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1. Introduction.

Let f:(R", 0)—(R,0) be a germ of an analytic function at 0 in R and
g:(R", 0)—(R, 0) be a germ of an analytic function at the origin. We consider
an oscillating integral of a phase function f(x) with the constraint equation
g(x)=0 such that

17, ) = |_ e oaigle)ptoix M

where 7 is a real parameter and < CT(R"). d(g(x)) is the “delta-function”
[3, 17] expressing the constraint g(x)=0. This type of the oscillating integral
sometimes appears in a kind of the path integral in physics as the Faddeev-
Popov method for gauge theory ([15]), and also appeared in a mathematical
physics (for example, see [16]). It is meaningful to obtain the asymptotic ex-
pansion of the integral for a large .

The existence of the asymptotic expansion for the oscillating integral (1) is
easily proved by a technique of Jeanquatier (see also Arnold, Guzein-Zade
and Varchenko [7]) or Malgrange [13]. The purpose of this paper is to cal-
culate the principal term of the asymptotic expansion of the oscillating integral
(1) in a neighborhood of a singularity of the phase in terms of Newton’s dia-
gram of the phase function and the constraint equation. The asymptotic expan-
sion of an oscillating integral without the constraint d(g(x)) is already studied
by Varchenko [6] by means of the toroidal embedding. Our considerations are
not included in their works. It is shown by seeing the next example. Let fq4
be the principal term such that fy,=x%y%z® in R®. We consider the hyperplane
g=x+y-+2z=0. Substituting the equation into f,, this term has the form f,=
x*y¥(x+y)*. This fu(x, y) is degenerate type in the meaning of Varchenko.
Generally, the non-degeneracy depends on the choice of the coordinate. How-
ever in the above case we can prove easily that any coordinate transformation
does not change its degeneracy. Hence if one should estimate the integral (1)
with substituting directly the constraint equation g(x)=0, then the substituted
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function f is not necessarily non-degenerate. Thus in the case n>2 it is dif-
ficult to calculate generally the power index of the asymptotic expansion for
our integrals by means of Varchenko [6].

Using a toroidal resolution with a canonical simplicial subdivision of the
dual Newton diagram (Oka [I]), we obtain our main result and
which give a method to estimate the highest weight of the asymp-
totic expansion

Skne”f(’”&(g(x))go(x)dx ~ % :gzap, #(@)r?(log 7)*

for |z|—oo through the Newton boundary.

In section 2, we will recall the toroidal resolution and non-degenerate com-
plete intersection variety. In section 3, we will prove our main theorem for
smooth g(x) function, and in section 4 we extend it to the case of singular
function. In Section 5, we will show some examples of the asymptotic expan-
sion.

ACKNOWLEDGEMENT. The Author would like to thank Professors M. Oka
and M. Nagase for valuable suggestions and discussions during the preparation
of this paper.

2. Non-degenerate complete intersection variety and
its toroidal resolution.

In this section, we recall briefly the definition and the fundamental facts
for a toroidal resolution of a complete intersection variety (see the detail in
Khovansky [4, 5] and Oka [2]).

Let f(x)=2, a,.x” and g(x)=2>), b,x* be analytic functions of n-variables.
We consider the function f(x) and g(x) on R" as the restriction of the complex
analytic function f(z) and g(z) which is defined in a neighborhood U of the
origin in C™. So, we initially states the some definitions and facts for the
complex case. Let h(z)=3,c¢,z* be an analytic function of n-variables which
is defined in a neighborhood of the origin. The Newton polyhedron I',(h) is
the convex hull of the union of {v+R?"} for v such that ¢,#0. The Newton
boundary ['(h) is the union of the compact faces of the Newton polyhedron
I',(h). The dual space of R™ can be canonically identified with R™ itself by
the Euclidean inner product. Let N be the set of integral dual vectors under
this identification and let N* be the set of positive integral dual vectors. Let
P=%p,, -+, pn). For each xeR", P(x) is defined by P(x):= 3%, p;x;. P is
called a positive (respectively a strictly positive) dual vector if p,=0 (respec-
tively p;>0) for =1, ---, n. For a positive integral dual vector PEN"*, we
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define d(P; h) as the minimal value of the restriction P|r,,, i.e., d(P; h)=
min {P(x); xel'.(h)} and let A(P; h)={x&l'.(h); P(x)=d(P; h)}. We define
he(z)=hawp;n)(z) where ha(z)=],ea c,2*.  We call hp(z) the face function of A
with respect to P.

Let (f(z), g(z)) be an analytic mapping from a neighborhood U of the origin
of C* to C? such that f(0)=g(0)=0. We say that the variety V={z€U; f(2)
=g(2)=0} is a non-degenerate complete intersection variety at 0 (with respect
to the Newton boundary) if for any strictly positive dual vector P=%p,, ‘-, Pn),
the 2-form dfpAdgp does not vanish on V*(P)={zeC*"; fp(z)=gp(z)=0}
(Khovansky [4, 5], Oka [2]). Here fp and gp is the face functions of f and
g, respectively, with respect to P. Hereafter in this section, we assume that
V is a non-degenerate complete intersection variety and that each f and g is
convenient. Convenient means that f'* and g'® is not identically zero for any
i=1, ---, n. We define an equivalence relation ~ on the space of the positive
integral dual vectors N* by P~Q if and only if A(P; f)=A(Q; f) and A(P; g)
=A(Q; g). This defines a polyhedral subdivision I"*(f, g) of N*. I'*(f, g) is
called the dual Newton diagram of (f, g). If we define h=fg, the dual
Newton diagram I'*(h) is equal to I'*(f, g) (see Oka [1,2]). Let X* be a
fixed unimodular simplicial subdivision of I'*(f, g) and let #: X—C™ be the
associated toroidal modification map (see Ehler [8], Varchenko [6], Oka [1, 2]).
Let 7 be the proper transform of V and let =: V—V be the restriction of #
to V. It is well-known that =: ¥—V is a good resolution of V. We assume
that the set of the vertices of X* which are not strictly positive is equal to
{R,, -, R,} where R;=X0, -+, 1, -, 0). This implies that z: X—z"'(0)—C"
— {0} is biholomorphic.

Next, the construction of X is simply described. X is covered by affine
space C} with coordinate y,=(y,.1, -, ¥s.n) Where ¢ moves in n-simplicial cone
of ¥*. An n-simplicial cone is always identified with a unimodular nXx=n
matrix, the corresponding cone in X* is defined by {3%,t;P;;t,, -+, t,=0}.
P, ---, P, are called vertices of the simplicial cone ¢. Let g=(p;;) be an n-
simplicial cone. Then #|cz is defined by

2Yo) = 2= (21, "+, Zn)

where z,=II}, v5/. Let P be a vertex of X*. Then P defines a divisor E(P)
of X as follows. Let ¢=(P,, ---, P,) be an n-simplicial cone of 2* such that
P=P,. Then E(P)NC? is defined by the divisor y,,=0. For an n-simplicial
cone 7, E(P)NC?+ @ if and only if P is a vertex of . If P is strictly posi-
tive, the union of {E(P)N\C?: P} for ¢ is a compact toric variety of dimen-
sion n—1. For the general properties of the toric varieties, see K-K-M-S
and Oda [14]. If P is strictly positive, then E(P) is an exceptional divisor,
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i.e., #(E(P)={0}. On the other hand, E(R;) is isomorphic to the hyperplane
{z;=0} in the base space C™ by the projection #. In our practical calculation
to be continued on the next section, we use the method of the unimodular sim-
plicial subdivision of X* which is developed by Oka [1].

3. Asymptotic expansion for smooth g(x).

In this section, we shall prove Theorem 16 and Corollary 17. Following
the definition of the complex case, we can also define a non-degenerate com-
plete intersection variety in the real case. Let (f(x), g(x)) be an analytic map-
ping from a neighborhood U of the origin of R® to R? such that FO)=g(0)=0
where we hereafter assume n>=3. We say that the variety W={x<U; f(x)=
g(x)=0} is a non-degenerate complete intersection variety at 0 with respect to
the Newton boundary if for any strictly positive dual vector P=%py, =, D)
the 2-form dfpAdgp does not vanish on W*(P)={xeR*"; fp(x)=gp(x)=0}.
At first we assume that f(x) and g(x) are analytic functions with a singularity
at 0, and below we suppose that g(x) is a smooth analytic func-
tion in this section. Moreover W={x<U ; f(x)=g(x)=0} is assumed as a non-
degenerate complete intersection variety in a neighborhood U of the origin, and
also each f(x) and g(x) is convenient. Under the above assumptions for f(x)
and g(x), we rewrite the oscillating integral I(r, ¢) of equation (1) using the
property of the delta function (see detail for Gel’fand-Silov [3]) as follows:

I(z, ¢) = Skne”f *5(g(x)p(x)dx
(2)
= Sg(x)=0e“f“)gpwl
where 7 is a real parameter, ¢ =C7(R"), and the (n—1)-form w, is defined as
o Ndg(x)=dx, N\ - Ndx,. 3)

The existence and the uniqueness of the form w, on g(x)=0 in R" is well-
known, i.e., we can take the Leray-form for w, ([3]). Our strategy is based
on the following formal analytic calculations. At first, the equation (2) is
transformed to

e, ¢) = {dte|  agtonp(xio,

= Sa’te“‘g o(X)w:

where the forms w, and w, are defined, respectively, as



Asymptotic expansion of an oscillating integral 445

(Uo/\df: dxl/\ v /\dxn
0. NdfANdg =dx N\ - Ndx,.

Remark that we can see that for a sufficiently small ¢, f(x) is smooth on {f(x)

=t (#0)}. Also, by the assumption of the complete intersection for f(x) and

g(x), we see that the 2-form d f Adg does not vanish on {f(x)=t, g(x)=0 (t+0)}.
We define the kernel function K(f, g, ¢, ¢) for c=R as

K(f, g, ¢ 0= Sf o(x)w; .

(x)=cC
g(x)=0

The initial oscillating integral now reads to

I(r, o) = SemK( f, g o Ddt.

Thus we expand asymptotically the kernel K(f, g, ¢, ¢) for ¢—0.
For our purpose, let us consider the integrals:

1, ) = | (F () 8e(o)p)dx, - dx,

I.(r, )= Skn(f-(x))fa(g(x))go(x)dxl e dx,

where
fx),  for f(x)=0,
f+(x) = {
0, for f(x)<0,
0, for f(x)=0,
f-(x) = {
—f(x), for f(x)<0,

and r=C, Retr>0. The integrals I, and I_ are analytic functions of the
parameter r (for simplicity, we denote together the both integrals such as /1.).
On the other hand, the integral I. is written as

L(z, ¢) = S ,de (=K(f, 8, ¢, 0).

{xC

Then the kernel K(f, g, ¢, ¢) can be described by I.(r, ¢) with the inverse
Mellin transformation, and we will obtain the our final results.

Let (f, g): R"—R* be an analytic mapping at 0 in R* with f({0)=g(0)=0
and 2-form dfAdg vanish at 0. Let Y be a non-singular real analytic n-dimen-
sional manifold, U be a neighborhood of 0=R" and z:Y—UCR" a proper
analytic mapping such that at each point of the set S=z-1(0), there exist local
coordinates (yy, -+, ¥») in the neighborhood of the each point of S, at which

(see Atiyah [9]



446 N. HasHimoTO

(fnn)<y1: Ty yn) = Efyil o y"%n ’
(D—-1)
(@)W1, =+, Ya) = €5YTH - Y7,
where ¢, and ¢, are invertible analytic functions.

(D—2) The Jacobian J, of the mapping = has the form

T, oy ¥a) = 3Py ] (yy, oo, V)
where J,(0, -, 0)=0.

(D—3) In a neighborhood U of 0 in R*, « is an analytic
isomorphism outside a proper analytic subset in R™.

By means of the method described in the previous section (K-K-M-S [10]), for
a given Newton boundary I', we can construct a complex manifold X(/") and
its projection z: X(I')—C™. The transition functions between the local maps
of the manifold X(I") are real on real parts of the manifold X(I"). We denote
it by Y(I'). The restriction of the projection = to Y (/") is also denoted by =.
Then we have that (i) Y(I") is a non-singular n-dimensional real (algebraic)
manifold and (ii) = : Y (I")—>R™ is a proper mapping onto R" that satisfies the
condition (D—1)~(D—3), for almost all the function (f, g) with a given Newton
boundary I'(f, g)=I". We shall show the following Lemma.

LEMMA 1. Let f(xy, -+, x,) and g(xq, -+, x,) be germs of real valued real
analytic functions at 0cR™. Let 3* be a unimodular simplicial subdivision of
I'*(f, g), and e€2* be an n-simplicial cone. For a coordinate meighborhood
R™(a), the mapping =n(c): R*(¢)—R"™ has the following properties:

M

{ (fem(@Nlyy, =, yal =yt yinfo(yr, =+, Ya)
(gem(a)lyy, =y Yol =210 Y2783y, =+, V)

where Yy, -+, ¥, is the coordinate in R™(¢) and f,Q0, -, 0)+0, g,0, ---, 0)=0.
(2) The Jacobian of the mapping m(a)is equal to y7t - ymn-C where m; =
|Pi(a)| =1, |Pi(0)] := ZFey pji(0) for Py="*(pu, =+, Pui) and C is a non-zero
constant.
B) A set of points in R™ in which ® is not an isomorphism is a union of
coordinate planes.

ProOF. (1) It is easily verified by the same manner as the Varchenko [6]
(Lemma 2.13).

(2) We calculate directly the Jacobian of the mapping z(g):
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] _a(xly "'7xn)

t(g) — ~, <

i a(.yl) ) yn)
Pua(@)y POt yRan® e p () y n(e ey fim)
pnl(o‘)yzljnl(a)-l “ re ygnn(”), RN pnn(o'>y11)7ll(0‘) e ygnn(a)‘l

= yifr@n-t . ytPaoi-1.det (P(q)),

where det (P(g))==1.

(3) The assertion follows directly from the formula for =. That is, the
set in which m(¢) is not one-to-one mapping is the union of hyperplanes {y;,=0}
corresponding to the index 7 of m;=|P,(¢)]—1+0. This completes the proof
of Lemma 1.

We have the next fundamental results.

PROPOSITION 2. Let (f(x), g(x)) be an analytic mapping from a neighborhood
U of the origin of R™ to R? such that f0)=g0)=0. If W={xeU: f(x)=g(x)
=0} is a non-degenerate complete intersection variety at 0, then the manifold Y (I")
and the projection m: Y (I")—R", together, with the analytic functions defined by
f(x) and g(x), will satisfy the condition (D—1), (D—2) and (D-3).

PrOOF. By Lemma 1|, the assertion is clear for a neighborhood of y=0 in
R". According to Lemma 1, n(¢) gives an isomorphism between {y,--- y,#0}
in R*(¢) and {x,--x,#0} in R". Therefore, in the neighborhood of 7~'(0),
we may consider the assertion only on the neighborhood of coordinate planes
{y;=0} (j=1, ---, n) since it is possible that the branch points f,(y, -**, ¥2)=0
or g,(y1, -, ¥y.)=0 appear away from the origin. This_follows from the next
Lemma which is essentially the same one as in the complex case proved by
Oka [2], and here we give an elementary proof.

LEMMA 3. Let a€X* be an n-simplicial cone, IC{l, -, n}, and T,;=
{yeR™(0); y;=0, j&l}. Then:

(1) For germs of any real valued real analytic functions f(x) and g(x) with
a given Newton boundaries I'(f)=I", and I'(g)=1I, respectively, if (T ;)=0,
then fo1:= folr, and g, 1:= g,|r, will be polynomials.

(2) If {x€U]f(x)=g(x)=0} is a non-degenerate complete intersection variety
and =(a)(T)=0, then the set {yeT:|f,(y)=g,y)=0} will be a non-singular
complete intersection variety, i.e., 2-form d(f,|r;)Nd(gslr,) (or dfsNdg.lr,)
will be non-vanishing on them.

PROOF OF LEMMA 3 (see also [6, 12]).
(1) The condition 7,(T;)=0 means that for any ¢ (=1, ---, n), Zjer pi;(0)
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>0. Then we show that this condition is equivalent to the next condition :
Indefinite equations for a and B

(S Pfo), a> = B d(Pfo), /)

jel
)
(X Pio), B> = X d(Pya), g)
jel jel
have at most finitely many solutions a< I’ (f) and B, (g).

The sufficiency is obvious, i.e., under the condition XJ,e; p:;(0)>0, each
component of a and 8 in equation (4) is bounded. We show the converse.
From the definition of p;;(¢), we always hold 3,e; p;;(6)=0. Hence, suppose
that there exists 7, such that ;s p4;(¢)=0. Then, the corresponding com-
ponents of a and S have the infinite freedom.

For acI',(f) and B=r",(g), by the definition of d(Pje), f) and d(Ps(a), g),
the equation of (4) is, respectively, equivalent to

{Pj(a), ay> = d(Pa), f)
(Pi(a), B> = d(Pi(0), &).

The assertion easily follows from the fact that the inequalities (P;(0), a>=
d(Py(0), f) and (P(0), B>=d(Pi(s), g) always hold.

The solutions of equation (5) consist from the points « and B in faces 7
and ¢’ of I'.(f) and I',(g), respectively, which correspond to #/-dimensional
faces determined by {P;(¢); j&I}. Since we have

{ (form(oN[yy, =y Yal = YTEC e 92D f(y, e ) y0)

(gem(aN[yy, =+, Yul = y§ELE o i PO g (yy, -+, Ya),

for jeI ®)

the non-vanishing terms in f,(y) and g,(y) whenever one puts y; for j&/I to
zero are those only which satisfy the equation (5) in terms y® and y? of
(ferm(a))(y) and (g-m(a))(y), respectively. Therefore f, ; and g, ; have a finitely
many terms satisfying equation (5), respectively. This proves the first assertion.
(2) The faces y and y” which are determined by the equation (5) are com-
pact since the integral points are finite on them. Hence the faces are also
included in the Newton boundary I'(f) and I'(g), respectively. So, we have

{ (frem(@Nlyy, =, ¥yal = y1F0D e yZ P D(f(yy, -, ya)lr,) ©

Grem(@Nyy, =+, Yal = yiFL® o Y I P O(gy(yy, -+, ya)lr,).

The functions f, and g, are quasi-homogeneous polynomials. Let the hyper-
plane containing the faces y and 7’ be <{m, a>=q and <{m’, f>=¢q’, respectively.
Then one has the equalities
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Fr@™ixy, o tmnx,) =101 (X, -+, X5)

gT'(tmlxly Y l‘mnxn) = tq g?"(xly Tty xn) .

Differentiating the both side of the above equalities with respect to ¢, and
putting t=1, one can obtain the so-called “Euler’s identities”:

0fy 0fy afy

Mikag o FMeXom ot Maxnm s = qfy

’ agT’ ’ ag?” ’ agT' o
LT +max, o, + - +mnxn5}: =q'8r .

Now, we can take the hyperplanes containing y and y’ as m;=p,;(¢), ¢=d(P;, f)
and mi;=p;;(0), ¢'=d(P;, g) for each j=l. Then, on each f;(x)=0 and g, (x)
=0 we have, respectively,

plj(a)xl%’_i_ +pnj<0)xn%‘ =0
o 7 for jel @)
or j

ogr 0g;
PTG+ s D )ram =0,

Let 5=, -+, ) and

Vi

) { v GeD
1 Ggel).

For brevity’s sake, let us gr@=(Fin@ ... o ... §P210) ... §han(®) Using
the homogeneity of f, and g,, we obtain

(frem(@NDys, =+ ) Y = [T e ypint@ oo yn1(D o yTna(®)
= T y§®5 D f(g7)

jer
(gr"’ﬂ'(d))[yl, Tty yn] = g?"(.yllju(a) ygln(”)’ Tty yzl.)nl(a) J’gnn(d))
= 55§D g (G7O).

jel
Comparing the equation with (6), we have

(g™ )
Hjezy?(Pj(a)’f)

o gr(JF )
;= , .
LT [T er y2F1-®

faITI -
on TI (8)

The denominators do not vanish for {y;#0; j&I} on T;. Hence, for study-
ing fo@)lr,=0 and g,@)|r,=0, it is sufficient to consider the equations, re-
spectively,

fH(§" ) = g (7 ) =0.
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Differentiating f,(§7’) and g,(§7) with respect to y; (j&I), one obtains
that (noting x,=395#1(D ... §Pan(® £();

a n a a _ _
3y, 07 = By T st
= é ij(a)xka]a[rx(x) JET, 9)
=t 3

1
DL
1
¥

S0 D ey

%gr'(yﬂnm)_
To show the assertion, we suppose that 2-form d(f,|r,)Ad(g,/r,;)=0. Then
we show the our assertion with the following two steps:

(i) grad (f,lr,)=0 or grad(g,|r;)=0,

(i) grad(f,|7,)#0, grad(g,|r,)#0 and 2-form d(f,|r,)Ad(gs|r)=0.
Firstly, we assume the case (i). Then adding the equation (7) to df;/0y;|r,=0
(j&I) or 0g;/0y;lr,=0 (j&I) of the equation (9), we have a simultaneous
linear equation with the coefficient (p;;(a)) (7, j=1, ---, n). The equation has a
solution (x,0f,/0x,, ---, x,0f;/0x,) or (x,08;/0x,, -+, X,08;/0%,) according to
whether grad (f,|r,)=0 or grad(g,|r,)=0, respectively. Note that the point
xXp=Fre1¢ . Fhen(o) gatisfies f(F7)=0 and g, (FP)=0. Since det (P(0a))
=+1, one obtains x,0f;/0x,=0 or x,0g,/0x,=0. Hence, by x,+0, we have
0f;/0x,=0 or 0g, /0x,=0 for k=1, ---, n. This contradicts to the assumption
of the non-degenerate complete intersection variety of {y=T;|f,(y)=g.,(y)=0}.

Next we assume the case (ii). By the assumption, we have the 2-form

a(fa'lTI) a(gaITI)
i 0y, Oy

dyiANdy; =0  for 7, /&I (#J7).

Then using equation (8) and (9), one obtains that for each j, j/'el (j<j7),
0f(§* ) 0gy (T ) 3 (§7 ") 0gr(§*) _
0y; 0y 0y 0y;

Since y; and y; do not vanish for j, j’&1I, we have

i 0fy 0gy _afr agr\ _
%.p“(")pk’f’(")xk“'{axk 0Xp  0xpr axk} =0

for 7, /&1, (10)

On the other hand, the identities (7) mean that

{8fr 0gy _ 0fy 08y } —0
axk axk' axk:axk

where at least one of ;j and j’ is contained in I. Combining the equation
with (10), one has the simultaneous linear equation for A, := {x,(0f,/0x,)

X308y /0% 1) — x4 (0f1/0%,)x (08, /0% 1)} ;

En pei(O)Drrj1(O)X e X s

k'

(11)
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3 s (0D rr iy (0)Ap =0, (12)
Rk

where 7, and 7, (;<7,) runin {1, ---, n}. We use the next elementary fact from
linear algebra.

LEMMA 4 (Sylvester-Spottiswood). Let D=la;,| be a determinant of an

. iy fp- iy
nxn matrix A=(aw). Let Awi=a(y 270
which is constructed by taking the columnsi,, i,, --- , i, and the rows ky, ks, -+, k:
in D. Then NXN determinant with components which are rXr minor deter-

minant Ay, of D equals to D' where N:<Z> and l=< Z:ll )

) be an rXr minor determinant

Taking r=2, we apply Lemma 4 to the equation [12). Then, NZ(;) is

the number of unknown quantities A,, in [I2Z), and the determinant of the
coefficient equals to |det(py;)|* V=(x1)»V+%0. This shows that the linear
equation [I2) has only a trivial solution A,, =0 (k<k’) in which we already
assume that 0f;/0x, or 0g, /0x, does not vanish. Hence, the 2-form df,(x)A
dgr(X)=2r<r Arrrdxy ANdx, vanishes. This contradicts to our first assump-
tion of non-degenerate complete intersection. This completes the proof of
[Lemma 3.

We return to the proof of Note that z(a)"*(0)C{y, =0} ---
U{y,=0}. Hence in the neighborhood of any point except the origin, this set
is included in TN\ {y;#0, &I} for suitable /{1, 2, ---, n}. Then by
3, our assertion is proved. This completes the proof of [Proposition 2.

Now we obtain the pole of I.(r, ¢) and its order. Here we recall the de-
finition of I.(z, ¢) as

L o) = (Froe@pwdr,

= _ (e,

where o(x)eCF(R"). Hereafter we assume that the support of ¢(x) is suffici-
ently small so that the support of ¢(x) lies in an neighborhood U of the origin
in R", and g(x) is a smooth analytic function. Then we have the following
results.

PROPOSITION 5. The poles of I.(z, ¢) belong to the set of next arithmetic
progressions
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-1, -2, - for (I, m—d(P, g))=(, 0)

_mmd(ll’, g+1 _m—d(? OF2 . for U m—d(P, )=, 0)

where |=d(P, f), and m=|P|—1 for any P.

PROOF. If necessary, by shrinking the neighborhood U of the origin in
R™, it is possible to assume that the critical value of f(x) with g(x)=0 (.e.,
the value of ¢ such that {f(x)=t, g(x)=0} includes a singularity) is only the
origin in U. Let n:Y—UCR" be the projection map described in
and V=xz"'({U). We can choose the partition of unity {¢,(y)} on Y satisfying
e ¢alvy=1, where the conditions of Lemma I(1) and (2) for the local coordinate
hold on each supp ¢,. For any ¢,, there exists an open set V’ containing the
support of ¢,, and local coordinates on V'’ such that (D-1) and (D-2) are satisfied
on V’. For Rez>—1 we have

I.(z, o) =\ (fem)i(pem)(w; o)

Il

b
2 Sy(f °7)ipal@ioT).
In each o, the coordinate neighborhood R™(s) is contained in V’, and we have
(fem(aNlys, =y Yal = yiFLD e 32D fo(yy, o, ya)
{ (gem(ONLyy, =+, Yal = y{FvE e yE P Og,(yy, o, a),
where we take an n-simplicial cone o=<(P,, P, -, P,> of X* and let P,=

‘P, D2ty -+, Dri)- So we consider the integral on each local chart o:

[, (Fmiteempa s

(eEFLD - (Y)EE D fo) ) (o )P, o (1)
S‘n?___lylg(Pivg)go(”)=o,nV/’ Vel pene !

where e==+1 and ¢;==* for j=1, ---, n. Then we calculate the integral (13)
by dividing finitely to each component. In order to estimate (13), we now
describe the form 7*(w,). We denote the (n—1)-form w, by dx; A --- Adx,/dg.
We ask for the local expression of the meromorphic (n—1)-form z*(w,) on

2,(y)=0. By the condition of Cemma 1(1),

n¥dg) = d(m*g) = d[ fIlyﬁ‘ff'g’ga(yq)]
1=

= d[ gyg,(fir!)]go(ya)‘l‘ Ely‘g’(fi’g)dgg )
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Here g,=0 is the defining equation of W, in R? which is a proper transform
of W;:={g(x)=0 in R"}, since the proper transform W, is defined by the
closure in Y of 7z~Y(W,—{0}). On the one hand, by Lemma 1(2), one has

THAx A - Adxg) = det (P(0) TT y24d oA - AdYo,s
i=1

where 8;=|P;|—1 and |P;|=X} p;;. We get a meromorphic (n—1)-form @1
on R
Bis = ﬂ;k(dxl/\ /\dxn)/n';k(dga>

= TIy2F0(dy, 1A -~ Adyea/dg)  on W,
i=1

where a(P)=|P;|—d(P;, g)—1. Then it is easy to see that the restriction of
&, to W, is equal to 7m*(w,;). Note that dy, A -+ Ady, ./dg, is a nowhere
vanishing (n—1)-form on W,N\R?. We have the following lemma.

LEMMA 6. For positive vertex P;, we have a(P;)=0.

PROOF OF LEMMA 6. Let P;=%p,, -+, p»). We prove it by dividing two
parts.

(i) The case of strictly positive P;.

Since g is smooth, the Newton boundary I'(g) has a vertex such that x; =

1

%0, ---, 1, ---, 0) for some #,. By definition, we have
d(P;, g) = min{ Il p.x;1x=T ()}

= Pi(xio) = PDi, -
On the other hand,
|P;| = prt+ o +pi+ o +Da 2 pipt(n—1) = d(P;, g)+(n—1).

Hence, we have
|P;|—d(P;, g)—1=2(n—1)=0.

(ii) The case of the not strictly positive P;.
Using the same notations as the above (i) for x;, if p;, equals to zero,
then d(P;, g)=0. Since |P;|+0, we have

| P;| = d(Py, g).

Next, we consider the case p;#0. As the same as (i), we have p; =d(P;, 2).
On the other hand, ‘

A

Hence |P;|=d(P;, g). Here we assume the equality, i.e., |P;|=p; =d(P;, g)
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Since pi+ -+ +piyt o +pa=py, one gets P,=*0, -, p;, -, 0). Since P; is
primitive vector, p;;=1 and |P;|=1. By the assumption that g is convenient,
there exists a vertex x<17 (g) such that 7,-th component is zero. Hence d(P;, g)
=0. So, we complete the proof of Lemma 6.

Then, the (n—1)-form n*(w,) on W, is extended to the total transform
m~Y(W, without the pole at the origin. Hence we consider the next integral
I(o) for a fixed ¢ such that

(eyf(Pl’f) y%(Pn’f))i(fa)rr((,oc’ﬂ)(f)a,o”*(wl)

I(o):= S

1 v4 P O =0 uig =0

<5y?(P1'f) y%(Pn'f))i(fa)?:(SD"x)@a,a

SnIiy‘f“'"i'5’)=0)uu,r¢,(y)=m

dycr.l/\ /\dya.n)
dgs '
Since Rer>—1 and a(P;, g)=0, the integral over {II; y¢%+£=0} vanishes.

Note that g, and f, are smooth on the neighborhood of the origin in ¥ from
[Lemma 1 and Lemma 3. Therefore we have an integral

n
TTyesero(
=17

2 dy, < AdY, a
19) = 1 e(y, 020 0@ ()5 (pem)p,, L2 N EV0n) (14

(go(W)=0)NV’ i=1 dg,

Now, our assertion follows directly from the next Lemma.

LEMMA 7 (Gel’fand and Silov [3]). Let ¢(3y, =+, Ya, ¢) be a Cs-class func-
tion on y and a meromorphic function of the parameter p=C. Then the integral

I(”l; "ty Ya, #) - SR” g(iyo‘.ai’[gb(yly Yo #)dyl dyn ’

can be analytically continued at all the values of vy, -+, v, and p as meromorphic
Sfunction, and all its poles other than those already possessed by ¢ can be lie only
on y=-—1, =2, --- (=1, 2, ---, n).

For the later discussion we give the proof of the lemma.

PROOF OF LEMMA 7. We use the integration by parts. For simplicity, we
take only the + sign in the integral. Then we have

So Soylfl y;t‘ng[)(yl’ e Vo, #)dyl dyn

B (—1)s1+*on
N W41 - 480 (et D) - (wat-82) - (Wat1) -+ (va+s5)

(15)

XS? Sjyil”l %"””(%)ssb(y, Wy, dya
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for Rey;>—1. The right hand side of the integral is analytically continued
to Rev;>—s;—1. Hence the original integral is analytically continued to
Re y;>—s;—1 as an analytic function with simple poles of y;=—1, —2, ---, —s,.
This completes the proof of the [Lemma 7.

We consider again the integral (14). Then, in the neighborhood of the
origin and {y,=0;ie{l, 2, -, n}} (or T;), {f¥)=g,(y)=0} is a smooth com-
plete intersection variety. Hence the substituted term of g,(y)=0 to f,(y)=0
is smooth. Therefore, if the branch points of f,(y)=0 exist, then they are
contained in the non-singular normal crossing component. Therefore the poles
corresponding to f, belong to the arithmetic progressions {—1, —2, ---}.

Here we remark that (Oka [1], p. 412) if P; is strictly positive, then we
have

{8:=0"{y,,;=0} = @ (16)
if and only if dim A;(g)>0, where A;(g) := AP}, g)={x&I.(g); P{(x)=d(P;, g)}.
Thus, applying to integral (14), the position of the poles in I(g) be-
longs to

d(P;, fir+a(P;, g) = —1, =2, -,  (for dim A;(g)>0, i=1, -, n),
and hence
TE—gpL fy T A, v (or dimAg)>0, i=1, -, m). (A7)

We notice that one variable of v, 4, -, ¥, » in I(¢) is redundant by the defini-
tion of the integral, i.e., the redundancy in the variables arises from the substitu-
tion of g,(@)=0 to TIi-; (o, JEFH PO (@om)pa, o f0)2(d Qo 1\ -+ NAGo, 0/ AG0)-
We can consider the any substitution of them. However, by the smoothness
of g,(w)=0 in the neighborhood of the origin and g,0, ---, 0)+0, the variable
which is eliminated by the substitution of g,()=0 does not vanish at the origin.
Hence one may consider the position of the poles for the (n—1) variables ex-
cluding the eliminated variable by g,=0. This does not depend on the sub-
stitution because of the uniqueness of the form zn*(w,) on g.y)=0. However
the vertex corresponding the eliminated variable in a simplicial cone ¢ exists
also in the coordinate of another simplicial cone z. Therefore, to obtain the
position of the pole in I(s), we may consider the arithmetic progressions for
all 7 G=1, 2, ---, n) forgetting the eliminated variable. Noting that m,=|P;| —1
and a(P;, g)=m;—d(P;, g), we complete the proof of [Proposition 5

DEFINITION 8. For the resolution z : Y—-UCR?", we denote by My a set of
pairs (d(Pl, ), a(P;, g)) such that d(P;, /)>0 and (d(&Z;, 1), a(P;, )+, 0) for
i=1, .-, n and in any local coordinate system. The My will be called a set
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of multiplicitives of the resolution (Y, #). We define the weight By of the
resolution (Y, m) by

By = max{—% ; (d(Py, 1), a(Py, g))E My, dim Ai(g)>0} (for My+ @),

oo . (for My=Q).

Next we prove the following Proposition.

PROPOSITION 9. Let By>—1, and j=max{j|j numbers among —(a(P;, g)+1)
/d(Py, [) G=1, -+, n—1) are equal to By such that dim A;(g)>0} where the maxi-
mum 1S taken over all local coordinate systems with a vertex such that dim A.(g)
>0 (k=1, -+, n). If ¢ has a support that is concentrated in a sufficiently small
neighborhood of the origin in R*, ¢(0)#0 and ¢(x)=0, then the order of a pole
of 1.(t, ¢) at t=PBy is not higher than j, and the sum of coefficients of 1/(‘:—,8;;)5'
in the Laurent expansion of the I.(t, ¢) at t=fy is non-zero. (Each 1.(z, ¢) is
non-negative (resp. non-positive), and at least one of them is positive (resp. nega-
tive).)

PROOF OF PROPOSITION 9. Let us consider the integral (14) with any fixed o.
If the number of subscripts ¢ of the variables in (14) such that —(a(P;, g)+1)/d(P;, f)
=pfy, is smaller than the number J, then it is easy to see that the integral
(14) has a pole of order strictly smaller than ; at the point r=fy for the
simplicial cone ¢. Hence we can suppose that by changing suitably the indexes

aP, @+l _  _ aP, @+1 _ 8
P, fy awp;, fy ~

We rewrite the integral (14) by a change of the variables according to the
above change of indexes as

n-1

d(Pp, +a(Pp, d(Pq, +a(Pyp,
H(ya,k)t( B TraPy g)<ya,n):( . IT+a(Pn, &)
8o (y)=0 k=1

I(o) =
’ S (18)
X(fa)i(@"”)?’a.ahadya,l dya,n—l

where the meromorphic function 4, is formally defined by dy, ;A - Ady, ./dg,
=hedYe,1* Y -1 and then, it does not vanish on g,(y)=0. Now we suppose
that the variable y, , is eliminated by the substitution of g,(y)=0. According
to and (17), the integral (18) has poles at y,=—1, —2, --- (/=1, -+, n—1)
where we set v;=d(P;, f)r+a(P;, g) (=1, ---, n). By the integral (15) and the
assumption, we have ‘
1 _ 1 % 1
i+D) - L) dPy, ) dPy, )7 (t—By)

Hence the coefficients of 1/(1-—/8Y)5 in the Laurent expansion of the I(¢) is ob-
tained by calculating the residue of the I(¢) at v,=—1, ---, y;=—1. By itera-
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tively using the residue formula of SRx;gb(x)dx for a smooth function ¢(x)
(Gel’fand-Silov [3]), the residue of the I(¢) is equal to
1
d(Py, f) - d(P;, 1)

(o AP D P (f ) (oo m)pg o}

. d(P3.q. - ad(Ppy_1. Py _1.
[, (o sfracesensection e (g, pfeErmereckui
(19)
Odyd,]-'ﬂ. dya,n—l .

yi==yj=

Since the sign of the h, (i.e., the orientation) is definite, hereafter we may
assume the orientation to be the positive definite. By assumption, ¢(0)>0 and
¢(x)=0. Hence the residue of (19) is positive, and the integral of this type
appears necessarily in either /.(z, ¢) or I_(z, ¢). Therefore summing over each
quadrant and coordinate, the same situation holds with respect to the coefficients
of 1/(r—pBy)’ in the Laurent expansion of I.(r, ¢). We complete the proof of

Proposition 9,

For the relation between I.(z, ¢) and K(f, g, ¢, ¢), we have the following
result.

LEMMA 10 (Gel’fand-gilov (3], p. 407). If I.(t,¢) has the poles t=—ry,
—1y, - (T,<1, < +++) of the ovder ky, ks, -, respectively, then

o kj

K(f, g ¢ 0~ El 3 aj x()cTi(log ¢)*

k=1
for ¢— =20, where

(=D

ai i(p) = mx(coeﬁcients of in L.(r, @)-

1
(z+7))*
We shall use the following two well-known Lemmas (Gel’fand-§ilov (31,

Varchenko [6], Kaneko [12]).

LEMMA 11. Let 0(c) be a function in CF(R) such that 0(c) identically equals
to 1 in a neighborhood of zero. Then, for |t|—+o, we have the following
asymptotic expansions:

Sje“ccl’(log o)™0(c)de ~ (—d—>m{

I'(p+1)
i) ()

Siweirc lctP(loglc)™B(c)dc ~ (%)”{{%}Tt];_)}

where m=0 is an integer and p>—1 is a real value.

LEMMA 12. For |7|—oo, and p+#-—1, =2, -,
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=@/ (og 7)™

(i)m{l’(p—kl)} Lo+

dp/ \(Finp™ P

Here we define the oscillation index.

DEFINITION 13. The oscillation index of the function f and g at zero in
R™ is defined by B(f, g) which is the maximum of the numbers p having the
following property: For any neighborhood of the origin in R™, there exists a
¢ C7(R™) for the asymptotic expansion of I(r, ¢) and a & such that a,, .(¢)+0.

Now, we show the main theorem.

THEOREM 14. Let (f(x), g(x)) be an analytic mapping from a neighborhood
U of the origin of R™ to R? such that f(0)=g(0)=0, and {x<R"; f(x)=g(x)=0}
is a complete intersection variety with a singularity at 0 in R*. We assume that
g(x) is a smooth analytic function. Further suppose that {x<U ; f(x)=g(x)=0}
is a non-degenerate complete intersection variety at 0 in R* and, f(x) and g(x)
are convenient. Then we have an asymptotic expansion

[ e wagenemds ~ 2 Sa, g)er(log * (20)

for |t|—oo, where @x)=CT(R™) with a support concentrating in a sufficiently
small neighborhood of the origin in R", such that:

1. There exists a method of calculation of the power p, on the basis of
toroidal resolution, in which the powers belong to finitely many arithmetic pro-
gressions constructed from megative rational numbers.

2. If By>—1, the oscillation index B(f, g) is not exceeding By. Further if
©(0)>0 and ¢(x)=0, we have B(f, g)=Jy.

3. If By>—1 and ¢(0)>0, ¢(x)=0, then the power index of (logt) corre-
sponding to the highest power p=pB(f, g)=Py is also calculated as j—1 by the
toroidal resolution.

Proor. 1. By (17) and we apply Lemma 10 to I.(z, ¢) and
K(f, g, ¢, ¢). We consider

Iz, ¢) = S:,dc e K (f, 8, ¢,0)
21)

= Si dee™K(f, g, ¢, C)+S;°dc e K(f, & ¢, 0,

where K(f, g, ¢, ¢) have a compact support as the function of ¢, and C* except
the origin such that
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) kg
K(fy g, @, C) ~ Ekzj a},kcrj_l(log C)k_l fOI' C'—>+O
j=1 k=1
oo kj (22)
K(f; g) SD) C) = 2 kz (17, k(—c)rj—l(log (-c>>k-1 for C——>—0 .
j=1 k=1
Then we apply [Lemma 11l and [Lemma 12 to the equations. Inserting (22) to
(21) we obtain the following equation
o Ejipro
I(z, @) = . p: 1S e"aj (—c)iY(log (—¢))* '6(c)dc
]= = -—00
o ki peo
+ 5 £ | e aiactog (e
j= =
kj ]'v (23>
= 2 azkﬁ(logr)k'le“"””’f
i=1 k=1 T
fee) k‘ .
+ Z ZJ a;-,kr(:]) (log T)k-1e+(n/2>irj .
j=1 k=1 T

After all, we have the asymptotic expansion of [20). From and
(17), the indexes of the powers belong to finitely many arithmetic progression :

-1, -2, - for (d(P, f), a(P, g)=(, 0),

b

B ol AR O for (P, ), (P, )My .

ap, f)y 7 A f)

2. and 3. By definition, the oscillation index B(f, g) is not exceeding Sy.

If ¢(0)>0 and ¢(x)=0, then by we will obtain more precise results.
In equation (23), setting r,=—fy and k,=j, we evaluate the coefficient of the

highest power term zfv(log 7)’"! for 7. By [Lemma 10, we have

_ (=DF
T (k=D "

+
aj e

where bj, . is the coefficients of 1/(z+7;)* in I.(r, ¢). Hence the term in I(z, ®)
corresponding to z%v(log 7)/~! is written as
(—1)
(G—=D!

On the one hand, by we have b7 ;20 where either bf; or by ; does
not vanish. Then, for 8y>—1, we obtain

T (= By)e™ 194 8¥bi oo™ /2 rh ).

Re (¢~ F/2 8yt s o* FIDBrs ) = (bt 5+ b7 5)2 cOS (%uayl) >0.

Therefore the coefficient of the highest power term fv(log 7)’~! does not
vanish. This completes the proof of the theorem.
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The weight By is more easily calculated with the help of the Newton
boundary.

COROLLARY 15. Under the same assumption as Theorem 14, we have the next
method of calculations through the Newton boundary.
(1) Let d;(P,) or d (P, be the rational number which is the intersection points

between the diagonal line x,=x,= --- =x,=t, t€R and Py(x)=d(P;, f) or Py(x)
=d(P;, g), respectively. Then we have that
_ 1—d(P;)
r = max { 4, (P) b

where the maximum is taken over all i such that dim A(P;, g)>0.
(2) In the same notations as (1), let

- L 1=d(P) _ _ 1=d(P) _
Jo = m%X {]I df(Pl) - - dj(Pj) - 181 ’

for dim AP, @)>0 (=1, -, n>},

for each o, and define the index jo=min{j,, n—1}. Then the power of log
corresponding to the By is at most j,—1 (more precisely saying, jo—1 for j,=l,
Jjo—2 for jo=n and j,—1 or j,—2 for the other case).

REMARK 16. (a) The precise power of log  at By is determined by looking
over concretely the variables in g,(y) for each ¢ which are eliminated by the
substitution of g,(y)=0. Hence this process could not be obtained by only the
word of Newton boundary. It needs to calculate concretely the integral I.(z, ¢)
by the toroidal embedding. (b) Here each simplicial cone ¢ corresponds to the
n faces (proto-vertices) which are (n—1)-dimensional ones intersecting each
other in the Newton polyhedron I".(f, g). This situation is also allowed for
the case existing of the simplicial unimodular subdivisions among the each
proto-vertices (see also Remark 22) where by the proto-vertex we mean the
vertex before the canonical simplicial subdivision.

PROOF OF COROLLARY 15. Let us consider two hyperplanes P,(x)=d(P;, f)
and P;(x)=d(P;, g) in I'.(f)and I',(g), respectively, for each vertex P,. Then,
by definition, d, and d, satisfy the equations

|Pi|’df(Pi):d(Pi, f);

| P;| -d o (P) = d(P;, 8).
Then,
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_a(P, g)+1 _ | Pi| —d(P;, &)
d(Py, 1) d(Py, f)
_ _( 1 _dg(Pi)>
de(P) dg(P)/°

Hence we obtain

r = max {27555 (IP1-4,(P), | P (L—d (P~ L) My}
where the maximum is taken over all 7 such that dim A(P;, g)>0. Clearly, this
quantity is obtained geometrically if one knows the explicit form of each P,.
Using the above equality, we also obtain j,. But it is possible in j, to contain
the contribution of the eliminated variable with g,(y)=0, which is redundant
in j,. So, the highest power of logr corresponding to By is at most j,—1.

This completes the proof of Corollary 15|

REMARK 17. The condition 8y>—1 is equivalent to max,{d ,(P)+d (P} >1.
Next we supplement the case By<—1 (i.e., max;{d (P)+d(P)}<1). In
this case, the oscillation index generally can not be obtained. Now, we state
the next Proposition corresponding to [Proposition 5. The next [Proposition 18|
is essentially the same type with Varchenko (Proposition 1.4(2)) (see also

[12D.

PROPOSITION 18. Suppose that for any point y=S=="'(0) and any local
coordinate system (y,, .-, ¥.) centered at y satisfying (D-1) and (D-2), there exists
at most one pairs equal to (1, 0) among the pair (I;, m;—d(P;, g)) (G=1, -+, n) in
(D-1) and (D-2). Suppose By<—1. Let 1,---,; be all the natural numbers
strictly smaller than —By. Then I.(z, ¢) have at the points t=—1, =2, -+, —]
poles of multiplicity not higher than 1. If a} (vesp. aj)is the residue of I.(z,¢)
(resp. of I_(z, ¢)) at t=—7j, where j=1, ---, j, then af=(—1)"'a;. For Ret>
By, 1.(z, ¢) does not have other poles.

PrROOF. We investigate the equations (13) and (14) for a fixed coordinate
system. By definition of 8y, the numbers which are greater than Sy in the
arithmetic progressions of [Proposition 5 are only —1, —2, -+, —j. These num-
bers correspond directly to the poles of I.(z, ¢) if and only if there exist pairs
(L, m;—d(P;, g))=(1, 0) by the proof of [Proposition 5. By our assumption, there
exists at most such one pair. If the pair is nothing, the assertion is trivial.
Hence we may assume that there exists a pair (/,, m,—d(P,, g)=(d(P,, f), a(P)))
=(1, 0). By the proof of the contribution to the pole from the
other pairs does not exist. Therefore the order of the pole of the pair is at
most one (i.e., simple pole). We calculated the residue of the pole. The con-
tributions to /.(r, ¢) from the pair are expressed as
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S (¥1)2(yg)dFe eracPy)
V'A185=0) - 2
X e (yn)gépnvf)f+a(Pn)(fa);(SDo7r>§0a)U(dyl/\ /\dyn/dgo_)

where ¢;==+. Then applying the integration (15) to y,, the residue at 7=—s
> By is obtained as follows:

+1)+
%ﬁﬁgv'mgﬁm(yZ)zzd(PZ’f)Ha(PZ) (yn_l);”d‘(fn—bf)sw(inl)
0 \s-1
X(5y)  {ORETR T (e ) a3 A - Ad3a/dgd}|
y1=0

Hence we obtain af=(—1)*"'a;. This completes the proof of [Proposition 18

With this [Proposition 18 we have the next Proposition.

PROPOSITION 19. Under the same assumption as Proposition 18, suppose that
Br=—1. If 1, -, are the natural numbers strictly smaller than By, the z'ndexh
of the asymptotic expansion of I(z, ¢) is contained in those excepting —1, -+, —j
in the arithmetic progression of Proposition 5. The highest power of the asymp-
totic expansion is less than or equal to By.

PrROOF. We investigate the asymptotic expansion (23).

ed kj i k-1 N .
16, 9= 5 308 reeemiiag b eminag,).

1

The coefficient corresponding to the pole j=-—1, .-, —; which is simple by
[Proposition 18§ is written as

F(Tj)(é(nlz)itja; k_i_e—(n/Z)itjaz k)
— ['(Tj)e(n'/Z)irj((_l)j—l__{_e—:rir_,-)a; .

Since 7,=—7, the coefficient vanishes. Therefore, the term corresponding to
the pole j=-1, ---, —j does not appear in the asymptotic expansion of I(z, ¢),
completing the proof of [Proposition 19

Finally we obtain the next theorem.

THEOREM 20. Under the same assumption as Theorem 14, if max;{d (P;)+
d(P)}<1, then the maximum of the power index of the asymptotic expansion is
less than or equal to max;{—(1—d(Py))/d;(P;) in My}.

PrOOF. Applying [Proposition 18 and [Proposition 19| to the asymptotic ex-
pansion (23), our assertion is easily obtained. This completes the proof of
Theorem 20|
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Note that the statement of [Theorem I4(1) for fy<—1 is also held.

REMARK 21. For By<—1 case, the oscillation index is not necessarily ob-
tained. Since, in the residue formula (19), one must differentiate the term
yBy ¢PnD(fV8¥ (pom)p,h, by the number of times corresponding to the poles
—1, ---, —j, the integral has not necessarily the positive (or negative) definite
value even if ¢(0)>0 and ¢(x)=0.

REMARK 22. The canonical unimodular subdivision of X* is not unique.
However we can see that the weight By does not depend on the ambiguity of
the subdivision. That is, we first subdivide the S,I"*(f, g) (=the two-skeleton
of I'*(f, g) which is considered as a graph by a plane section, for example,
for the case n=3). In this stage, there does not exist the ambiguity of the
canonical unimodular subdivision. Next, we obtain inductively the subdivision
of S.I'*(f, g) (k=2,3, .-, n). But, in general, the subdivision depends on the
geometrical triangulation. Since we construct the unimodular subdivision of
S:I'*(f, g) (k>2) after the geometrical triangulation, the obtained subdivision
is not unique. However we can easily prove that 7(P,)<t(T)<z(P;) (or =(P;)>
o(T)>1(Py)) if the vertex T is a canonical primitive sequence of the segment
P,P; (Oka [1]). The same inequality holds for the canonical primitive sequence
of S, I'*(f, g) (k>2). Moreover, it is easily seen that if dim A(P;, g)>0 and
dim A(P;, g)=0, then we have dim A(T, g)=0 for the vertex T. Therefore if
we consider the simplicial cone ¢ containing the proto-vertices such that
dim A;(g)>0, then by definition the weight By is evaluated by their only proto-
vertices, and hence it shows that the weight By is independent of the sub-
division.

4. The singular g(x) case.

The purpose of this section is to prove and for
the singular g(x) case. In the singular case, the asymptotic expansion of the
equation (1) is held with a weak sense. We use the same notation as in section
3, and put the same assumption for f(x) and g(x) except the smoothness of
g(x). Then we have the following Proposition.

PROPOSITION 23. The poles of 1.(t, ¢) belong to the set of next arithmetic
progressions
-1, =2, - for (d(P, f), |P|—d(P, g)—1)=(1, 0),
_|Pl—d(P, g) |PI—d(P g)+1
ap, f) d(P, f)

ProoOr. With the same notations and situation as the proof of Proposition

, oo for (d(P, f), |Pl—d(P, §)—1)=#(1, 0).
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5, we consider the integral

Lz, )= 2 Sy(faﬂ)igoa(wwﬂ).
For Rez>—1 we have the integral on each local chart ¢:

oo mpe arem)

(24)
= S (&P o (Y )& D (1)) (o T a, o7 ¥ @),
@i, v P8 g o =0ny
where e=+1 and ¢;=+ for j=1, ---, n. Then we calculate the integral (24)

by dividing finitely to each component. We need the following definition.

DEFINITION 24. We call the function g a-class for f if the function g
satisfies that a(P, g)=0 for any P in I'(f, g).

Then we classify the our asymptotic integral for two cases, that is, (i) the
function g belongs to the a-class for f, and (ii) does not belong to it.

For the case (i), one can easily see that the same results as the smooth
case of section 3 hold. That is, for any positive vertex P,, we have that
a(P;, g)=0 from the definition. Hence, from the same argument as the proof

of [Proposition 5 we have

_ a9+l alPLg+2 , o
T = d(PZ, f) y d(P“ f) , (for dlmAl(g)>0, Z—l, , 7’1) (25)
Next we consider the case (ii). In this case, there exist the verticesP;
such that a(P;, g)<0. We consider the next integral I(¢) for a fixed ¢ such

that

(o) = S (69 $PLD oo Y& P DY(F N (o )P (@)

v P =g yig, =0

Then taking the sufficiently large Re >0, we have an integral

(dym/\  AdYsn
dg,
where V'’ represents an open set which contains the support of ¢, such that
(D-1) and (D-2) are satisfied on it. Then, again applying to the
integral (26), we have the position of the pole as the same as (25). We com-

plete the proof of [Proposition 23

1) = | 1T (3, )3P0 070 Pe O£ )2 (pom) s

(85 (m)=01AV" i=1

). (26)

Next we prove the following Proposition.

PROPOSITION 25. Let By>—1. If ¢ has a support that is concentrated in a
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sufficiently small neighborhood of the origin in R", <p(6);/:0 and ¢(x)=0, then the
order of a pole of 1.(t, ¢) at t=PBy is not higher than j which is defined in Pro-
position 9, and the sum of coefficients of 1/(t—By)’ in the Laurent expansion of
the 1.(t, ¢) at =Py is non-zero. (Each 1.(r, ¢) is non-negative (resp. non-posit-
we), and at least one of them is positive (resp. negative).)

PROOF OF PROPOSITION 25. With the same procedure as the
statement is easily verified.

The relation between I.(z, ¢) and K(f, g, ¢, ¢), is easily obtained by

Lemma 10. We shall use the following Lemma (Gel’fand-Silov [3]) which also
contains the case for p<—1.

LEMMA 26. Let 6(c) be a function in C%5(R) such that 6(c) identically equals
to 1 in a neighborhood of zero. Then, for |t|—-+co, we have the following
asymptotic expansions:

S:e”cc?’(log )™ (c)dc ~ (dp> {F(p-{-l)}

z7'.)p+1

S e’ |c|?(logle)"0(c)de ~ (dp) {FUH_D}’

(ZT)p+l

where m=0 is a non-negative integer and p is a real value such that p+—1,
-2, . For p=—n (n=1, 2, 3, ---) case, in the meaning of an improper integral
of the generalized function, we have the asymptotic expansion

(=)™ tm !
(m—1)!

(=1t e
S dog =iy},

S:ei”c‘”(log &™6(c)de ~ 71 lﬁ {A{’” (log (z+z‘0)>m-l},

|\ _eici7aoglenrade ~ o 35 (B

The coefficient A{™ and B{™ are given by
1+1

AP = lim ddl‘” {z(l+n)ve“(’”2)lj(2+1)} '

B =A™,

where the overline represents the complex conjugation.

Now, we show the main theorem.

THEOREM 27. Let (f(x), g(x)) be an analytic mapping from a neighborhood
U of the origin of R™ to R?® such that f(0)=g(0)=0, and {x=R"; flx)=g(x)=0}
is a complete intersection variety with a singularity at 0 in R*. We assume that
{x€U; f(x)=g(x)=0} is a non-degenerate complete intersection variety at 0 in
R™ and, f(x) and g(x) are convenient. Then we  have an asymptotic expansion,
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in the sense of improper integral of gemeralized function,
. n-2
[ e mogpdx ~ 3 F a,.u(p)elog o @)

for |t|—oo, where o(x)eCT(R™ with a support concentrating in a sufficiently
small neighborhood of the origin in R™, such that:

1. There exists a method of calculation of the power p, on the basis of
toroidal resolution, in which the powers belong to finitely many arithmetic pro-
gressions constructed from rational numbers.

2. If By>—1, the oscillation index B(f, g) is_not exceeding By. Further if
©(0)>0 and ¢(x)=0, we have B(f, g)=Sr-

3. If Br>—1 and ¢(0)>0, o(x)=0, then the power index of logt corre-
sponding to the highest power p=f(f, g)=Py is also calculated as j or j—1 by
the toroidal resolution.

Proor. 1. By (25) and we apply to I.(z, ¢) and
K(f, g, ¢, ¢). Next applying Lemma 26, Lemma 11 and Lemma 12 to (21) and
(22), we obtain the following equation.

o ki e .
I, 9)= 5 2" earu—orrilog (— o) 0(c)de

k

+ 3y S”ema;,kcrrl(log O)F10(c)de .

j=1 k=1 Jo
Hence,
7. k‘rf(r'i*j)(log T)f e Rt ag krf(r?)(IOg T)F et Fm
for r;#—1, =2, -,
= & 1 —1)F k=1
I, )~ 8 20 anay izt Bt = P og oy ag)
| D Gl ) (.t O NVE—1-
ey D ATy log (01}
for r,=—1, =2, ---.

Then, we have our asymptotic expansion of [27). From and (25),

the indexes of the powers of r belong to finitely many arithmetic progressions :
_17 —2, for (d(P) f)y a(P)):(l, 0)
_aP)+1  aP)+2
dip, )’ d(@&, f)’

2. and 3. The first assertion of 2 is clear. In (28), setting r,=—pfy and
k,=], we evaluate the coefficient of the highest power term zfr for 7. By

for (d(P, f), a(P))eMy.
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we have
_ (=D)*
— (B—=1)!
where b5, is the coefficients of 1/(z+7,)* in I.(r, ¢). For py#1,2,3, -, the
term in I(z, ¢) of (28) corresponding to r*¥(log 7)7"! is written as
(—1)i-
(G—D!

By [Proposition 25, we have bi;=0 where either bf; or b7 ; does not vanish.
Then, for fy>—1, we obtain

aj e b3, «

1" (—fr e~ (RIDIBYpE sy gt FINIBYYT

Re (e~ %/ rby o7 *118¥b7 5) = (bi 5+ bi 2 cos (G- By ) > 0.

Hence the coefficient of the highest power term zf¥(log 7)’~! does not vanish
for By+1, 2,3, ---. Next, we consider the case for 8y=1, 2, 3, ---. Using (28),
the highest power term and the next leading term of log = corresponding to
7fv are tf¥(log 7 and 7fr(log 7"}, respectively. Their terms are written by

7fv(log ) %(b; ;BYY + b} ;A%

(29)
+28¥(log 7)i! —,1—'(b;, BV 1 bt AP,
] 4
where we have (Gel’fand-Silov 30
By-1
Ay = Y~
' (131'—1)!
(=d)frt -
B( V) — = (—1 By IA(_ﬁy) ,
(.B —1)' ( ) : (30)
By -1 1 1
%) 4 /
AP (,9,,—1)1<1+ SRR e O 5):
B§fr) = A(ﬂy)

Then, the first term in (29) is written as
(b7, ;B bt ;ANY) = A (b 4+ (—DFr by 5) .

Using b5 ;=0 where either bf ; or b1 ; does not vanish, the term (b ;4 (—1)P¥-1b7 ;)
is not equal to zero if By is positive odd integer. But when By is positive
even integer, there is a possibility that their terms cancel out. Next, we see
that the second term in (29) does not vanish. That is,
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Re (b5, ;B5P7+ b1 ;A7) = Re (b, ;450 + b1, ;A6°7)
= (b7, 7+bt ) Re AP 0,

in which Re A{*¥> is not equal to zero by [30). Hence we obtain the result
that the highest power term in I(z, ¢) corresponding to tfY is

{ r?v(log 7) for By=1,3,5, -
78¥(log )’ or 7fr(log )7} for By=2,4, .
This completes the proof of the theorem. '

The next Corollary shows that the weight By is evaluated by the Newton
boundary.

COROLLARY 28. Under the same assumption as Theorem 27, we have the
method of calculations through the Newton boundary which is described below.

(1) Let d;(P;) or d,P;) be the rational number which is the intersection
points between the diagonal line x,=x,= -+ =x,=t, t€R and Py(x)=d(P;, f) or
P,(x)=d(P;, g), respectively. Then we have that

_ [ 1=dy(P)
51"“‘?"{ d,(P) }

where the maximum is taken over all i such that dim A(P;, g)>0.

(2) In the same notations as (1), let

— - _1'_dg(P1) —_ _l_dg(PJ") —
o= max {f] = LPy T T gy T

for dim AP, g)>0 G=1, -, n>},

for each o, and define the index j,=min{j,, n—1}. Then, for By+1,2,3, -,
the power of logt corresponding to the By is at most jo—1 (precisely saying,
jo—1 or j,—2). For By=1, 3,5, -, the power is j, or j,—1, and for By=2, 4, --,
it is jo or jo—1 or j,—2.

PROOF OF COROLLARY 28. With the same procedure as the proof of Corol-
lary 15, we obtain

by = max {—T72E L (P -d/(P), IPAA—d,(P-D My},
where the maximum is taken over all 7 such that dim A(P;, g)>0. Clearly, this
quantity is obtained from the geometry of the Newton boundary if one knows
the explicit form of each P;. So, the first part is proved. Next we show the
second assertions. Using the above equality, we also obtain j,. Considering
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the redundant contribution of j, as the eliminated variable in g,(y)=0, the
highest power of logr corresponding to the power By#1, 2, 3, --- is at most
jo—1. The other cases for 8y is easily obtained by [Theorem 27. This com-
pletes the proof of [Corollary 28,

It is also held that the condition 8y>—1 is equivalent to max;{d,(P,)+
dg(P)}>1. Finally we remark the case fy<—1 (i.e., max,{d;(P;)+d(P)} <1).
Then, we can easily obtain the statements which are the quite same forms as
Proposition 18, [Proposition 19 and [Theorem 20. Note that for By<—1 the
statement of [Theorem 27/(1) is also held. However the oscillation index is not
necessarily obtained.

5. Examples.

First we show some examples of the smooth case which is described in the
previous section 3. Let f(x, y, z2)=x*+y*+z*+xyz and g(x, y, 2)=x+y+z
where we can choose suitably the coefficient of the each terms to have the
meaning as the real case, so we omit to specify them. Then it is easy to see
that {(x, v, 2 €R?®; f(x, y, 2=g(x, v, 2)=0} is a complete intersection variety
with a singularity at the origin. By the toric embedding, the dual Newton
diagram I'*(f, g) is as follows.

where S=%(1, 0, 0), T=%0, 1, 0) and U=%0, 0, 1). The other vertices P and P;
(t=1, 2, 3) are strictly positive vertices such that P=!(1,1, 1), P,.=!2, 1, 1),
P,=%1, 2, 1) and P;='(1, 1, 2). Then we can easily prove that {(x, y, z)ER?;
f(x, v, z2)=g(x, v, 2)=0} is a non-degenerate complete intersection variety at
0 in R®. By the unimodular subdivision, we get nine 3-simplicial cones as
shown in the figure. However since the contribution of the vertices S, T and
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U to the weight By is vanishing, we may consider only the strictly positive
vertices P and P; (=1, 2, 3). By the symmetry, it is enough to consider the
3-simplicial cone ¢,=<{P;, P., P,>. By definition, we obtain

d(P, /)=3 and d(P, f)=4
for 1=1, 2, 3

dP,g)=1 and d(P;, g)=1.

Similarly the power a(P., g)=|P.| —d(P:, g)—1 (k=index of all vertices) is
calculated such that a(P)=1 and a(P)=2 (/=1,2,3). For R}, we take the
local coordinate y, =(yi, ¥2, ¥s). Then we have

{ (o) @) = y1y2yi(yi+yy5+y.95+1)
(7(01)°8)Y) = ¥19:3s(1+y2+vs)

where g, =1+y,+y:. Then by the symmetry the position of poles z(P,)=
—(a(Pp)+1)/d(P;, f) are calculated as follows:

(P) = —%
(31)

(P)=—-3 (=12,3).

Hence, by definition, we have By=-—2/3 (>—1) and j=1. So, the oscillation
index is B(f, g=-—2/3. Next we show how to calculate it by the Newton
boundary. We consider the hyperplanes P.(x)=d(Ps, f) and P,(x)=d(P,, g) in
I'.(f) and I'.(g), respectively, where £ runs over all strictly positive vertices.
For each Newton boundary, let d, and d, be the intersection point of the dia-
gonal line x=y=z=t ({R) with their hyperplanes, respectively, as stated in
Corollary 15 In this case, we obtain d,=1 for any P, and

for P
d,=
for P, P, and P,.

= |

Therefore the value of 7(Py,)=-—(1—d,)/d, is the same as (31).
The second example is given by

{ fx, 9, 2) = x*4+ '+ 28+ 22222,
gx,y,z2)=x+y+z.

The variety {(x, y, 2)€R?*; f(x)=g(x)=0} is also a non-degenerate complete
intersection variety at 0 in R®. The dual Newton diagram and each vertices
S, T,U, Pand P; (=1, 2, 3) are the same as the above case. Then we have
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{ d(P, f)=6 and d(P;, f)=8
diP,g)=1 and d(P, g) =1

for /=1, 2,3. Thus we have

(P) = —

©(P) = — (=1, 2, 3).

Hence, we obtain the weight 8y=—1/3 and the oscillation index B(f, g)=—1/3.
Note that this example is not calculated by the method of Varchenko with the
reason mentioned in Introduction.

REMARK 29. Generally, we can consider f(x, y, z2)=xP4yP+zP4 x51y%2zs
and g(x, y, z2)=x+y+z which include the above examples as a special case.
We assume that p>s,+s,+ss;. Then there exist four original vertices, P, P;
(=1, ---, 3). Let r, be the greatest common divisor of p—s,—s; and s;. The
natural numbers 7, and 7, are also defined as the same manner. By an easy
calculation, we obtain P='(1, 1, 1), P,=%a,, by, b,), P.=%b,, a,, b;) and P;=
Ybs, bs, as) where a;=(p—s2—S$5)/71, Q=(pP—51—53)/72, as=(p—$1—S:)/7s and
b;=s,;/r; =1, 2,3). To obtain the weight By, we may take into account only
the contribution of the original four vertices by Remark 22. By definition, we
calculate the quantities:

{ d(P, )= s1+s:+ss,

diP,g)y=1,
and
d(ow):blpJ .
(=123
d(P;, g)=0b;.

Hence, ¢(P)=—2/(s;+ss+s;) and o(P,)=-—(a;+b;)/b;p for =1, ---, 3. Finally
we obtain
2 a;+b;
= X{ — —
‘BY ma ( 31+32+33’ bzi)
Next, we give two examples of the singular case that the function g(x) be-
longs to the a-class for f, and not is included into it. Let f(x, y, 2)=x"+y"+2z"
(n=2) and g(x, y, 2)=x%+y*+2z°. Then it is easy to see that {(x, vy, 2)&R?;
f(x, vy, 2=g(x, v, 2)=0} is a non-degenerate complete intersection variety with
a singularity at the origin. By the torus embedding, the dual Newton diagram
I'*(f, g) is as follows.

(=1, 2, 3)).
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O »n»

P1 Pz

T U

where S=¢(1, 0, 0), T=%0, 1, 0) and U="(0, 0, 1). The vertices P, and P, are
strictly positive vertices such that P,='!(1,1, 1), P.=!@3, 2,2). By the uni-
modular subdivision, we get a vertex T,=(S+P,)/2=%*2, 1, 1). Since the con-
tribution of the vertices S,YT and U to the weight By is vanishing, we may
consider mainly the strictly positive vertices P;, P, and T, Thus by the de-
finition z(P)=—(1—d,)/d,, we get the quantities such that

1
(P) = “'ﬁ
1

(P,) = —”271‘
1

T(TI) - —'77 .

Hence, we have By=-—1/2n(>—1) and j=1. So, the oscillation index is B(f, g
=—1/2n. Note that each a(P;, g) is given by

alP, g) = a(P, g)=a(T,, g) =0.

This shows that the function g belongs to the a-class for f.

Finally, let f(x, y, 2)=x*+y*+2z*+xyz and g(x, 3, 2)=x"+y*+2" (n>3).
We can easily verify that the variety {(x, v, 2)&€R?®; f(x)=g(x)=0} is also a
non-degenerate complete intersection variety at 0 in R® The dual Newton
diagram I'*(f, g) and each vertices S, T, U, P and P; (i=1, 2, 3) are the same
as the first smooth case. Then we obtain '

n—3 _ n—4
Hence we obtain By=(n—3)/3, and the oscillation index B(f, g)=(n—3)/3.

Since a(P)=2—n and a(P;)=3—n (=1, 2, 3), the function g does not belong

(=1, 2, 3).
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to the a-class for f. Moreover, if n+#3m (=2, mcZ), then log r term does not
appear in 7fv term. For n=3m (m=2, meZ), the log ¢ term appears at most
as log 7 in 7% term.
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