘

Define h(z,y; 2) = e~ /1Y) g(z,y). Then,

co n n oo |n/s]

hz,y;2) = Z Z m[axa]m[byﬁ]"_m X Z Z Apn—sm(z)x™y" ™

n=0 m=0 d n=0 m=0
2.3)
o |n/s] T oo [n/s]
Xezf(O,O) Z Z gm’n_smxmyn—sm — Z Z hm’n_sm(z)xmyn—sm’
n=0 m=0 ] n=0 m=0
with

ln/B]  Min{k,|m/al} kb d

Bnnsm(2) = €100 3 = 1 - asin—pt—sm43(2)
k=0 j=Max{0,k—|n/B—m/a]} " .

(2.4)
and
n Min{m,|k/s]|}
(25) Hm,n—sm(z) = Z Z Aj,k—sj (z)gm—j,n—k—sm—i-sja

k=0 j=Max{0,m—|(n—k)/s|}

empty sums being understood as zero.

Equation (2.4) is an explicit formula for the coefficients A, p(2) of the Taylor expansion
of h(z,y; 2) at (z,y) = (0,0), although the asymptotic behavior of A, ,(z) when z — oo is
not clear from that formula. We obtain below a different formula for h,, ,(2) which shows
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its asymptotic behavior (although it is less explicit). The asymptotic behaviour of the coef-
ficients hy,_ ,(2) depends on the order of the first term of the Taylor expansion of f; (x,y) at
(z,y) = (0,0). From the definition of f;(z,y) we have that, for 22 + y% < r2,

o |n/s]
A@y)= 30 Y fun-ama™y" " =
n=p+1 m=0
f3,02° + fo2?y + fipwy® + fosy® +---  in case (Py)
fiazy + fosy® + f200% + fiozy® + fouy* +---  in case (P)
f202° + fiizy + fopy® + -+ in case (Ps)
with
1 om o°
Jmp = a5 a-f(T,y) .
T plml 9z dyp (2,)=(0,0)
Therefore, for 2% + y2? < r2,
o |n/s]

(2.6) e—2fil@y) — 1 4 Z

E E m n—sm
cmn sm y Y

n=0 m=0

with ¢go(2) = 1 and, form =0,1,2, ...,

cmi—m(2) = cma—m(2) =0 and cpp_m(z) = O(/3)) for n >3 in (P)
0,1(2) = ema—2m(2) = 0,cmm_om(2) = OMM/3LLUn=m)/2]}) for n > 3 in (Py)
emi-m(2) =0 and cmp_m(2) = O3 for n>2 in (Bs).

Then, apart from formula (2.4), coefficients A, n—sm(2) can also be written in the form

n Min{m,|k/s]}

(27) hm,nfsm(z) = Z Z Cjk—sj (z)gmfj’"fkfsm—f_sj
k=0 j=Max{0,m—|(n—k)/s|}

and we have, as z — 00,

O (2I/31) in case (P)
(2.8) hinn—sm(z) = O (217/3]) i case (P»)
O (21"} in case (P3).

With these preliminaries, we can write the integral (1.1) in the form
(2.9) F(z) = e=/©0) / / e~ ) (g y 2V dady.
Q

The Taylor series in the right hand side of (2.3) converges uniformly and absolutely to the
function h(x,y; ) in the disk 2% +y? < r2. Therefore, if the integration region {2 is contained
in that disk, we can replace that expansion in (2.9) and interchange sum and integral,

oo [n/s]
(2.10) F(2) =e 0N 3" hopn—em(2)@mn—sm(2),

n=0 m=0
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z)E//e*Z(”aMyﬁ)xmy”dmdy.
Q

—1/a

with

After the change of variables  — 2 zandy — 2~ /Py we find

+1 n—sm+1

.11 ®rnmsm(2) = iy // e—am“xme—byﬂyn—smdmdy’
where ' is the image of ) after the above mentioned change of variables; see Fig. 2.2. We

have
oo 2 o 2
4/ e ™ d:c/ e Wynmdy in (P)
9 %

[}
‘// e—az“_byﬁxmyn—smdmdy‘ S 2/ e~ AT pm d.'li'/ e_byZyn—Wn dy in (P2)
! 0 0

/ e g™ dm/ e YWy ™dy in (P3).
0 0
(2.12)

Xy

(Py) (Py) (Ps)

FIG. 2.2. (P1) The domain S is the domain Q expanded a factor \/z. Then, asymptotically, Q' — R2.
(P2) The domain Q' is the domain Q expanded a factor z in the x-direction and by a factor \/Z in the y-direction.
Then, Q' C (—o00,00) X [0,00). (P3) The domain Q' is the domain S expanded a factor z. The angle at the corner
points is not greater than 7 /2 and then Q' C [0, 00) X [0, 00).

In the three cases, these integrals are finite and independent of z. Then, in general,
@, n—sm (2) = O(z~(mFV/ea=(n=sm+1)/8) " Although we can be more accurate in the cases
(Py) and (P,). In the case (P;) we have that Q' ~ R2 (see Fig. 2.2) and from (2.11) we
see that if m or n are odd then @, ,_m(2) = O(z7P) for any p € N. In the case (Pz)
we have that Q' ~ [0,00) x R (see Fig. 2.2) and from (??) we see that if n is odd then
@, n—2m(z) = O(27P) for any p € N. Therefore, we have

Pom2n—2m(2) = Oz~ 1) in case (Py)
B on—om(2) = O(z~"3/2) in case (P»)
Bn-m(z) = 0(z"""2) in case (P3).
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We can write

) /]
(2.13) F(z) = ¢ #/(00) Z An(2), An(2z) = Z hm,n—sm(2)®m,n—sm(2).

m=0

In cases (P;) and (P2), we have Ag,y1(2) = O (27P) for any p € N and

Agn(2) = O(2120/3]—n-1) in case (Py)
Agn( ) = O(z12n/31-n=3/2) in case (P2)
A (z) = O(zl7/2-n=2) in case (P3).

Then, (2.13) is not a genuine Poincaré expansion. But we can group the terms of (2.13) in
such a way that we get a genuine Poincaré expansion,

(2.14) F(z) = e /003w, (2)

with ¥o(z) = Ag(z) and, forn =1,2,3,...,

(B+1)n
(2.15) U, (2) = Z Agp(2).

k=(8+1)n—p

In the case (P;) we have ¥,,(2) = O (2~"7!), in the case (P,) we have ¥, (2) = O (27"3/2)
and, in the case, (P3) we have ¥, (2) = O (z*”*z). Observe that we have grouped the terms
of the sum Y>> / An(2) of (2.13) in blocks ¥,,(2) of two (in the case (P3)) or three (in the
cases (Py) and (P,)) terms Ag(2).

If the integration domain €2 is not contained in the disk D = {(z,y);2? + y*> < r?}
of convergence of the Taylor series of h(z,y; z) at (z,y) = (0,0), we cannot replace the
expansion (2.3) in (2.9) and interchange the sum and the integral as we did to get equation
(2.10). Equality (2.10) does not hold but the right hand side of (2.10) is still an asymptotic
expansion of F'(z). To see this, divide the integration domain Q in two pieces, the one
contained in the disk D : €, = Q) D and its complement not contained in D : Q,,z =
Q\ Q4. We can write (1.1) in the form

(2.16) F(z):// —2 @) g,y dxdy—}—// —21 @) g(z,y)dzdy.
Qin Qout

As the point (z,y) = (0, 0) is the only absolute minimum of f(z,y) in ©, 3 € > 0 such that
f(z,y) > f(0,0) + € for any (z,y) € Qyys- Then we have

/ / e~ @) (g y)dady = e O0+0 / / =@ ~F00-Vg (5 ) drdy.

The last integral above is of the order O(1) when z — oo and then, the integral in ,,; in
(2.16) is exponentially small compared with the integral in £2;,, and we have

_ / / e =gz, y)dudy + O (=04
Qin
e [/ / e (e, y; 2)dady + O (e‘ez)] '
Qin
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Now, we can proceed with the above integral over 2;,, as we proceeded before in the case
in which 2 was contained in D. We obtain

o0
2.17) F(z) = e~#¥(00) Z ¥, (z) + exponentially small terms|,

n=0
where U, (2) is given in (2.15).

OBSERVATION 2.1. The coefficients A, ,,—sm (%) defined in (2.2) are polynomials in z
multiplied by e=#1(0:0) " From (2.4) and (2.5), the terms Ay, pn—sm (2) are also polynomials
in z and, from (2.8), they are polynomials of degree at most [n/(8 + 1)|. From (2.15)
we see that the asymptotic sequence ¥, (2) is a sum of 3 negative powers of z in the cases
(P1) and (P2) and of 2 negative powers of z in the case (P3). Therefore, the expansion
(2.14) is a rearrangement of the standard Laplace’s expansion and vice versa. This means
that the coefficients of the standard Laplace’s expansion can be explicitly obtained from the
coefficients of (2.14) after an appropriate rearrangement.

We can summarize the above discussion in the following theorem.

THEOREM 2.2. Let the functions f(x,y) and g(x,y) in (1.1) be continuous in Q, with
Q) € R? a convex bounded or unbounded domain and O} piecewise smooth. The possible
corner points of Q0 have interior angles not greater than /2. Suppose that the integral
(1.1) exists for z > zp. Let (0,0) be the unique absolute minimum of f(x,y) in Q and let
f(z,y) and g(x,y) be analytic at (x,y) = (0,0). Let that minimum fall into one of the three
categories (Py), (Py) and (P3) explained at the beginning of Section 2. Let Q' be the image
of Q by the transformation (x,y) — (z~"/%x, 2='/By), with o and 8 given in Table 2.1, as
well as a and b and s. Then,

(2.18) F(z) ~ e—#7(0,0) Z U, (2), as 2z — 00,

with lI’()(Z) = ho,o(z)é()’o(z) and,for n=123,...,

(B+1)n

(2.19) U,(2) = Z zham Bk—pm (2)®am,sk—pm(2)-

k=(B+1)n—p3 m=0

Forn=20,1,2,...andm =0,1,2,...,n,

am,B(k m)( )_z_k Ya- 1/5// ™ ﬁ(k m)d.’L'dy
Min{l,m} 1o ini—j
o z'alb'
Bom,p(k—m) (2) = €200 Z > mHa(m—j),ﬂ(k—l—m+j) (2),

=0 j=Max{0,l+m—k}
with

Min{m, |k/s]}

Hppoam(2) =) > Aj k=35 (2)gm—j,n—k—sm+sj-
k=0 j=Max{0,m—|(n—k)/s|}
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In these formulas, A;—s;(2) and gjr—s; are the Taylor coefficients at (x,y) = (0,0) of
e=*1@Y) and g(x,y) respectively: for a givenr > 0 and z° + y* < r?,

oo |n/s] oo |n/s]
efzf(z,?!) = Z Z Amynism(Z)mmynfsm7 g(a?,y) — Z Z gm,nfsmmmynism-
n=0 m=0 n=0 m=0

When z — 00, the terms of the expansion (2.18) are of the order ¥ ,,(z) = O (z_”_l) in
the case (Py), Up(z) = O (z*"*3/2) in the case (P) and ¥, (z) = O (27™7?) in the case
(Ps).

If Q is a rectangle then Q' ~ B2 in the case (P1), Q' ~ R x [0,00) in the case (Py) and
Q' ~ [0,00) x [0,00) in the case (Ps). In any case, up to exponentially small terms,

Tm+1/Q)T(k=m+1/8) 1
"I)am,ﬁ(k—m) (Z) ~ am—i—l/a bk—m—{—l/ﬁ zk—i—l/a—l—l/ﬁ :

3. The Appell function F(c,u,u’,v,v'; s,t) for large u, u', v and v'. The second
Appell’s hypergeometric function is a generalization of the Gauss hypergeometric function
2F1 and it is defined by the double series [5, p. 789],

Fy(c,u,u',v,0';8,t) = i i (C)m+"(u)m(UI)"smt", |s| + [t] < 1.
(V) (V") m!n!

A double integral representation of the second Appell’s function is given in [4],

L(v)T'(v')
P(w)l(v — uw)T(w)T(v' —u')

m=0 n=0

(3'1) F2(07u7ul7v7vl;s7t) = I2(C7u7u17v7vl; S7t)7

with

1 1
L(c,u,u',v,v';s,t) = / dx/ dy z* M (1—z)? vy T (1 —y)? T T Q=25 —yt) C,
0 0
3.2)
5,t €C s+t¢[l,00),v>u>0andv > u > 0. We define the asymptotic parameter
z = u — 1 and the following constants 7, §, and A,
u —1 v—u—1 v —u -1

; 4 A

z z z

7y

Using these relations, (3.2) can be written in the standard form (1.1),

1 1

(3.3) L(c,u,u',v,v';s,t) :/ dm/ dye=*F @V g(z,y),
0 0

with

f(z,y) = —logz —dlog(l—=z) —vlogy —Alog(1—y) and g(z,y) = (1—zs—yt)™".

We consider v,d,A > 0 and fixed and z > 0 large, which means that u,u',v and v’
are large and of the same order. The functions f(z,y) and g(z,y) are differentiable on

Q =(0,1) x (0,1). The unique absolute minimum of f(z,y) in  is the point

1 Y
=(— 7T Yeq
(:UO;yO) <1+557+)\) € i,
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which is also the unique relative minimun of f(z,y) in £ and falls into the case (P;) consid-
ered in the previous section. With the notation used there we have

1 _(1+96)? 1 _ (N
“= §fm(x0,y0) T2 b= §fyy($0;y0) =T

and h(z,y,2) = e * 1@V g(z, 1), with
fiz,y) = f(z,y) — f(20,90) — a(z — z0)? — by — yo)*.

Both functions e* f1(#:%) and g(x, ) have Taylor expansion at (zg, o). On the one hand,

1 s™ """ I(n +c) m n—m
g(xay) = T‘;T;] ml (TL — m)1 (1 — 570 — tyo)c+" F(C) ((L' - 33'0) (y - yO) .

On the other hand, we can write e #/1(@¥) = ¢=2/i(zow0) F(z 2)G(y,2), with
F(z,z) = 2°(1 — z)%€2*(==20)" and G(y, 2) = y7*(1 — y)**eb=(¥=%0)* . The functions
F and G satisfy the following differential equations in the variables  and y, respectively,
zoz(1 — 2)F'(z,2) = 2(z — x0) [2azox(1 — x) — 1] F(z, 2),
Yoy (1 = y)G'(y, 2) = 2(y — yo) [2byoy(1 — y) — ] G (y, 2).

Substituting the McLauring series F(z,2) = Y77 fu(2)(z — z0)™ into the first equation
and G(y,2) = 3 oo 9m(2)(y — yo)™ into the second one, we obtain

RE=1L AE=hE=0, )=

_ (1-0*)(n+3) (146)%(n+2) (1-98)(1+4)* (1+9)°
frya(z) = wh%‘*‘w n+2—wzfn+1—mzfm
and
_ 4
D@ =1 a@=0E=0  n@=L00E
_@PXR)m+3) e+ EmA2) (= NN (14N
P S e T O

Then, we can write
oo n
e i) — Z z Ampn-m(2)(@ —20)™ (y —90)"™™,  Anm(2) = gn(2) fm(2)-
n=0m=0
Applying Theorem 2.2, we have that

50 v\ A2\
(1+0)3+t (7 + /\> (7 + A)

z

o
Z‘Iln(z) as z — 0o,
k=0

! !
IQ(C,U,U y U,V ;Sat) ~

(3.4)
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with To(z) = 20 (1 __£ ) =0(z"), and
Y SR oy G R
3n k
\Iln(z) = Z Z h2m,2k—2m(z)¢2m,2k—2m(z) = O(z_n_l)a n=123,....
k=3n—2 m=0

According to Theorem 2.2, Ay k—m(2) are the Taylor coefficients of the function
h(z,y,2) = e *71@Yg(x,y) at (z,y) = (x0,y0) that may be explicitly computed. But
the formulas are quite long and we do not reproduce them here. On the other hand, according
to the last formula of Theorem 2.2,

2k+15m+1/2 (7)\)k—m+1/2 1 1
¢2m,2k—2m(z) ~ (1 + 6)3m+3/2(,y + /\)Bk—3m+3/2zk+1 r (m + 5) r (k —m+ 5) :

The first term of the asymptotic expansion of Fa(c, u,u’, v,v'; s, t) for large u, u’,v,v" is

! —C 1
F2(C,U,UI,U,UI;S,t): 1—82—tu— +0(—-).
v v

u

The first two terms are

Fy(c,u,u',v,v';5,t) =
27TF(’U)F(UI)(U —u— l)v—u—l/Z(UI —u = 1)v'—u'—1/2(u _ 1)u—1/2(ul _ 1)u'—1/2
D)o — )W) — )0 - 2712 (0! — 2712 (1 - 225 — 128

11 1 13 1 1 13 c 2u—v 2u' — '
1+ |-+ MR Rl | +1

12 v—u v o V-—-u 1—s2 v? v'?
_ 2 Tyl — 2yl)0)2
clc+1) i [82 (v—u) A (W —u)v ] L0 (i) ‘
2(1— st —tw) udv utv! u?
v v

Table 3.1 shows a numerical experiment illustrating the accuracy of this approximation.

TABLE 3.1
Relative errors in the approximation (3.4) of Fa(e,u, v’ ,v,v';8,t) forc = 1, s = 1/4, t = —1/4,
n = 0, 1,2 and different values of of u,u' ,v,v' using Mathematica with 16 digits of working precision.

|

u=u'" =50 wu=4'"=100 u=u"=200 w=u'"=350 wu=u =600
v=2v"=100 v=9"=200 v=0v" =400 wv=0" =700 wv=10" =1200

n=0| 0.01500460 0.00742222 0.00369139 0.00210457 0.00122612

n=11| 0.00020752 0.00005076 0.00001255 4.0807x1076  1.3850x10~
n=2|84379x1076 5.0857x1077 3.1216x107% 3.3026 x 10~° 3.8077x10710

4. Concluding remarks. The standard Laplace’s method of asymptotic expansion of
integrals requires a change of variables which makes the computation of the coefficients of
the expansion a very complicated task. This complication is harder for double integrals. In
general, only the first few terms of the expansion are computed explicitly in practical exam-
ples. We have proposed a different method which makes the computation of the complete
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expansion straightforward. With this new procedure, the phase function f(z,y) is always a
polynomial of degree at most two in z and y. On the other hand, the remaining integrand
h(z,y, z) is not a function only of the integration variables (z, y), but also of the asymptotic
variable z. As a consequence of this fact, not only the asymptotic sequence @, p—sm (),
but also the coefficients of the expansion A, n—sm(2), depend of z. The asymptotic expan-
sion obtained in this way, >~ >~ hm n—sm(2) Pm,n—sm(2), is not a genuine Poincaré-type
expansion. Nevertheless, the terms of the expansion Y hm n—sm(2)®m,n—sm(2) can be
grouped in new terms ¥, (z) and the new asymptotic expansion ) ¥,(z) is a genuine
Poincaré expansion, ¥,,(z) = O(z~ ™ P) as z = 0.

We have applied the method to the example of the second Appell function and obtained
complete asymptotic expansions of this function when some of its parameters are large.
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