Annals of Mathematics, 152 (2000), 277-329

Algebraic estimates, stability of
local zeta functions, and uniform
estimates for distribution functions

By D. H. PHONG and JACOB STURM *

Abstract

A method of “algebraic estimates” is developed, and used to study the
stability properties of integrals of the form [5|f(2)|~°dV, under small defor-
mations of the function f. The estimates are described in terms of a stratifica-
tion of the space of functions {R(z) = |P(2)|/|Q(2)|°} by algebraic varieties,
on each of which the size of the integral of R(z) is given by an explicit al-
gebraic expression. The method gives an independent proof of a result on
stability of Tian in 2 dimensions, as well as a partial extension of this result
to 3 dimensions. In arbitrary dimensions, combined with a key lemma of Siu,
it establishes the continuity of the mapping ¢ — [, [f(z,¢)|~°dV; - - - dV;, when
f(z,¢) is a holomorphic function of (z,¢). In particular the leading pole is
semicontinuous in f, strengthening also an earlier result of Lichtin.

1. Introduction

The main purpose of this paper is to study integrals of the form
(11) [ i@ tavav,,
B(n)

where B(™ is a polydisk in C*, f(z) = (fj(z));]:l is a J-dimensional vector of
holomorphic functions on B™, and |f(2)[? = Z}'le | f;(2)|?. Such integrals are
sometimes referred in the literature as “local zeta functions.” They have long
been a subject of investigation in various branches of mathematics. Their basic
analytic properties have been established in the work of Bernstein and Gel’fand
[4], Atiyah [3], Gel'fand and Shilov [6], Arnold, Gussein-Zadé, Varchenko [2],
and Igusa [8], among others. As is the case with the Riemann zeta function, the
integral converges for § in a half-plane. It has a meromorphic continuation to
the entire plane, with the location of its poles easily read off from the resolution
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of singularities of f(z). In singularity theory [2], [15], [17], the inverse of the
supremum &y over all exponents ¢ for which the integral (1.1) is finite provides
a natural notion of multiplicity for f(z). In harmonic analysis, the integral
(1.1) controls the distribution function of f(z) via the Chebychev inequality:

(12) Vol(z € B (o) < a} < [ 7)1y,

and bounds on integrals of type (1.1) have recently emerged as central to
aspects of complex differential geometry [1], [19], in particular to the solution
of certain complex Monge-Ampere equations [20], [22], [24].

We shall be mainly concerned with the issue of stability for the finiteness
of integrals of type (1.1), under deformations of the function f(z). Surprisingly
little is known, and the only results available to date appear to be the following:
Tian [22] has shown that, in two dimensions, the finiteness of the integrals (1.1)
is stable under holomorphic perturbations of f(z) with small sup norms. As
part of an unpublished work on Ké&hler-Einstein metrics for Fano manifolds,
Siu [20] has shown that, in arbitrary dimensions, if (1.1) is finite for f(z) =
f(z,0) where f(z,c) holomorphic in (z,¢) € BM™ x B1 then the infimum over
{0 < |¢| < p} of such integrals for |f(z,c)|~® is finite for all p sufficiently small.
A closely related version of this lemma of Siu has appeared in his work on the
Fujita conjecture [19][1]. Lichtin [14] has shown that under conditions similar
to Siu’s, the integrals (1.1) remain finite for all |¢| small enough, but with the
additional assumption that f(z,c¢) have an isolated singularity for all ¢, and
B™ be replaced by a Milnor ball B™)(¢) which may be c-dependent.

The case of f(z) real-analytic and B C R” is somewhat better under-
stood, but it has been unclear whether it is any reliable guide for the holomor-
phic case. In the real case, it is known that (1.1) is stable in 2 real dimensions,
thanks to a theorem of Karpushkin [11]-[12], but not in dimensions 3 or higher,
thanks to the following counterexample of Varchenko [23]

(1.3) f(z,e) = (ol +eaf + 23 +23)> + 27" + 25” + 23’

The finiteness of (1.1) is unstable for f(x,¢), since 69 = % for e =0, 6 = %
for € > 0, and & < 3 +v(p) for € < 0 and lim,_oy(p) = 0. Note that this
example does not rule out the possibility of a result analogous to Siu’s for the
real case.

In this paper, we develop a new method for the study of stability of in-
tegrals of holomorphic functions. A key component of the method is certain
uniform estimates and stability for complex integrals of “rational” expressions
of the form

I ) 2\e/2 €
(o1 1Qi(2)2)02 Q)]
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where both Pj(z) and @);(z) are one variable polynomials of bounded degrees,
and the domain of integration is a ball in the complex plane. It is well-known
that integrals such as (1.4) are highly transcendental: they cannot be evaluated
in closed form in general, and even in the exceptional cases where they can,
they produce transcendental objects such as logarithms, inverse trigonomet-
ric, and elliptic functions. It may therefore be surprising that, paradoxically,
algebraicity is restored if we focus not on the ezact values of the integrals (1.4),
but only on their sizes. In this sense, the uniform estimates we provide are
“algebraic estimates.” The fundamental fact which emerges is that the space of
(P(2),Q(2)) = (Pi(2),Q;(2)) can be stratified by constructible algebraic vari-
eties, on each of which the size of the integrals of R(z) can be expressed again
by expressions of the form (1.4), but whose variables are now the coefficients
of P;(z) and Q;(z), and whose coefficients are integers which do not depend
on R (see Theorem 4 for a precise statement). Some basic techniques for the
method such as cluster scales were introduced for the study of the real case in
[18]. There the method was used to give an independent proof of Karpushkin’s
theorem as well as a sharp stability theorem in 3 real dimensions which fits
the constraints dictated by Varchenko’s example. But the complex setting is
the natural setting for the rational expressions (1.4) and their stratification by
complex varieties, and it is here that algebraic estimates can be formulated in
their full generality and that their underlying geometry becomes apparent.

We describe now our main results. In 2 dimensions, we obtain a new
proof of Tian’s result. In 3 dimensions, we obtain a new stability theorem
under arbitrary holomorphic deformations, if the exponent ¢ in (1.1) satisfies
the condition 6 < 4/N, where N is the order of vanishing of f(z) at the origin.

For arbitrary dimensions, making essential use of Siu’s lemma and reso-
lution of singularities, we obtain the following theorem which may be termed
holomorphic stability for 1-parameter deformations:

MAIN THEOREM. Let g(z,¢) be a J-vector of holomorphic functions
on a polydisk B™ x BM | and assume that [0 19(2,0)[0dVy -+ - dV;, < oo.
Then there exists a smaller polydisk B'™ x B'MV so that the function ¢ —
[ 19(2, €)|70dVA - - - dV,, is finite and continuous for ¢ € B’

The main theorem implies Lichtin’s theorem and provides a strengthened
version of Siu’s lemma. It also shows that stability properties in the real setting
vary sharply from those in the complex setting, since it rules out a complex
version of Varchenko’s counterexample.

Given the diversity of methods required in the works of Karpushkin,
Lichtin, Siu, Tian, and Varchenko (which range from the versal theory of de-
formations to Carleman estimates for the 9 operator), it is encouraging that
the present method has made contact with them all.
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This paper is divided in two main parts, with the algebraic estimates de-
veloped in the first part, consisting of Sections 1-4, and the applications to
stability and distribution functions developed in the second part, consisting
of Sections 5-8. More precisely, in Section 2, we present estimates for the
integrals of |P(2)|°/|Q(2)|® in terms of local cluster scales Ly (c) for the roots
of Q(z). Section 3 is devoted to the special case where P(z) is a constant.
The goal here is to “symmetrize” the cluster scale estimates, that is, to re-
express the estimates in terms of rational expressions in the coefficients of
Q(z). Section 4 is devoted to the symmetrization problem for general rational
expressions of type (1.4). Three useful techniques are introduced: The first
is a regularization process, which allows us in effect to disentangle the zeroes
of P(z) and Q(z). The second is the use of #-parameters, which allows us to
replace a J-vector f(z) = ( fj(z))j:1 in the denominator of the integrand by a
scalar function Zj:l ™05 f;(z), at the expense of introducing a new integral
over the # domain. The third technique consists of sampling lemmas which
reduce our considerations to a finite number of 6 values. The key stratification
U, is also described there, and the main result is presented in Theorem 4. In
Section 5, we collect some general facts and definitions about stability. For
our purposes, we require an extension of an important earlier result of Stein
[21], which we establish using Hironaka’s theorem on resolution of singulari-
ties. Section 6 is devoted to stability in dimensions n < 3. A characteristic
feature of these results is that they only involve rational expressions of the form
(1.4) with constant numerator. The Main Theorem is proved with the help
of Siu’s lemma in Section 7, in a more general form using plurisubharmonic
functions (which also appear in Siu’s work). In Section 8, we have listed some
immediate consequences of our work for the stability of bounds for distribu-
tion functions. This is a topic of particular current interest, with some recent
advances described in [5] and [18].

Finally, in the Appendix, we have reproduced with Professor Y.-T. Siu’s
kind permission the statement and proof of his unpublished result on holo-
morphic stability in arbitrary dimensions, which plays an essential role in this
work.

Acknowledgements. The authors would like to thank E. M. Stein for ear-
lier collaboration on related topics which led to this work, R. Friedman, M.
Kuranishi, M. Robinson, and M. Thaddeus, for clarifications of different as-
pects of Hironaka’s theorem, Y.-T. Siu and G. Tian for many stimulating
conversations on stability and its applications to geometry. The authors are
particularly grateful to Y.-T. Siu for informing them of his unpublished result
on stability several years ago, and for allowing them to incorporate in this
paper his proof of this result, which is crucial to their work.
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2. Local cluster-scale estimates

The key ingredient of our approach is certain uniform estimates for inte-
grals of rational functions. These estimates can be formulated either in terms
of “local cluster scales” L;(«) at each root a of the denominator, or in terms
of analytic functions of the coefficients of both numerator and denominator.
In this section, we derive the estimates in terms of cluster scales. First, we
require some notation:

e Let dV = dxdy, the standard Euclidean measure on C.

e For r > 0, let B, be the open disk of radius r in C, centered at 0. Some-
times we shall just write B for the disk of radius 1.

e Let P(z), Q(z) be polynomials with complex coefficients of degrees M and
N respectively, with @Q(z) monic. Let S = {a : Q(a) = 0} denote the set
roots of (z), counted with multiplicity (so S is a set with N elements).

e If AC C, define the diameter d(A) of A by d(A) =sup_,_, |a— 4|
e For0< k<N —1and a € S define

(2.1) Li(a) = inf{d(Sn—r(a))},

where the infimum is taken over all subsets Sy_x(a) € S such that
|Sv_k(a)| =N —k and a € Sy_p(«). Observe that

(2.2) LO(Oé) Z Ll(a) Z cee 2 LN_2<a) Z LN_l(a) = 0,
and that « is a root of multiplicity N — k if and only if Li(a) = 0.

Our goal is to estimate integrals of the form

P(z)|F
23 i@

where €, are nonnegative real numbers, and A > 0.
We shall make the following two assumptions:

(2.4) (1) S C Byya.
(2) ve+2— (N — k)6 #0, for all integers k, v
with0< k<N, 0<v<M.

Assumption (2), which excludes finitely many lines in the (g, ¢) plane, is made
in order to simplify the final form of our answer; it may be easily removed
at the expense of introducing certain log terms in our estimates. However,
our main applications require only the consideration of a dense set of rational
values for € and 6, so we shall omit these technicalities.
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For each v > 0, we define k, by k, = —1 if ve +2 > N§, and otherwise as
the integer between 0 and N — 1 satisfying

(2.5) (N —ky—1)§ < ve +2 < (N — k,)é.

Evidently, the integral (2.3) is finite if and only if Ly, («) > 0 for any root
a of Q(a) = 0, where v is the order of vanishing of P(z) at a, and k,, is defined
as above. Since the cluster scales Lj(«) are decreasing in k, this condition is
actually equivalent to the seemingly more restrictive condition that for all v
with P*)(a) # 0, and k,, defined by (2.5), we have Ly, (o) > 0. The following
theorem gives a precise, quantitative version of this statement.

THEOREM 1. Under the preceding assumptions, the integral (2.3) is of
stze

P 5 P(V) €
o e 5, xS
Ba {0:Q@)=0} {w:PMI(a)k0} M

where @, ;(a) is defined by

Lk(a)(N—k)é—(vs+2) H0§i<k Li(a)®, ifk>0;
(2.7) (I)l,jk(Od) =
AN(S—(VE-FQ)’ if k<0,

and for each v > 0, k, is defined as in (2.5).
Here the equivalence ~ means that each side is bounded by positive con-
stant multiples of the other side, with constants which depend only on ¢, 9§,

and the degrees M and N of P(z) and Q(z). The constants are independent
of the choice of P and Q.

Proof. To prove the theorem we decompose the domain of integration By

as
(2.8) Bp = UaesD(a)

where D(«) is defined by

(2.9) D(a)={z€Byr: |z—a|<|z—p] forall geS}.

We note that any z € By must be in D(«) for some «. Furthermore, when
a # 3, the intersection of D(a) and D(f3) is contained in a line, and is hence
of measure 0. Thus the integral over By may be written as a sum, over all «,
of the corresponding integrals over the D(a).

Upper bounds. We start by showing that the left side of (2.6) is less than
or equal to a constant times the right side. To do this, we shall show that
for each fixed @ € S the integral over D(«) is bounded above by a constant
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times the summand corresponding to « on the right side. Thus we fix a root
a € S. We construct an ordering of the other roots of Q(z) in the following
manner: Choose fy € S such that |Gy —a|] > | — af for all § € S. For
1<i< N —1, choose 8; € S\{fo, -, Bi—1} such that |3; — a| > |5 — « for
all € S\{bo,...,Bi—1}. We claim that for 0 <i < N — 1,

(2.10) Li(e) ~ |Bi — al,

with implied constants which depend only on N. We establish this estimate
by induction in i. Using the definition of Lo(«), it follows immediately that
Lo(ar) > |Bo — a]. On the other hand, we must have |5y — a| > Lo(a)/2.
Otherwise |8 — 3| < |8 —a| + |6 — a] < 2|6y — a| < Lo(a) for all 8,5 € S
which contradicts the definition of Lg(c). This establishes (2.10) for i = 0.
Next assume (2.10) for all 7 < i—1. Since S\{fo, - -, Bi—1} contains «, we have
d(S\{Bo," -, Bi—1}) > Li(a). This implies that |3; — | > L;(a)/2 (otherwise,
just as we argued above, for any 3, 8" € S\{Bo, -, Bi—1}, we would have

13-4 <|8—al+|3—-d] <28 —al < Li(a),

which contradicts the definition of L;(«).) To get the reverse inequality, we
consider two cases: if d(S\{fo,--,Bi—1}) = Li(a), then |5; — a| < L;(a)) and
we are done. If not, choose a subset Sy_;(a) of N —i roots which achieves the
minimum in (2.1). Then L;(a) = d(Sn—;(«)) and there exists a j < i such that
Bj € Sn—i(a). By induction, we have the estimates L;(a) < Lj(a) ~ |55 — «f
< Li(c) and thus Lj(«) ~ Li(a). On the other hand, |3; — a| < |3; — «|. This
completes the inductive step, and (2.10) is proved.

The estimate (2.10) leads to the following basic estimate in the region
D(«) for each factor |z — §;] in the polynomial Q(z) = [T, (z — 3):

(2.11) |z — Bi|l ~ |z —a|+ Li(a) for z € D(a) .

One inequality follows easily from |z — ;| < |z — a| + |5; — «|. For the
reverse inequality, we have |z — ;| > [z — | (from the definition of D(«)).
Also, Li(a) ~ |B; — | < |z — Bi| + |z — a| < 2|z — (;|. The estimate (2.11) is
established.

For the remainder of the proof, we require the following two lemmas.

LEMMA 2.1, Let P(2) = M Ja,2¥, and let e, A > 0. Then

M
/I PE)ds ~ S Jaf
v=0

where I C [0,27] is any interval of length at least A\, and the equivalence ~ is
up to constants depending only on €, A, but not on P(z) and I themselves.
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Proof of Lemma 2.1. We may assume by homogeneity that > |a,|® =
Then the integral is a continuous, nonvanishing function of the a, and of the
two endpoints of I. Thus it is bounded above and below by positive constants.

LEMMA 2.2. Let p,6 > 0, N a positive integer and ¢ a real number
such that 0 < ¢ < 1. Assume that p — (N — k)6 # 0 for all integers k such
that 0 < k < N. Then for every sequence of real numbers A, Lg,...,Ly_1
satisfying cA > LO >Li--->Ln_o> Ly_1 =0, the following estimate holds:

(2.12) / dr
H T+L)6 r

-1
[L;(gN_k)é_p o<icn L if (N —k—1)8 <p < (N —k)é

AP—N® if p> N6.
Here the equivalence ~ is defined up to constants depending on c, p, N, and 6,
but not on A and on the L;, 0 < i < N — 1. In particular, each side of the
estimate (2.12) is finite if and only if the other side is finite.

Proof of Lemma 2.2. The lemma is evident if Ly = 0, so we assume that
Ly > 0. Choose a constant ¢; with 1 < ¢; < ¢! and divide the interval of
integration (0,A) into (0,c¢1Lo) and (c¢1Lg,A). On the interval (ciLo, A), we
have r + L; ~ r for all 7, and we can write

A A
(2.13) / %@ N/ =N 4T
c1Lg Hi:O (7""‘ Lz)é r c1Lo r
If p— N§ > 0, the right-hand side is of size AP~®, This establishes (2.12),
since AP~V? is also an upper bound for the integral in (2.12) in this case. Thus
we may assume that p— N6 < 0, in which case (2.13) is of size LgiN‘s. On the
interval (0, ¢1Lg), we can change scales r — Lor to obtain

ci1Lg

¢
(2.14) %ﬂ ~ Lgm/ N-1 ” L, ﬁ
o JLLy (r+Li)or o LSy (r+go)er
We can now argue by induction. We have already observed that the
estimates hold in the case N = 1 (since in that case, we have Ly = 0). Assume
now that Lemma 2.2 holds for NV — 1. Since ¢; ~ 1, the right-hand side of
(2.14) is of size

c1 D
(2.15) Lg‘”/ T ar_ N‘S/ |
o ILizi (r+ To L) H 2+1)5 r

The integrals in (2.15) are of the original form (2.12), with N and L;
replaced respectively by N — 1 and L} = L;y1/Lo. The index k in (2.12) gets




ALGEBRAIC ESTIMATES 285

replaced by k — 1. Since ¢; > 1 > L;/Ly, the induction hypothesis applies.
We see immediately that (2.15) is of size Lg_]\m if (N —1)6 < p, while for
p < (N —1)é, it is of size

“N6,/ 7% \p—(N— o — —N§ Lk:
Ly Ly pm R T (L)~ = L8 (7 —(N=h? H
0<i<k—1 1<i<k

which is greater than Lg_Né. This proves Lemma 2.2.

It is now easy to establish the upper bounds in Theorem 1. By virtue of
(2.11), the contribution from each region of integration D(«) can be estimated

by
fowia

P .
|z—ar+L< 2

2A 2 i0\|e
/ ]Pa—i—re )| rder,
o TI' (r+ Li(a))?

where we have converted to polar coordinates centered at «. Integrating with
respect to 6 and applying Lemma 2.1, we obtain
Lo [P @)+ dr

Jo i
D) 1QI° [T (r + Li(@)? 7
Applying Lemma 2.2 gives the upper bounds stated in Theorem 1.

2A

Lower bounds. To establish the estimates in the other direction, fix «
and, for 0 < v < N — 2, choose 7, > 0 and 6, € R/Z such that (8, — a) =
r,e?™%  Then (R/Z) \{0o,...,0n_2} is a disjoint union of intervals. Let 1
be the midpoint of the largest interval (whose length is at least 1/N). Let
o =1 —1/4N and ¥ =1 + 1/4N. Then

[P(2)|° M2 |P(2)
(2.16) /BA Q0)] / @) rdrd@

where z = a +7re?™. Now for z in the range 0 < r < 1/2 and |6 — 1| < 1/4N,
we have the estimate

(2.17) 2= By ~ la—Bul+|z—al ~ r+Ly(a).

To see the first equivalence, we may, without loss of generality, assume
that a = 0. Then we simply observe that on the compact set |z|+3,| = 1, the
function |z — (3, is continuous and positive, and thus bounded above and below
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by positive constants. The second equivalence follows from (2.10). Combining
(2.16) and (2.17) and Lemma 2.1, we see that

|P(2)I° e |P(2)IF
Jnotar > Jy b it i
N/A/2 ZIJ/WO‘PV( )er V€+2@
o IL% 0+ Life))y 7

Lemma 2.2 applies and gives the desired lower bounds for the integral of
|P(2)|5/|Q(2)|°. The proof of Theorem 1 is complete.

Remarks. (a) In the important special case where P(z) = 1 (and say,
N6 —2>0), the estimate (2.6) reduces to

1 1
(2.18a) / 4V ~ S— ,
0GP V2 @ T, L)
where the integer ko is defined by (N — kg — 1)6 < 2 < (N — kg)6. When
N6 < 2, the estimate (2.6) reduces to

1 2-N§
(2.18b) /BA B dV ~ A27N8,

(b) Another case of particular importance in this paper is the case when
(Q(#) has no multiple roots; i.e., Ly(a) > 0 for all « and all k£, 0 < k < N — 2.
In this case, all expressions ®, ;(«) as defined in (2.7) are nonvanishing for
0 <1 < N —2. Furthermore, for each v > 0 and k, defined as in (2.5), it is
readily verified that

(2.19) Dy p(a) = @pp, (),

using the fact that the scales Lp(«) are decreasing in k. Thus the restricted
sum over (v, k,) in Theorem 1 can be replaced unambiguously by the following

sum over all v and all k
M N-2
|P(2) | PW) (o)
(2.20) / 36 dV > Z > () [
v=0k= {a:Q(a)=0} '

This expression has the advantage of being symmetric in the roots «.

(c) Another suggestive form for the estimate (2.6), in the case where Q(z)
has no multiple roots, is the following

[P(=)I° SUP|, o)=L, (a) | P(2) |7
(2.21) / v ~ ,
By 1Q(2)[° (o QZ O}RZ Lyp(c)N=R8=2 ], Li(@)?
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valid e.g., when ve + 2 < N§. (Other cases can also be expressed in the
same way, with suitable modifications due to the expression for ®, j(«) when
ve +2 > N6.) The expression (2.21) is a simple consequence of Theorem 1
and Lemma 2.1. Tt can be viewed as a natural generalization of (2.18) to the
case of general P(z).

(d) We had stated earlier that the assumption (2) in Theorem 1 can be
removed by the inclusion of log terms. It is now evident that it suffices to
incorporate such terms in Lemma 2.2 in the case where ve + 2 — (N — k)é
vanishes. However, the resulting bounds would no longer belong to the class
of “algebraic estimates.”

3. Absolute cluster-scale estimates and symmetrization

Our next goal is to rewrite the cluster-scale estimates (2.6), and in partic-
ular the local cluster scales Lp(«) themselves, in terms of rational expressions
in the coefficients of P(z) and Q(z). In the real setting of [18], this can only be
done when k£ < N/2, in which case only the “absolute” cluster scales defined
by

(3.1) Lk = infaLk(a)

mattered, and they can indeed be rewritten in terms of polynomials in the
coefficients of Q(z). In the present complex setting, it turns out that there are
no such limitations, if we allow rational expressions in the coefficients of Q(z).
This is a first hint of significant differences between the two settings.

To be more specific, we need some additional notation: As before, we let
S be the set of zeroes of @), counted with multiplicity. Note that the absolute
cluster scales Ly defined by (3.1) are also given by

L, = minSN—k {d(Ska)}

where the minimum is taken over all subsets Sy_x C S with |Sy_¢| = N — k.
Let a; be the coefficients of Q(z):

N
(3.2) Qz) = H (z—a)= Zain*i,
=0

a€eS

and introduce for each integer r with 1 < r < N/2, the r-discriminant:

”
(3.3) AT(OQ,OQ,...,O(N) :AT:SUpM H|Oéiu —Oéjl,’,

v=1
where the supremum is taken over all 2r-tuples M = (i1,..., %0, j1,..-Jr)

consisting of distinct integers with 1 <4, 7, < N for all v. Such an 2r-tuple is
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said to be admissible. We say that an admissible 2r-tuple of distinct integers
is maximizing for the set S if it achieves the supremum in (3.3).

The following theorem relates cluster scales of a monic polynomial Q(z)
to polynomial expressions in its coefficients:

THEOREM 2. (i) There is a root o € S with
(3.4) Li(a) ~ L;, for all integers i, 0 <17 < N/2.
(ii) For all integers r satisfying 1 <r < N/2,
(3.5) Ap(aq,...,an) ~ LoLy -+ Ly_.
(iii) Let h = N!/(2r)!. There are polynomials
Dy1,Dya,...Dpy € LAy, ..., AN]
such that

h 1/h!
(3.6) Ar(a,. .. an) ~ {Z yDr,q(al,...,aN)|} :
q=1

(iv) For each k, 1 <k < N — 2, there exist polynomials
Ok S Z[Al, e AN; Z]

with polynomial coefficients in a1,---,an, so that
N!/(N—k—1)!
1
(3.7) I Zitw~ > lonilar,- an; )7
0<i<k i=1

(Here all equivalences are defined up to constants depending only on N.)

Proof of Theorem 2. We begin with the proof of (i). For each i < k =
[N/2], choose Sy—_; C S such that |Sy_;| = N —i and d(Sny—;) = L;. We claim
that any a € Sy_j satisfies the required property. Indeed, for any ¢ < k, Sy_;
and Sy _j have nonempty intersection. This is evident if ¢ = k, and if 7 < k, it
follows from the fact that (N—i)+(N—k) > N (note that i+k < 2k < N, which
implies that i < N —k). Hence we must have d(Sy_;USN_) ~ d(Sn—i) = L;.
On the other hand, the set Sy_; U Sy_; has at least NV — ¢ elements and it
contains a. Thus d(Sy—_; U Sy_) > Li(a) > L;. This shows that L;(«) ~ L;,
and (i) is proved.

Next, we observe that there exists a partition of .S into two disjoint proper
subsets Sn,, Sn,, N1, N2 > 1, with [Sy,| = N; < N and N1 + Ny = N, and
o — aa] > Lo/N for all aj,as with a; € Sy,. To see this, we define an
equivalence relation on the set S as follows: a ~ o if there exist 31,...,8m € S
such that a = 1, o = B, and |5; — Bi+1| < Lo/N for all i. Fix o € S and let
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Sn, be the equivalence class containing o, and Sy, the complement of Sy;,.
This is the desired partition.
We may assume that N1 < Ns. Then we have the following equivalences:

(3.8) Lo~ Ly~ ~Ly_1.

Since 2r < N we must have » < Ny. We consider two cases:

Case 1. r < Ny < Na. It is clear that A, < Lg. Since r < Ny, we
can choose an admissible 2r-tuple M such that o, a4,,..., ;. € Sy, and
Qi Qjy, ..., 5, € Sn,. This shows that A, ~ Ly. Thus (3.8) implies (ii) in
this case.

Case 2. Ni < r < Ny. Let M be a maximizing admissible 2r-tuple
for S. We may assume that if {i,,j,} N Sy, is nonempty for some v, then
i, € SN, (interchange i, and j, if necessary). We may further assume that
SN, C {i1,i2,...,0-}: If not, then there exists ¢ € Sy, such that i # i, for
all v. Then i # j, for all v (by assumption). Choose v such that i, € Sy,
(such a v exists since r > Nj). Then j, € Sy, as well (by assumption). Since
|a; — o, | ~ Lo, we can replace 4, by i without decreasing the size of A,., while
increasing | Sy, N{i1,...,4,}| . Continuing in this fashion, we see that we may
assume that Sy, C {i1,42,...,7,} which implies that

A, <C- LYY AN (Shy).

To get the inequality in the reverse direction, observe that No—2(r—N7) > Ny
so that when we choose a maximizing admissible 2(r — Np)-tuple for the set
Sn,, there are at least IV} elements left over which can be paired with the N}
elements in the set Sy,. Thus we have proved

(3.9) Ar ~ L AN, (Shy)-

Since 2(r — Np) < N, we can use induction to deduce:
(3.10)

AN, (SNz) ~ LO(SN2)L1(SN2) T L(r—Nl—l)(SNg) ~ LN, Lny+1 -+ Ly
Combining (3.8), (3.9) and (3.10) we obtain (ii).

To prove (iii), we make use of the following elementary fact:

(3.11) Sl ~ >0 )Z%
=1 r=1 =1

for any n complex numbers 71, - -+, ;. Define then the polynomial F,.(T") by

1/r

M

H
(312) F(T)=]] (T Ty (e, — %)) = 3" Brglar,...,an)TH0
q=0
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where the product is taken over all admissible 2r-tuples M. The coefficients
B, 4 of F.(T) are in Z[A1,...,An]. Now A, is the size of the largest root
of F,, and hence is of the size given by the right-hand side of (3.11), with ~;
the roots of F,.(T). But symmetric polynomials in the 7;’s are polynomials
in the coefficients B, 4(a1,---,an), and hence polynomials in the (ai,---,an)
themselves. Clearly, they are of the form described in (3.6), and (iii) is proved.

We turn now to the proof of (iv). Let 0 < k < N — 2. Then we note that

k

k
(3.13) Lo(a)Ly(a) - Lg(a) ~ Sup, H loe — | ~ Z H oo — a, |

v=0 AEAy, r=0

where Ay = {\ = (g,...,04,) : 1 <4, <N, i, # i, if p# v} Tosee
(3.13), we select successively [y, - - -, Bny—1 as in the proof of Theorem 1 so that
Li(a) ~|Bi —a| for 0 <i < N —1 (c.f. (2.10)). This implies that the left-hand
side of (3.13) is bounded by the right-hand side. To see the opposite inequality,
we note that if (o, - -, o, ) is any sequence appearing in the sup on the right-
hand side, and if we order them in decreasing order of their distances to «, say
iy — a| > |ag, —al > -+ > |ag, — al, then Lj(a) > |a;; — af for j < k. The
estimate (3.13) follows.

For A = (aiy, -, ) € Ay, let GA(T) = TTF_o(T — ai,). Let 041 (T),

0k2(T), ... opa,|(T) be the standard symmetric polynomials in the Gy; i.e.

(3.14) Ohi = Z G, 1<i<|Agl
AEAL
Then oy ; = 0y i(a1,a2,...,an;T) where

Uk,i(AhAQ, e AN;T) S Z[Al, ey AN,T].
Thus (3.11) and (3.13) imply that

[Ax
(3.15) Lo(a)Ly(a) -~ Li(e) ~ Y |owi(ar,az,...,an; )"/
=1

and the proof of Theorem 2 is complete.

As a first step in the program of rewriting all integrals of the form (2.6)
in terms of the coefficients of P(z) and Q(z), we focus in the remaining part of
this section on the special case where the numerator P(z) is the constant 1. As
in Theorem 2 where the case k < N/2 is significantly simpler than the case of
general k, here the corresponding case 6 < 4/N is significantly simpler than the
case of general . This fact is at the origin of the considerably greater difficulties
which arise in the treatment of stability in dimensions n > 3, compared to
dimensions n < 2. We refer to Sections 5-7, and especially Sections 5.B and 6
for a fuller discussion.
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THEOREM 3. (i) Let N be nonnegative integer, and let 6 be a posi-
tive rational number with % ¢ {1,---,N}. Then there exist integers N', I,
and J, rational numbers &' and €', and polynomials Fy,---,F;, G1,---,Gj €

Z[Aq, -+, AN] with degrees bounded by N', so that

(X0 |Filar, -+, an)|?)/?
(211G (a1, -+ an)[2)0'7?

(3.16) /B Q) v ~

for all monic polynomials Q(z) = Zi]io a;zN" whose zeroes all lie inside the

ball Bpjo. The equivalence in (3.16) means the following. The left-hand side
is infinite if and only if Z}']:1 |Gj(a1,---,an)| = 0. When this is not the case,
both sides are finite and bounded by each other, up to constants depending only
on N, 6, and A.

(ii) When 6 < 4/N, we can take I =1 and Fi(z) = 1 in the expression
(3.16).

Proof of Theorem 3. We apply Theorem 1. When N§ —2 < 0, Theorem 1
implies that the integral under consideration is of size A2~®_ which is obviously
of the desired form (3.16). Otherwise, we use the form (2.18) of Theorem 1.
We can write

(3.17) Do ko (@) = Ly () NF0=2 TT Li(a)™?
0<i<ko
=[ I zZia]"[ I Zi@]™
0<i<ko—1 0<i<ko

where €9 = (N — kg)6 —2 and €1 = 2 — (N — ko — 1)6 are positive numbers.
Since each factor on the above right-hand side can be expressed in the form
(iv) of Theorem 2, and since both ¢; and ey are rational numbers, it follows
that the size of ®¢ x, () can be expressed in the form

il c3
(3.18) Do ko) ~ [ D 1K (ar, -, an;a)P] 2,
j=1
where Kj(ai,---,an;a) are polynomials in all variables and €3 is a rational

number. The integral in (3.16) is infinite if and only if ®q () = 0 for some
o. The sum

(3.19) !

£3
2

{a:Q(@)=0} [ 2]y |Kj(a1, -+, an;a)?]

1
{ {a;Q%:)=0} 21 [Kj(ar, - ans )2 }

0
wf2
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can be reduced to the same denominator

n
I D IKi(ar,- an; )

{o5Q(a)=0} j=1

This denominator vanishes if and only if one of the factors vanishes, i.e., if and
only if the integral in (3.16) is infinite. Furthermore, multiplying it out gives a
sum of n terms, ¥1, - - -, vn. Applying the elementary symmetry principle, it can
be rewritten in the form of the denominator appearing in (3.16) of Theorem 3.
The numerator of (3.16) is obtained by similar arguments. The result is clearly
of the form (3.16) and (i) is established.

To establish (ii), we note that in the range 6§ < 4/N, we have
ko < N/2. Thus (i) of Theorem 2 shows that there exists a root a with
Li(o) ~ mingL;(B) = L, for all @ < k. This implies that
(3.20)
ey

v~ T o= T 2] [ T ]

{o;Q(a)=0} 0<i<ko 0<i<kp—1 0<i<ko

In view of (iii) of Theorem 2, the right-hand side of (3.20) is of the desired
form.

4. Algebraic estimates

A. Stratification of spaces of absolute rational powers. In Theorem 1, we
derived a sharp formula for integrals of rational functions |P(z)[¥|Q(z)|~? in
terms of local scales Ly («) for Q(z). In Theorem 3, we have seen how, in some
relatively simpler cases, these formulas can be rewritten in terms of ratios of
absolute values of polynomial expressions in the coefficients of P(z) and Q(z).
It is now important for us to extend these results in several directions:

(1) In order to treat functions of several variables, we need to iterate the
estimates, and hence extend our analysis from integrals of rational expressions
|P(2)[F]Q(2)|~® to integrals of the form

(L, P2
1) L, Co g Y

where P;(z) and Qj(z) are polynomials. We shall refer to the expression which
appears as the integrand in (4.1) as an ARP, which is an acronym for absolute
rational power. Compared with the case of real-analytic functions discussed in
[18], the ARP’s are a source of significant additional complications.
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(2) We must also rewrite, in complete generality, the cluster scales esti-
mates (2.6) in terms of the coeflicients of Pj(z) and @Q;(z). This “symmetriza-
tion” was possible when I = J =1 and Pj(z) = 1 (cf. Theorem 3). We can
symmetrize as well in the case where J = 1, and the polynomial Q(z) has
only simple roots. In this latter case, formula (2.20) gives an expression for
the size of the integral which is manifestly symmetric in the roots a of Q(z).
Such formulas can be rewritten in terms of the coefficients of Q(z), as we will
show in greater detail below. The difficulty in the general case is that the
polynomials @;(z) in the denominator may vanish of high and varying orders
at each of their roots, with uneven compensating effects from the behavior of
the polynomials P;(z) near these roots. Clearly, such phenomena can lead to
high instability, and must be treated with some care.

It turns out that there is a simple and cogent geometric description for
the structure of the general symmetrization process. The precise formulation
will be given in Theorem 4, but the basic idea is the following: Once we fix
g,6 and an upper bound on the degrees of the polynomials, the space C|(Z)] of
ARP’s, i.e., of functions of the form ((31_; |P;(2)[%)7/2) /(-1 1Q;(2)[)*/?),
may be regarded, via the coefficients of the P; and ();, as an affine space
over the complex numbers of finite dimension. We shall show that this ARP
space admits a stratification by a finite number of algebraic varieties. This
stratification induces, in a canonical way, a decompositon of the ARP space
into a finite disjoint union of quasi-affine pieces. On each quasi-affine piece the
size of the integral of the ARP is controlled by a corresponding expression in
Z|(b)|, i.e., an ARP in in the coeflicients b of P;(Z) and Q;(Z), with integer
coeflicients.

To state our results more precisely, we formulate more carefully the above
concept of ARP, and introduce some notation.

Definition 4.1. Let N be a positive integer and let A be a subring of C.
Then an absolute rational power (an “ARP”) in N variables with coefficients
in A is an expression of the form

I , 2\¢/2
L AP Zy,. .. 282 K(Z
(42) R(Z)=R(Zi,...,Zn) = (Z}—l’ Z N)‘2)6 - = Z)
(Zj:1|Qj(Zla"'7ZN)’ ) / L(Z)
Here Z = (Z,...,Zy) is a vector of independent variables, i and j range

over finite index sets, the P; and the @); are polynomials in N variables with
coefficients in A, € and 6§ are nonnegative rational numbers, and at least one of
the P; is nonzero. The numerator K (Z), and denominator L(Z) will be called
absolute polynomial powers.

We shall sometimes write R = Rp, where b = (b/,b") and b, b” are re-
spectively the vector of coefficients of all the P;(Z)’s and the Q;(Z)’s. Thus b



294 D. H. PHONG AND JACOB STURM

lies is a certain finite-dimensional free A module whose dimension is bounded
in terms of the maximum of the degrees of P;(Z) and Q;(Z), and the number
I + J of terms which appear in the numerator and denominator of (4.2).

The set of all ARP’s in N variables will be denoted by A|(Z)| =
Al(Zi, ..., ZN)|. Tt is clearly closed, up to size, under addition, multiplica-
tion, and division by nonzero elements.

The spaces of ARP’s of particular interest in this paper are the following:

o Z|(Zy,---,ZN)| = Z[Zy,- -, ZN-1]|(ZN)|: ARP’s in N variables with in-
teger coefficients, which can also be thought of as ARP’s in the variable
Zn, with coefficients in the ring of polynomials in (Zy,---, Zy_1) with
integer coefficients;

o C|(Z1,--,Zn)| =C|Z1,--+,Zn-1]|ZN|: ARP’s in N variables with com-
plex coefficients;

o H{Zy,---,Zn_1}|(ZN)|: ARP’s in the variable Zy, with coefficients
which are holomorphic functions in (Zy,---, Zny_1).

Each R(Zl,...,ZN) = K(Zl,...,ZN)/L(Zl,...,ZN) S (C‘Zl,“',ZN‘
corresponds to a continuous (0, co| valued function R(z1,...,zy) which is de-
fined on the “domain of R,” that is the complement of the affine subvariety
of CV defined by K(z) = 0. The “strict domain of R” is defined to be the
complement of the affine variety defined by K(z) = L(z) = 0, so that if we
restrict R to its strict domain, it takes values in (0,00). As in the case of
polynomials, we shall often use upper cases letters vs. lower cases letters to
distinguish between the formal expression R(Z1,---,Zy) and its realization
R(z1,--+,2zn) as a function on its domain of definition.

The following simple observations are also important in the sequel:

1. Since both ¢ and ¢ are rational, the ARP R(z) is always equivalent in
size to another ARP R¥(z) of the form

I # e# /2
(4.2a) R#(z) = <Z§:1 ‘Pi#(ZL ceey ZN)P) |
Zj:l |Q] (Zl)' . '7ZN)|2

Indeed, we can just write ¢ = A/D, 6 = B/D with A,B,D € N, and set
P(Z) = (P(2))*, QT (Z) = (Q;(£))P and e# = 1/D. When only the size
of R(z) matters, we shall freely replace R(z) by R¥(z) ~ R(z). Similarly, we
shall also often replace R(z) by Zi[:1 |Pi(z1, -+, 2Nn) |5/ Z}'le 1Q;(z1, -, 2n)[°
without additional comment.

2. If R(Z) € C|(Z)] is a one-variable ARP, then its domain of definition
is the complement of a finite set of points. We claim that R(z) has a unique

extension to a continuous function on all of C: If zy is a point outside the
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domain of definition of R, then K(z9) = L(zp) = 0. This means that |z — zo| is
a factor of both the numerator and denominator. Cancelling out the highest
power of |z — 29| which divides both K(z) and L(z), we see that we can extend
R(z) to a continuous function in a neighborhood of z.

We can now state the main theorem on algebraic estimates, which allows
us to calculate the size of a one dimensional ARP integral: Fix nonnegative
rational numbers ¢, 6 and let I,J, M;, N;, be integers with N7 > Ny > --.
> Nj. Let 6 be a nonnegative rational number such that (g, 6) is nondegener-
ate; that is, assume that

l
(6] +1
for any integer 0 < v < max M; and any integer 0 < [ < ([6] + 1)max NN;. Let
C > 0 be a real number. Define

(4.3) ve+2 — 0 #0,

(4.4) B={b=(b},,0},):1<i<I,1<j<J0<pu<M,

LU TV
0<v< Nj,b;wb}’,y e C, b;,u # 0 for some i, u}.

Thus B C C* for some a. To every point b = (V/,b") € B = B’ x B” we can
associate a one-variable ARP Ry, € C|(Z)| as follows:
ws) Rz = T TP (S R 2)P)
. b = - = .
(7 | 2o b,z (202 (25 |Q4 (V" 2) 1)/
We shall also use the following norm for polynomials of a bounded degree.
For Q(Z) = )Ly buZ" € C[Z], let

M

(4.6) el = Ibul.

pu=0

Finally, we recall that an algebraic variety in C* is a subset which can be
realized as the simultaneous vanishing of a finite set of polynomials in

C[X1,...,X,). In particular, we do not assume that our varieties are irre-
ducible.

THEOREM 4. There exist a real number s € (0,1), a finite chain Uy,
0 < X <N, of algebraic varieties
(4.7) B=UyD>U; D---DUyx =

0,
and a corresponding sequence Ty € Z[Bz/',ng‘,,u]a 0 < X< N —1, with the
following properties:

1. IfT\(B) = K\(B)/Lx(B) asin (4.2), and if b € U\\Ux11, then Kx(b) # 0.
In particular, Ty is defined, and nowhere vanishing on Uyx\Uxi1.
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2. Fiz C > 0. For b € U\\Ux,1 satisfying |||Q1(b; Z) — ZM ||| < s and
111Q;(b; Z)||| < C for j > 1, the vector b is in the domain of Ty and

(4.8) /B Ro(2) dV ~ Tx(b).

Here B is the unit disk in C. The implied constants depend only on the
fized constants I, J, M;, Nj,e,6,C, and are independent of b;

3. We have

(4.9)
U,\Jrl:{bEU)\ : K)\(b):()} = {bGU,\ : K/\(b):Oand L)\(b):()}.

Remark 1. Let A = [6] + 1. Then replacing @); by Qf and 6 by 6/A, we
see that it suffices to prove the theorem in the case 6 < 1.

Remark 2. The theorem implies that [5 Ry(z) dV = oo if and only if
b lies in a certain constructible set, that is, a set which can be described by
taking a finite number of intersections, unions and complements of algebraic
varieties.

We shall make use of the following notation: If b € B, then we shall define
(4.10) A(b) = A

to be the unique integer A for which b € Uy\Ujy1.

The proof of Theorem 4 will be the subject of Sections B through G. It
requires several types of arguments, which we present separately for the sake
of clarity.

B. Symmetrization in the roots and absolute rational powers. We have seen
from Theorem 1 that the integration of rational functions |P(z)[¢|Q(2)|™® gives
rise to sums, over the roots, «, of Q(z), of the expressions |P”(a)]5<1>,,7ky(a)_1.
The term @, (o) is originally defined in terms of the local scales Ly(a) of
Q(z). However, in view of part (iv) of Theorem 2, these expressions can all be
rewritten as ARP’s in Z[V,b"]|a|, i.e., as ARP’s in «, with coefficients which
are polynomials in the coefficients of P(z) and Q(z). We need to address
now the problem of rewriting the sum over a of such expressions as the value,
at (b/,b"), of an ARP in Z|B’, B”|. In the simplest case, this can be done
algebraically through the following lemmas.

LEMMA 4.1. Fix positive integers My, ..., M;,Ni,...,Nj and d. Fix
rational numbers €,6 > 0. Then there exists T € Z|(A,B)| where A =
(Ao, ..., Ag), B = (Bj,,B},), 1 <i <I,1<j<J 0<pu< M,

LH?
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and 0 < v < Nj with the following properties: For every one-variable ARP
R = Ry, € C|Z| of the form

I M; c
Doict | 2220 b 2 _ Z,-Izl |Pi(2)|
ST IStz Y |Qi(2))0

and for every polynomial G(u) = apu® + aju?=' +--- +ay € Clu] of degree d,
whose roots all lie in the strict domain of Ry(z), we have

(4.11) Ry(Z) =

1. The point (a,b) lies in the strict domain of T, where a = (ag,...,a,) and
b= (b;,,b;,). Moreover, T'(a,b) € (0, 00).

2. The following estimate holds:

(4.12) > Ry(a) ~T(a,b)

{a:G(a)=0}

and the implied constants depend only on M;, Nj,d, e, 0.

Note that implicit in the assumptions of the lemma is the condition ag # 0.

Lemma 4.1 is a simple consequence of the following two lemmas, which
generalize the arguments used earlier in the proof of Theorem 3.

Let L be a commutative ring, n a positive integer, and let F' €
L[X1,...,X,] be a polynomial in X = (Xy,...,X,). If 7 € S, is a per-
mutation of the integers {1,2,...,n}, we write X™ = (Xr(1),..., X)) We
say that F' is symmetric if F'(X7) = F(X) for all 7 € S,,.

For 1 < j < n we define the standard symmetric polynomials, o; €
Z[X1,...,X,], by the equation

n n
[[T+x) = 17+> o1,
i=1 j=1

The following lemma is well-known (for example, a proof may be found in
13)):

LEMMA 4.2.  Let F € E[X] be a polynomial in n variables. Then F is
symmetric if and only if F' € {J[al, ..., 0p), that is, if and only if F(X) = F(X)
where ¥ = (01,...,0,) and F is a polynomial in n variables with coefficients
in L.

The next lemma generalizes Lemma 4.2 to the case where F' is an absolute
polynomial power (that is, an ARP whose denominator is one).

LEMMA 4.3.  Fix D > 0. Let F € C|(A;X)| be an absolute poly-
nomial power in the variables A = (Ai,...,An) and X = (X1,...,X,),
where C' is a subring of C. Let all polynomials occurring in F have de-
grees bounded by D. Assume that F is symmetric in the X wvariables; that is,
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assume F(A; X™) = F(A; X) for all m € Sn. Then F(A; X) ~ F(A;X) for
some absolute polynomial power F € C|(A;X)|. The implied constants depend
only on €,6 and D.

Proof of Lemma 4.3.
Case 1. F(A; X) = | X1| + | X2| + -+ -+ | Xy|. In this case, we have

n n
(4.13) Sl ~ Yol
i=1 j=1

A proof may be found in [18].
Case 2. Suppose F is of the form F(A;X) = > . |fi(4; X)|°. We can
write fj(A; X) = F;(X) for some F; € L[X] where L = C[A]. Then

1 1
F(A; X) = o Y F(AXT) = o DD IEEME ~ O IREXM))-.
TESR ™ ) 7 ™
Fix an ordering of S,: S, = {m1,...,mu}. Then, applying (4.13), we
have, for each fixed 1:

n! n!
T T n! j
SIEEXT) = SR~ Y oM
™ 7=1 j=1

where

o) = o (F(X™), . FX) = @(X1, ., X)

with ® € L[X7,..., X,]. It is clear that ®(X) is symmetric. Hence, by Lemma
4.2, it is an element of L[oq,...,0,] and this completes the proof of Case 2.

Remark. Let F € C|(A4; X)| be a general ARP which is symmetric in the
X variables. Then we claim that the conclusion of Lemma 4.3 holds: We do
not know that the numerator and denominator of F' are each symmetric (in
fact they need not be) so we cannot immediately apply Lemma 4.3. But since
F(A;X) =4 > res, F'(A; XT) we see that we can re-write F' in a form where
the denominator is symmetric, and the numerator is symmetric, and thus we
can apply the lemma to the numerator and denominator separately.

Proof of Lemma 4.1. Using the observation (4.2a), we see that we may
assume that e = 6 = 1. Now let

I M;
dim1 | 2020 Bi  2M|
i
J N,
> =1 22020 By 2" |

and let S(X1,...,Xq;2) = Zle R(X;; B). Then, if we express S as a single
fraction whose denominator is the product of the denominators of the R(X;; B),

R(Z;B) =

we see that the numerator and denominator of S are each symmetric in the
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X variables and so, applying Lemma 4.2 twice, once in the numerator and
once in the denominator, we write S(X; B) = S(o1,...04; B). Now we define
T(A; B) as follows: T(A;Z) = S(A1/Ao, ..., Aq/Ao; B). One easily sees that

T satisfies (4.12) and thus Lemma 4.1 is proved.

C. The case of a single polynomial in the denominator with simple roots.
We begin with a preliminary theorem which treats the simplest case: that in
which the denominator is a scalar polynomial with distinct roots. We shall
continue using the notation established in Section 3.A:

Fix €, 6 nonnegative rational numbers and assume 6 < 2,1 =1, J = 1.
Let M = M; and N = Ny, and let B = {b = (V/,b")} be the coefficient space
defined by (4.4). To each b € B we associate Ry(Z) = |P(b; Z)|°|Q(b; Z)|~ €
Cl(Z)| as in (4.5). Assume Q(b;z) has distinct roots. Assume further that
(¢, 6) is nondegenerate; that is, ve — (N — k)6 + 2 # 0 for all v, k in the ranges
0<v<Mand 0<Ek<N -—1.

THEOREM 5. There exists T(B) = T(B',B") € Z|(B', B")| and s1 € (0,1)
such that whenever |||Q(b; Z) — ZN||| < s1, the following holds:
1. The vector b is in the strict domain of T.
2. The following estimate holds:

(4.14) /B Ro(2) dV = / {ggzizz;lz Voo~ TV = T®)

where the implied constants are independent of b.

Proof. By Rouché’s theorem, there exists an s; € (0,1) such that
1|Q(Z) — ZN||| < s; implies that all the roots of Q(Z) are of size less than
1/2. Fix such an s;. We also made the assumption that all the roots of @
are simple. Thus the version (2.20) of Theorem 1 applies. We can now recast
(2.20) as an ARP in the coefficients of P(z) and (z), using arguments similar
to those of the proof of (i), Theorem 3. We shall do this in a systematic fash-
ion, using Lemmas 4.1-4.3: Define, for 0 < k < N — 2, the following absolute
polynomial power:

k
F(YVi Xy, ., Xn) =Y [V - Xa|
AEA v=0
where Ay = {A = (ig,...,ix) : 1 < 4 < N, iy, # i, if p # v} Set
Fk(Y;Xl,...,XN) =1if k£ <O0.
We know, by Lemma 4.3, that Fj,(Y; X1,..., Xn) = Fi(Y; %), where ¥ =
(X)) is the vector of elementary symmetric polynomials in the X variables.

Thus, in view of (3.13) and Lemma 4.1, we obtain

Lo(a)Ly(@) -+ Li(a) ~ Fy(oson, ..., an) ~ Fi(a;b" /6%)
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where we have divided Q(z) by n/ in order to make it monic (note that
by # 0 for s < 1). Now use (4.2a) to choose H(Y;B) = H(Y;B';B") €
Z|(Y; B'; B")| with the following property:

NZ_Q Fk(Y BII/BI/ )st(ka)5+2

/. "
H(Y;B'; B") ZIP 2 B (¥ BB (Ve

where P(Y) = P(Y; B') = Zﬁio B, Y*#. The assumption that @ has no mul-
tiple roots implies that (a, b’,0”) is in the strict domain of H.

Next let T1(Y1,...,Yn; B; B") = Zfil H(Y;; B'; B”). Then, by Lemma
4.3, we know that T1(Y; B'; B") = Ty(X(Y); B'; B"). Therefore we have

Z H(a; b/, b//) ~ Tl(b”/b” ;b/; b”).
{a:Q(a)=0}

Define T € Z|(B'; B")| by T(B'; B") = T\(B"/BY;; B'; B"). Now set A =1
n (2.6). Since Q(z) has no multiple roots, we can write for all (v, k) with
k<N-2

1 B (Hf:o Li(a))uef(ka)éJﬂ

@) ([T Li(a))re-(V-h-not2’

Theorem 5 follows.

D. The regularization process for multiple roots. We now come to one of the
most important features of Theorem 4, namely the emergence of a stratification
in the general case. This stratification is a reflection of the interplay between
P(z) and Q(z) near the roots of Q(z). At the technical level, it is a consequence
of the fact that the estimate (2.20) breaks down when ((z) has multiple roots.
Equivalently, if we consider the case of multiple roots as limiting cases of
simple roots, then the ARP T(B’, B"”) € Z|(B’, B")|, describing the integral
of |P(2)|5]Q(2)|~?, will approach 0/0. To obtain a formula similar to (2.20) in
the case of multiple roots, which is also valid for a general ARP, we proceed
in three steps: The first is a certain “regularization process,” which is justified
by the Lebesgue Monotone Convergence Theorem:

2ai=1 15 Z)" i1 |Pi(2) = lim i [P
(4.15) / S 0 ‘ =1 mo/B (L 1Qs(2)] + p)?

Here p is a positive parameter which approaches zero from the right.
The next step is the introduction of “theta parameters,” which will allow
us to reduce to the case where there is just a single term in the denominator,



ALGEBRAIC ESTIMATES 301

that is, the case J = 1:

S |P(2)F
4.16
(410 /B@j:n@j(z)umﬁ

I
L 1P(2)
~ / del . deJ/ 5 Zl:l ‘ 2(:7/)6’ 6dV
(R/Z)7 B |3 521 Qj(2)e*™% + p

This is justified, for 6 < 1, by the following elementary lemma:

LEMMA 4.4. Let ai,---,ay be a finite set of compler numbers, and § a
real number with 0 < 6 < 1. Then
(4.17)

/ déy---do; / déy---dfj_q 1
@/2)7 | o0y age?™ 0516 Sy | Y77 ae? % 4agls (7 Jag])s
where the implied constants depend only on 6 and J.

The third step consists of sampling lemmas, which allow us to calculate
the size of the integral (4.14) by sampling a finite number of theta parameters;
a discussion of this step is postponed until Section F.

Proof of Lemma 4.4. The case J = 1 is trivial, so we start with J = 2.
We must show

1 1
_ df~ —.
/R/z |a + be2mif |8 |a|® + [b]®

Without loss of generality, we may assume that a is a positive real number,
that b =1 and a < b. However, in this case, we have

/ld_9</1 db </1 db .
0o 20 = Jy la+e2™0® = J, |sin2m6|° )

Turning to the general case, we may reduce as before to the case where
0 <aj <1anda; = 1. Integrating first with respect to 0, using the J = 2
result, we obtain

/ dfy---dby / dfy---dfj_q
®/2)7 | 3y age?™ 0518 Jwyzyr— | 07 ;e )8 41
The lemma is proved.

In order to apply Theorem 5, we need to be assured that the denominator
in (4.16) has only simple roots. This will be guaranteed by the following:

LEMMA 4.5.  Let Q(Z) € C[Z] and for p > 0, let Qu(Z) = Q(Z) + p.
For p sufficiently small and different from zero, Q,(z) has only simple roots.
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Proof. The discriminant of the polynomial Q(Z) is a polynomial in pu
which does not vanish identically. Hence, it can vanish only for a finite number
of values of p.

E. The case of a single polynomial in the denominator. In this section we
prove Theorem 4 in the case where I = J = 1. By the first remark following
the statement of Theorem 4, we may assume that 6 < 1. For py >0 and b€ B
let

|P(b; 2)|° |P(b; 2)|*
4.18 Iy = | ————+-dV  and op(p) = | ==~ dV.
1) 5 1Q0:2)F = J, T ar+
As observed in the preceding section:
(4.19) Iy, = limyo op(p) .
Thus our task is to evaluate the above limit of op(u). Let
[P (b; 2)|°
4.20 Ey(0, 1) = —dV.
(4:20) (01 /B Qs 2) + pe PP

Then, in view of Lemma 4.4 (and (4.16)), we may write
(4.21) o) ~ [ Ey(0, u)ib,
R/Z

where here, as is the case with all equivalences in this section, the implied
constants are independent of u and b. It is easy to see that

(4.22) op(p) ~ infpep/zEp(0, 1)

In fact, it is evident that op(p) < infgEp(f, ). On the other hand, if
infgEp(0, u) > Kop(p), it would follow that

Eb(ev M)d@ > Kab(lu)a
R/Z.
which would contradict the estimate (4.21), if K is large compared to the
universal constants implicit in that estimate. This establishes (4.22).

Let w = pe?™ and let b(w) = (b, ... b, %, .-, bf +w). Then we have
the obvious identity: Q(b;z) + w = Q(b(w);z). With this notation, we can
write

| P(b; 2)|°
Ey(0, 1) —/ ——————dV.
B 1Q(w); 2)°

Now assume b € By where By is the (Euclidean) open subset of B defined by
(4.22a) By = {beB:||Qb;2)—ZV||| < s1/2} .

Here s; is the parameter which appears in Theorem 5. Assume 0 < p < s1/2.
Then |||Q(b(w); Z)—ZN||| < s1 . Moreover, for p sufficiently small, we know, by
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Lemma 4.5, that Q(b(w); z), has only simple roots. Thus, applying Theorem 5
we obtain, for b € By and p sufficiently small:

(4.23) By(0, 1) ~ T(b(w)) = T(b,w)
where T'(B; W) = T(B', B"; W) € Z|(B; W)| is defined as follows:

(424) T(Bla BNa W) = T(BﬁvaE\/[—la ceey 367 B}(/’v B;(f—b ceey 3/7 B(/)/ + W)

and T'(B) is as in Theorem 5. We note that in (4.23), the implied constants
are independent of b, x and 6.
Estimates (4.22) and (4.23) imply that for b € By and p sufficiently small,

(4.25) o) ~ infoep 7T (b; pe®™)
and thus, letting u tend to 0,
T, = limyo op(p) = limyoinfeep,z T(b; ne®™™).

On the other hand, by observation 2 of Section 4.A, limy,_oT (b;w) exists.
Thus, for all b € By we have

(4.26) Ty = limy, o7 (b;w) ,

where the implied constants are independent of b.

It remains to clarify the dependence of the limit lim,,_o7'(b;w) on b, the
vector of coefficients of the polynomials P(b; Z) and Q(b; Z). In order to do
so, we write the size of T'(B; W) in the form

. . €1
Yic1 | Emto Fim<B>wm|>
ey )

Zj:l | Znio Gjn(B)W"|

where the coefficients Fj,,(B) and G, (B) are polynomials in C[B] . Let my

be the smallest integer m such that Fj,, # 0 for some i. For A a nonnegative
integer, define:

(4.27) T(B;W) ~ (

I* mo+A—1

Uy ={beBy:d> > |Fmd)| = 0}
=1 m=0

Let Uy be the Zariski closure of Uy in B (that is, the smallest variety containing
U,\). Then the Uy form a finite decreasing chain: B=Uy 2 Uy D --- D Uy.
The fact that Z, > 0, together with (4.26) implies that Uy = (0.
Let b € By. Then there exists a unique A such that b € Uy\Uy11. Again,
(4.26) and the positivity of Z; imply

J* mo+A—1

(4.28) > 1Gim®) = 0;
i=1 m=0
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thus we define

* m, €1
Yica S [ Fim(B)] ) |
i %5 1Gom(B)|

Combining (4.26), (4.27), (4.28) and (4.29), we conclude that for b € By
and b € Uy\Uyx+1, we have

(4.30) T, ~ T(b).

(4.29) T\(B) = (

This proves the first two parts of Theorem 4. The third part follows from
the construction of the U.

FEzrample. Tt may be easier to understand the stratification of Theorem 4

with the following easier example in mind. Consider the integral
|z — ¢

4.31 Z(a,b,c) = ————dV
(4.31) @b = [ o
with 1 < 6, and 26 — e < 2 and (a,b,c) # (0,0,0). Then Z(a, b, c) = oo if and
only if b = 0 and ¢ # 0. Moreover, the size of the integral can be given as
follows:

A
Alal + (0]
for b # 0. For b = 0, we have Z(a,b,c) = o0 if ¢ # 0, and for b = ¢ = 0, we
have Z(a, b, c) ~ |a| 0 A720+2+¢,

(432)  Z(a,b,c) ~ (Ala| + b)) PATF2H 4 ( ) |22 el

Remarks. 1. In this paper, we have chosen to use 6 parameters, as these
parameters are also instrumental in the treatment of the case of several poly-
nomials in the denominator (see the next section). But we can use also the
following formula for the regularized integral (4.18) which may be of indepen-
dent interest
(4.33) / PG

By (1Q(2)] + u™)?
N-1

M
~ Y DS PYF IT BV + L@ T Lite)] ™

{@:Q(a)=0} v=0 k=0 0<i<k

av

Here P(z) and Q(z) are polynomials of degrees M and N respectively, Q(z) is
monic, the exponents k. are defined by ki = (N—ky—e—S?N—m for0<k<N-2,
knN—1 =6 — v, and we have assumed Mv + 2 < 6N for simplicity.

2. The function T)(b) is infinite on the variety {b € Uy \Uxr+1; LA(b) = 0}.
By intercalating such varieties, we could also have formulated Theorem 4 in
terms of a seemingly finer stratification U};, where the values of the ARP on
U; \ U, would be either finite or infinite throughout.
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F. The sampling lemmas. In order to treat general denominators in ARP’s,
and not just those consisting of a single absolute value, we first introduce theta
parameters, which reduce a denominator of the form ijl |Q;(z)| to one of
the form |Z}]:1 Q; (2)e2™ | for §; € R/Z. We then apply a certain sampling
lemma, which replaces the integral over R/Z to a sum over a boundedly finite
number of 6;. We begin by stating such a lemma in its simplest form.

LEMMA 4.6 (first sampling lemma).  Fiz nonnegative rational numbers,
g, 6, such that 6 <1 and (g,0) is nondegenerate. Fiz nonnegative integers M
and N. Then there exists a real number s € (0,1), and a positive integer d,
depending only on €,6, M, N, with the following property: For all polynomials
P(2), Q1(z), Q2(z) with

e deg(P) =M, deg(Q2) < deg(Q1) = N;
o [1Q1(2) = ZN|| < 5/2 and [[|Q2(Z)]|| < 5/2,

we have
(4.34)
PG o PG
/B (@@ e f{eek/Z}/B 1 (2) + Qu(yez oV

~ infrpep/z.d6=0 / PEF__
WSRO 5 1@i(2) + Qo) PP

dv.

Here the implied constants depend only on the fized constants €,6, M, N, and

. — ; ; _k
{0 € R/Z : df = 0} is the set of points of the formt = 3,0 <k <d— 1.

Proof. In the proof, all equivalences will have implied constants which
depend only on the fixed constants ¢, 6, M, N. The lemma is obviously true in
the case when P(z) is the zero polynomial, and all expressions in the estimate
(4.34) vanish. Thus we assume that P(z) is not identically zero, and that all
the terms figuring in (4.34) are strictly positive. We clearly have
(4.35)

|P(2)|* : / [P(2)|*
dV < inf .
/B (@I +1Q:)D T = T E o Qi (z) + Qalz)e* P

, [P(2)I°
< lnf{eeR/Z:de_O}/B 1Q1(2) + Qa(2)eZm )5 av,

so our main task is to show that

(4.36)
| PG P(2)ff
lnf{eem/%d@()}/g (2 + Quzyezop V=€ /B 10+ 1@

dv
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for a constant C' depending only on ¢, 6, M, N. Let s € (0,1) be chosen as in
Theorem 4, in the case we have already proven, namely when |I| = |J| = 1. Let
P(2),Q1(z) and Q2(z) be polynomials satisfying the conditions in the lemma,
and consider, for w € C, the following expression

B P(2)
s = | ) + e

Thus J(w) = [5 RyydV where b : C — B is a complex line, L, in our
parameter space B.

Let B=Uy DU D --- D Uy = 0 be the filtration defined in sec-
tion E. Then there exists A such that L C Uy but L € Uy;;. Since L is
one-dimensional, and since each Uy, is defined by a finite set of algebraic
equations, L N Uyy1 consists of a finite set of points. Furthermore, if w € C
has length |w| < 1, then Q(b(w), Z) = Q1(b1,Z) + wQ2(b2, Z) has degree N
and |[|Q(Z) — ZM||| < s. Thus the case |I| = |J| = 1 of Theorem 4 applies,
and we see that there is a finite set S C C such that

(4.37)

|P(2) ]
/B 0102) +wQ2(z)]5dV ~T(b(w)) ~ H(w) forall we¢sS, |wl <1,
where, either H(w) = oo, or H(W') € C|(W)]| is a one variable ARP. We may
assume that H has the form given by (4.2a) . Note that while H does, in
general, depend on b, the number of terms which appear in H, as well as the
degrees of those terms, is bounded by a constant D which depends only on
g,0,M and N.

As we have seen in Section A, H(w) admits a continuous extension, pos-
sibly oo valued, to all of |w| < 1. However, the left-hand side of (4.37) is not
continuous in w, and we must proceed with some care. Since an arbitrary value
w in |w| < 1 can be approached by values outside of S, Fatou’s lemma, and
the fact that H(w) is continuous, implies that there exists C' > 0, depending
only on €,6, M and N, such that

[P(2)[*
(4.38) /B 0.0 + wQ2(2)|5dV < CH(w), forallw, |lw <1.

We restrict now our attention to |w| = 1, and write w = ¢*™. As in the case
considered in Section 3.E, it is convenient to introduce the notation

B |P(2)]*
(4.39) d —/B (IQ1(2)] + |Q2(2)])

B P(2)[f
B0 = [ Q1(2) £ 2 IQ5(2)

5 AV

dv.
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We observe that
(440) ag 1nf(R/Z)\SE(9),

where the implied constant depends only on ¢. The argument is the same as
in Section E. Clearly, o < E(0) for all §, and in particular o < infn 7)\ g E(0).
On the other hand, by Lemma 4.4 and the fact that S is of measure 0, we see
that

o [ EBO)d0 = / E(6)d6 > inf .y sE(9).
R/Z (R/Z)\S

This establishes (4.40). Together with the estimate (4.37) and the continuity
of H(w), this implies

(441) o~ inf(R/Z)\SH(eQWiQ) — inf[@/zH(GQﬂ—iG).

The key fact which we require now is that the infimum of H(e2™) over the
full circle 6 € R/Z can actually be determined by its infimum over a boundedly
finite set division points, {§ € R/Z : df = 0}. The precise statement and proof
will be given in Lemma 4.8. First, we establish a preliminary lemma, which
says that H has the same size as its infimum on a set of large measure:

LEMMA 4.7. There exists a constant K depending only on €,6, M, N
such that

(4.42) Vol{0 € R/Z; H(e*™) < K infp 7 H(e*™)} > 1/2,
where Vol indicates the Fuclidean measure.

Proof of Lemma 4.7. The argument is similar to the one for () in (4.22).
On one hand, we have

H (™) dp = /

H(e27ri9)d9 ~ /
R/Z\S

E(0)do = / E(0)d6 ~ o.
(B/Z\S R/Z

R/Z
On the other hand,

H(e*™9)dh > Ko Vol{f € R/Z : H(e*™) > Ko}.
R/Z
For o strictly positive and finite, and for K large compared to the implicit
constant in the earlier inequality (which depends only on ¢,6, M and N), we
obtain

Vol{#; H(e*™) < Ko} > 1/2.

Since o ~ infR/ZH(eQ”w) in view of (4.41), the lemma is proved in this case.
Evidently, o cannot vanish unless P(Z) = 0, and if 0 = oo, then the estimate
(4.42) is trivial. Thus Lemma 4.7 is proved. We now establish a sampling
lemma for ARP’s, which, when combined with (4.38) and (4.41), will complete
the proof of Lemma 4.6:
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LEMMA 4.8. Fiz a positive number €%, an integer d¥, and a positive
constant K > 1. Then there exists a positive integer d depending only on d7,
such that for all H(W) € C|(W)| of the form

S POW)P >E#/ ’
S Qe

with |1|,|J| and the degrees of Pi(W) and Q;(W) all bounded by d*, and sat-
isfying the following two conditions:

(4.43) H(W) = (

(] infR/ZH(e%w) > 0,
o Vol{# € R/Z : H(e*™) < K infp ,H(e*™)} > 1/2,

we have
(4.44) infiz 2 H (€*™) ~ inf {pep,z:a9—oy H (€*™7).
with the implied constants depending only on d¥* and K.

Proof of Lemma 4.8. Let 7 = infR/ZH(e%w). We may assume that 7 is
finite; otherwise the lemma is trivial. We claim that the set

(4.45) {0 e R/Z: H(e*™) < K1}

consists of a finite number of intervals, and that the number of intervals
is bounded by a constant depending only on d#: It suffices to prove that
{6 : H(e*™) = K7} has cardinality bounded uniformly in terms of d. To
see this, we rewrite the equation for these points as

1

J
(4.46) SR = (Kr) P ST Qs (2 2.

i=1 j=1

2mid# 6

If we multiply both sides of the equation by e , each of the terms

62md#9‘3(ezme)‘2 _ eQwid#epi(ezme)E(e—2m'9)

and

eQm’d#H ‘ Qj (627ri9> ‘2 _ e2m’d#9Qj (eQm'G)@j (e—2m’9>

becomes a polynomial in the variable w = €2™. Thus the equation (4.46) is
a polynomial equation for w of degree at most 2d#. It cannot have infinitely
many solutions, since then two sides would then be identically equal, and we
would have H(e*™) = Kr. For K > 1, this contradicts the fact that 7 is
the infimum of H(e?"). Thus the number of solutions of (4.46) is finite, and
bounded by 2d#. Tt follows that the number of disjoint intervals making up
the set (4.45) is bounded by 2d7.
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Consider now the set of points 6 satisfying df = 0. If this set does not
intersect the set (4.45), it would imply that each of the intervals making up
the set (4.45) has length at most 1/d. But we just saw that the set (4.45)
consists of at most d# intervals. Thus its total measure would be bounded by
d* /d. Hence, if we choose d large enough so that (d*/d) < (1/2), we obtain a
contradiction. Thus, we conclude that for d > 2d*, there exists 6 € R/Z such
that df = 0 and such that T'(e*™) < K7. Lemma 4.8 is proved.

We return now to the proof of the sampling lemma. Recall that we may
assume without loss of generality that P(z) is not identically zero. In this case
the integral o of (4.39) is strictly positive; hence the infimum of T(e?"%) is
strictly positive in view of (4.41). In view of Lemma 4.7, the function T'(w)
satisfies all requirements in Lemma 4.8. Thus we may apply (4.41) and Lemma
4.8 and deduce that

(447) ag ~ iIlfR/ZH(627ri9) ~ inf{QGR/Z;dgzo}H(e
Here the implied constants depend on d#, K and M, N,e,6 . But d# and
K in turn depend only on M, N, e, 6. Thus we conclude that in (4.47), the
implied constants depend only on M, N, ¢, 6.
In view of inequality (4.38), the right side of (4.47) is bounded below as

follows:
(4.48)

27ri0) )

N PRI
> C~!inf :df= / | i av.
> {OCR/Z:d0=0} | 1Q1(2) + e270Qy(2)[0

Inequality (4.36) is an immediate consequence of (4.47) and (4.48). The proof
of the first sampling lemma is complete.

271'1'9)

inf(pep /z:a0=0y H (€

In practice, we need the first sampling lemma in the following more general
form. Fix positive integers M and Ny, ..., Nj, and a nondegenerate rational
pair (e,9).

LEMMA 4.9 (second sampling lemma). Fiz nonnegative rational numbers,
g, 6, and assume 6 < 1 and (e, 0) is nondegenerate. Fiz integers M, Nj, 1 <
Jj < J, and a constant C > 0. Let s € (0,1) be chosen so that the case I = J =1
of Theorem 4 holds. Then there exists a positive integer d with the following
property. For all polynomials P(z), Q;(z), 1 < j < J, with deg(P) = M,
deg(Q;) = N, with Ny > --- > Ny, satisfying |||Q1(Z) — ZM||| < s/(2J) and
Qi (DI < s/(2J) for j > 1, we have

’P(Z)F . ’p(2)|5

B (S Qi I s S Qia)ermitge
6 : = . X .
B Q(2)exm s

Here all implied constants depend only on M, Nj, €, 6, and s.
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Proof. The case J = 2 is the preceding sampling Lemma 4.6. For gen-
eral J, we observe that the right-hand side of the desired equivalence remains
unchanged if we replace (R/Z)” by {# € (R/Z)? : 6; = 0}. So we make this
replacement, and then use induction. O

G. Proof of Theorem 4. We are now in position to prove Theorem 4 in
full generality. Clearly we may assume I = 1. As in the proof of the case
|I| = |J| = 1, we may assume that 6 < 1. Let s € (0,1) be chosen as in this
case (and hence as in the sampling lemmas). We may replace Q;(Z), j > 2, by
(s/(4CJ))Q;(Z), without changing the size of Z}]:l |Q;(2)| (up to constants
depending only on s, J, and C'). Thus we may assume that |||Q;(Z)||| < s/(4J)
for j > 2. Assume that |||Q1(Z)— Z™ ||| < s/(4J). Then we can apply Lemma
4.9 and write, for u < s/(4J),

(4.50)

/ [P(=)I°
B (371 1Qj(2)] + m)°
we [ P
ez o Q=) + L1 Qs2)
~ inf / P()] v
{a0=0} J |Q1(2 )+ ZJ 2 Qj(2)e*™ + pe?mifn |8
P(2)* /
{de 0}/ |Z 1Qj )e2m il +u!5 {d@ 0} |Qo(= +u|‘S
where Qg(z) = Z,]/Vio b’(0)z" is defined by the last equation:
l

b//(e) — Z b‘/j/€27r’i9j

J=1

~

2 271'19] +M627r191’6

(the last equation is interpreted as an identity of vectors of length N; as follows:
b = (b, .,b;{Nj) is identified with (b7, .. .,b;{Nj,O, ...,0), where N1 — N;
zeros have been added at the end to create a vector of length Ny).

According to Lemma 4.5, for a fixed 0, the polynomial Qg(z) + p has

distinct roots provided g is sufficiently small. Thus, applying Theorem 5, we

get

where T is defined as in (4. 14) Now fix 6 € (R/Z)” such that df = 0. Define
B"(0) = Zé | Bje(0;), where we set B} = (B, .. .,B;{NJ_,O, ...,0). Define
. s -1
T(B;W) = T(B, B"; W) = ( 3" T(B, B"(0):; W)*) .
df=0



ALGEBRAIC ESTIMATES 311

Then, for p sufficiently small,
T(b, 1) ~ infgg—o T, 0"(6), ).

Using (4.50) we conclude that for u sufficiently small,

P()I* AV ~ T(b. 1),
/ (57 1Q,(2)[ + ) )

Now we write T'(B; W) in the form (4.27), and conclude the proof exactly as
we did in Section E. This completes the proof of Theorem 4.

5. Some preliminary considerations about stability

We now come to the application of the previous estimates to the problem
of stability for inequalities of the form

1
(5.1) /Bm) (23]21 |fj(2)|2)6/2dVI < dVy, < 00,

where the f;(z), 1 < j < J, are holomorphic functions in a neighborhood of

the origin in C™.
It is convenient to introduce
e the J-dimensional vector f(z) = (f]-(z))jzl and its length |f(2)]*> =
J
Zj:l |fj(2)‘2,

e the polydisk B = {(z1,--+,2n) € C"|z| < r}. As we did earlier, we
shall write simply B for the polydisk of radius 1.

e the supremum norm for the J-vector valued functions f(z)

J
(5.2) 1117 = supgen | £ (2)]” = supgem > 1f5(2).
j=1

In this paper, we shall consider the following two notions of stability:

Definition 5.1. (i) Inequality (5.1) is said to be uniformly stable if, for
any f;(z) satisfying (5.1), and for any 0 < r < 1, the following property holds:
The functional

1
(5.3a) g= (gj)‘-]:1 — / dVy -+ -dV,,
’ B (5 195 (2)[2)2/?
defined for holomorphic functions g = (gi(z))}]:l on B™_ is continuous at

f= (fj)}]:1 with respect to the norm (5.2).
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(ii) Inequality (5.1) is said to be holomorphically stable for d-dimensional
deformations, if for any f(z,c) = (fj(z,c))jzl holomorphic in B™ x B@ c
C™ x C% satisfying the inequality

1
(5.3b) / Vi -+ dV,, < oo,
B (3271 | £(2,0)[2)8/2

and for any 0 < r < 1, the function

1
(5.4) e / Vi ---dv,
B (X7 £z, ¢)[2)9/2

is continuous for ¢ in a polydisk Bgd) in C?, for some p > 0.

Note that uniform stability implies holomorphic stability.

We observe that stability is not an issue when the integrals diverge, in
view of Fatou’s lemma. It is convenient to gather in this section the basic facts
which will be required later.

A. Order of vanishing and integrability of |f(2)|~°. Let f(z) be a holo-
morphic function in a neighborhood of the origin in C™. We say that IV is the
order of vanishing of f(z) at the origin if f(z) can be expressed as

f(z) =) Pi(2)
i>N

where for each i, P;(z) is a homogeneous polynomial of degree i, and Py(z) is
not identically zero. Equivalently, the order of vanishing can be characterized
as the smallest integer among the orders of vanishing at 0 of the function
f(2) along all lines passing through the origin. The order of vanishing N of a
function f(z) is clearly invariant under multiplication by a nonvanishing factor.

As in the real case [18], the following simple observation is crucial to our
considerations.

LEMMA 5.1.  Assume that fj(z), 1 < j < J, are holomorphic functions
on a polydisk B™ and that |f(2)|7¢ is integrable on B™ for somer > 0. Then
2n
N
where N is the lowest of the orders of vanishing of all the functions f;(z) at
the origin.

(5.5) 6 <

Proof. Indeed, say fi1(z) is a function whose order of vanishing is N.
The fact that N is the order of vanishing of fi(z) at the origin implies that
|f1(2)] ~ |2|V, for |z| small and z in some open cone I" with vertex at the ori-
gin. Since all other functions f;(z), 2 < j < J, have orders of vanishing > N,
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it follows that |f;(2)| < C|z|" for |z| small. Thus for 7/ < r and small enough,
we have |f(2)? = ijl 1£i(2)]? ~ |2|?N for z € T and |z| < 7. In particular,
changing to polar coordinates:

1 v
0 > / ﬁdvl---dvnw/ / PNy
r{jzl<r} |f(2)] r{|==1} Jo

from which our assertion follows.

B. Reduction to Weierstrass polynomials. We say that a function Q(2’, z,,)
is a Weierstrass polynomial in z,, of degree N on a polydisk Bﬁ,n_l) X Bﬁl) ccecr
if it can be expressed as

N—1

(5.6) Q' zn) =2 + Y an—k(2)2)

k=0

where the coefficients ai(2’), 1 < k < N, are holomorphic on ijl_l) (Note
that we do no assume that a;(0) = 0.) The following version of the Weier-
strass Preparation Theorem provides conditions under which a function g(z)
can be reduced to a Weierstrass polynomial, with continuous dependence on
parameters. A proof can be found in [18].

LEMMA 5.2.  Let f(z) be a holomorphic function on a polydisk B™ in
C™. Assume that
F0,20) = ez +0(z 1), ¢ #0.
Then there exists p > 0 and 0 < s < r with the following property. If g(z) is
holomorphic on B,(ﬁn) and if supg |f —g| < p, then g(z) can be written on B§")
uniquely as

(57) g(Z) = ug(Z)Qg(Z,> Zn)a
where Qq(2', z,) is a Weierstrass polynomial on B"™ and ug(2) is a nonvan-
ishing holomorphic function. Furthermore, ugy and Q4 depend continuously on

g in the following sense:

e For every T > 0, there exists T/ > 0 such that sup )| f — g| < 7" implies
that supBgn)]Qf — Qqg| < 7, supp_|uy —uy| < T, supBén)ll —uf/ug| < T,
and, for all k, SUP (1) lafr —agr| <.

e There exist Py,---,Py € Z[B_1,B_9,--][[B1,"--,Bn]] such that the
coefficients aq(2") can be expressed as a convergent sum agp(z') =
Pi({byx(2")}) if g(2) is written in the form g(z) = S 5o obgN—k(2')2F
with by o = 1. (Here P; is a power series in B, ..., By whose coefficients
are polynomials in B_1,B_o,....)
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In practice, we shall need a generalized version of Lemma 5.2, which allows
us to replace expressions of the form Z}']=1 |f;(2)|? by equivalent and similar
expressions involving Weierstrass polynomials.

LEMMA 5.3.  Let f(z) = (fj(2)), 1 < j < J, be holomorphic functions
on the polydisk B™ < C", and let N > 1 be the lowest order of vanishing of
the functions f;i(z) at the origin. Then for any s > 0, there exists p,C > 0,
and 0 < r < 1, with the following property: After making a rotation of our
coordinate system, there exists, for any g = (g;(2)), 1 < j < J, holomorphic
on B™ with ||g — f|| < p, Weierstrass polynomials Qg (7, 2n), 1 <5< J, of
degree N in z,, holomorphic on the polydisk B,En), such that

J J
(5.8) Mg~ > 1Qgs(2)P
j=1 j=1
(5.9) 11Qo1 (2, 2) = ZV|[ < s, [[|Qe;(Z 2)|]| <C  for j > 2.

The implied constants in (5.8) depend only on f and s, and are independent
of g and z. Furthermore, Qg.i(z) depends continuously on the g, in the sense
that

o sup_,_pm- |||Qg,;—Qg;ll| can be made arbitrarily small by making ||g—g||
small; '

o If g = g(z,¢) is holomorphic on the polydisk B™ x B@ then Qq,j is
holomorphic for (', ¢) in a polydisk pitd=b for some 0 < Kk < 1.

Proof. Without loss of generality, we may assume that N is the order
of vanishing of fi(z) at the origin. Rotating our coordinate system, we may
assume that f1(0, z,) = 2N +O(|z,|Y ). In view of the estimate | f1|2+|f;]? ~
|f112 + | f1 + fi|?, we may replace f; by fi + f; if necessary, and assume that
£i(0,2,) = izl + O(|zn|N 1), with ¢; # 0. Note that all f;(2), 1 <i < I, have
now order of vanishing exactly equal to N at the origin. Applying Lemma 5.2,
there exists 7 > 0 and p > 0, so that any g;(z), 1 < j < J, holomorphic in
B™ with ||g — f|| < p, can be expressed as in (5.7), with Qg ;(z) a Weierstrass
polynomial of degree N on Bﬁn).

The continuous dependence of Qg4;(2) on g; as stated in Lemma 5.3 is
a direct consequence of the corresponding properties of Weierstrass polyno-
mials stated in Lemma 5.2. To obtain (5.9), observe that Qf1(0,2,) = 25,

since f(0, z,) has a zero of order N at z, = 0. It follows that we can make
1Qs1(2', Z) — ZN||| arbitrarily small for 2/ € Bl by taking 0 < 7’ small

T
enough. By the continuous dependence of the Weierstrass polynomial Q4(2)

on g, the same is true for |[|Q,1(2', Z) — ZV||| if we also take 0 < p small
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enough. Let r = min(p,’). This establishes the first part in (5.9). The sec-

ond part is trivial since the Weierstrass polynomials Qg (%) have uniformly

bounded coefficients, again in view of their continuous dependence on g;.
Finally, (5.8) follows from the continuous dependence of u, on g.

C. Uniform boundedness vs. continuity of [ |f|~°. In this section, we show
that the continuity of the functional is, for all practical purposes, equivalent
to the seemingly weaker property that

1
(510) sup|ff0|<p/(n) |f( )’(Sd‘/l an < 00,

for some p > 0. For our purposes, we need a somewhat more general formula-
tion, involving quotients.

Let r > 0 and let F = {(f, g)} be a family of pairs of continuous functions
on the polydisk Bﬁ")(R") in R”, with the property that {z : f(z) = 0} and
{z : g(z) = 0} each have measure zero.

LEMMA 5.4. Let € > 0. Assume that there exists a constant C' such
that
(5.11) sup f/ () EdVy--dV <C
) < C.
FOE g @ny lg (=) Fe

Let (fo(z),g90(2)) € F. Then for every T > 0 there exists p > 0 so that if
(f.g) € F and supp, Rn)\g —gol +|f — fol < p, then

102) [ AR
Y A g A e

Proof. We begin by observing that for all (f,g) in F and all a« > 0

dVi---dVy| <.

(5.13) / If|1=dVy - -dV,, < Calte
{lg|<a}
by the Chebychev inequality. Next, we apply Holder’s inequality to the func-
tion .
f f T+e 2e
4~ 1252 fr
9] 9]

and exponents p=1+4¢, ¢ = % to obtain

Il - |fFIPe 2 =
(5.14) / / )T / f2dVi - - - dV,) 7.
{lal<ay l9] = < {lol<a} l91™" )™ {lgl<a} )

Since we have the easy estimate

/ \f2dVy---dV, < (sup\f|1+5>/ |fIYEdVA - - dV,
{lg|<a}

{lgl<a}
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the estimates (5.11) and (5.13) yield

(5.15) / mdvl -dV, <C'af
B.(R")

n{lg|<a} 19l

with a constant C” independent of (f, g) in F, if | f| is uniformly bounded. Fix
now (fo,go) in F. Restricting ourselves to a bounded neighborhood of ( fo, go)
in the sup norm, we may assume |f| is uniformly bounded. For any 7 > 0,
we may choose and fix a so that the right-hand side of (5.15) is < §. Choose
p > 0 so that

(5.16)  supp m|f — fol + 19— g0l <p

lfl - 1fol _
:>SupBr(R")ﬁ{|go|>a/2}}‘g‘ ‘g0’\< TVol(B, (R™)) .

The integral of the right-hand side of (5.12) over the region B,(R™) N
{lgo|] > a/2} is thus < 7/3. Taking p < a/2 if necessary, we can also guarantee

that
/ de -dV, _/ |f|dV -dVi,,
{lgo|<a/2} 191 {lg|<a} 19l

for all (f,g) € F. The desired estimate follows.

The replacement of |‘]gc |‘ by ||£ F: in Lemma 5.4 is actually harmless, in

view of the following lemma which extends a result of Stein [21].

LEMMA 5.5. Let B C C™ be on open subset and and B’ C B an open
relatively compact subset. Let R and S be functions of the form

I pe e
R = Z}:l’leé and S = Z?]:*l‘fz*’(s*’
Ej:l A Zj:l |gj|
where fi(2), g;(2), [7(2), gj(2) are holomorphic functions on B. Assume that
/ RdV < oo
B
Then there exists o > 0 such that
/ R-S57dV < oo.

Remark. Only the fact that the functions f;(2), g;(2) are real-analytic is
actually required, but we shall not insist on this point.

Proof. Clearly we may assume that I = I* = 1. Also, since

[t ~ [, f i o
B Y lg;l° o7 Ju |3 i g4
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we see, using Lemma 4.4, that there exists 6 € [0,1]” such that

/ LfI°
J 0.
.07 | D25y €™ g5

dV < oo.

: |f1°
Slnce R < m,
|Zj:16 794

we easily see that there exists 6* € [0,1]”" such that Zj; e*™ ;5 g; # 0. Since

this shows that we may assume that J = 1. Finally,

S < % we may assume that J* = 1. Thus we are reduced to
[ e Jgjl
Jj=1 J

proving the lemma in the case: I =" =J =J" = 1.

Before proceeding with the rest of the proof, we recall a special case of
Hironaka’s theorem on resolution of singularities [9]:

HIRONAKA’S THEOREM. Let f be a holomorphic function in a neighbor-
hood of 0 in C™. Then there is a complex manifold M and a proper analytic
map 7 from M to a neighborhood of 0 in C™ so that

(a) w1 is a local isomorphism from M — = 1(f~1(0)) to C* — f~1(0).

(b) For each P € M, there are local holomorphic coordinates zy,- -, z, cen-
tered at P so that

n
fom= UHz;“,
=1

where a; are nonnegative integers, and U(z) is a holomorphic, nonvanish-
ing function.
(¢) The local coordinate system of (b) may be chosen so that
n
J(m)=U H 2,

i=1
where J(m) is the Jacobian determinant of the map m, the b; are nonneg-
ative integers, and U(z) is a holomorphic, nonvanishing function.

Parts (a) and (b) are contained in [3, Remark 8]. Part (c) follows from
(a) and (b): By part (a), if J(7)(z) = 0, then z € 7~1(f71(0)). Thus the
hypersurface defined by J(m) = 0 is contained in the union of the coordinate
hyperplanes, i.e., the hyperplanes z; = 0,1 < ¢ < n. Thus, by the weak nullstel-
lensatz (see [7]), the factorization of J() (in the ring of germs of holomorphic
functions at z = 0 ) must be of the form described in (c).

We return now to the proof of Lemma 5.5. For every point p € B, we
choose a ball B, C B, centered at p, and apply resolution of singularities to
the function fgf*g* on B,. Shrinking B, if necessary, we obtain 7, : M, — U,
satisfying conditions (a), (b), (c¢). Let W, C B, be the ball, centered at p,
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whose radius is half that of B,. Then, by compactness, a finite number of the
W, cover B’. Thus it suffices to show that

R-57dV < oo.
Wy

By the change of variables theorem, this amounts to showing
[ A®s)em @l av < .
Wp_l(Wp)

for some o > 0, given that the integral is finite when o = 0. Since 7 is proper,
we know that L(W,) is compact, and is thus covered by a finite number
of coordinate neighborhoods which satisfy conditions (b) and (c¢). Thus we
are reduced to proving the lemma in the case where R and S are of the form
[T, 2" , with ¢; € Z. In this case, the integral factors into a product of one
dimensional integrals, and we are reduced to showing that if | g 12|¢ dV < oo,
where B C C is a bounded open set, then [ |z|°7% dV < oo for all sufficiently
small € € R, which follows trivially upon changing to polar coordinates. This
completes the proof of Lemma 5.5.

6. Stability in lower dimensions

In two complex dimensions, the stability of integrals holds in the most
general form, as shown by Tian [22]. In this section, we apply our uniform
one-dimensional estimates to give the following new proof of Tian’s result, as
well as an extension to three complex dimensions.

THEOREM 6. Let fi(z), 1 < j < J, be holomorphic functions on the
polydisk B™ of radius 1 in C*, and assume that (5.1) holds. Then for any
0 < r <1, the functional (5.3a) is continuous at f(z) = (f; (z))JJ:1 in the space
of holomorphic functions on B, in the norm ||f|| of (5.2), under any of the
following assumptions:

o n=1;

o n=2;

en=3andé < %, where N is the lowest of the orders of vanishing of
fi(z), 1< < J.

Proof. We first assume the theorem in the case J = 1, and show how this
implies the result for arbitrary J. Our hypothesis implies

1
(6.1) /B(") 57 |fj(z)|2)6/2dvl e dVy, < o0.
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Lemma 5.5 implies that for every r1 < 1, there exists 6 < &' < 1 such that

1
(6.2) / V- dV, < .
BY () (=) )02
Lemma 4.4 implies that there exist 61, ..,.0; € R/Z such that
1
(6.3) / 5 ——dV; - --dV;, < oo,
B [ 3050 fi(2)erm i)

Thus the theorem in the case J = 1 implies that for every ro < r1, there exists
p > 0 such that

1
g P (n) |Ej_ ( ) 27r19J’6
which in turn implies
1
(6.5) SUp||g—fi|< / -dVy - -dV;, < o0.
I B (- g (2)))?

Now we apply Lemma 5.4, with f = fo = 1, go = (3 |£i[2)%/2, g = (3 1g51%)%/?
to conclude that uniform stability holds.

Now we prove Theorem 6 in the case J = 1. We shall write f = fi.

As in Section 5.A, let N be the order of vanishing of the function f(z) at
the origin. We saw there that the hypothesis (5.1) implies that 6 < %" Thus
0 < % in all three cases considered in Theorem 6. In view of Lemma 5.5, we
may actually work with ¢’ slightly larger than ¢ but still satisfying ¢’ < %. It
suffices then, in view of Lemma 5.4 and the observation subsequent to Lemma
5.5, to show that the integrals of |g(z)|~% are uniformly bounded for ||g — f]|
small enough. Let s € (0,1) be as in Theorem 4, and let » > 0, p > 0 be
chosen as in Lemma 5.2. In particular, to each g(z) corresponds a Weierstrass
polynomial Q4(z) of degree N in z,, and

1 1
6.6 / ——dV; ---anw/ ——dVq - - - dV,.
(6.6) 5o TP 0 Q)P

Changing scales, we may assume that B,En) is the polydisk B™ of radius 1
Now &' < % and all the hypotheses in Theorem 3, (b), are verified. We
deduce that

1 1
(6.7 Lo T T Gy ()

where the expressions Gy ;(z') are polynomials in the coefficients of the Weier-
strass polynomial Q4(%’, Z), and the index g indicates their dependence on the
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function g. In particular, G4 ;(2’) depends continuously on g(z). We obtain:

1 1
(6.8) / ViV ~ / * ViV
5o 19(2)[° B0 (270 [Gyy(2)))°

We consider successively the three cases listed in Theorem 6.

Case 1. In the case n = 1, no additional integration besides dV; is nec-
essary, and we just consider (6.7). Since |f(z)|~% is integrable, the right-hand
side of (6.3) is finite for g(z) = f(z). This means that G; # 0 for some j.
Clearly |Gy,;| is then bounded away from 0 for ||g— f|| small enough. Applying
(6.7) again gives the theorem in this case.

Case 2. In the case n = 2, the right-hand side of (6.8) is an integral
of the same form as the original integral, but in dimension 1. Since this case

is now known to be stable, the uniform boundedness of the integrals on the
left-hand side of (6.8) follows.

Case 3. The argument is identical to Case 2, with the uniform bound-
edness of the 3-dimensional integrals on the left-hand side of (6.8) reduced to
that of the two-dimensional integrals on the right-hand side, which has just
been established. dJ

7. Holomorphic stability in arbitrary dimensions

We turn now to the stability of integrals of the form (5.1) in arbitrary
dimensions. Very little is known in this case. There are no counterexamples
such as Varchenko’s counterexample in 3 real dimensions. The only general
results available so far are the following two theorems due respectively to B.
Lichtin [14] and Y.-T. Siu [19], [20], which deal both with one-dimensional
parameter families of holomorphic functions.

LICHTIN’S THEOREM.  Let f(z,¢) be a one-parameter holomorphic fam-
ily of germs of holomorphic functions at the origin in C™. Assume that for
each ¢, the germ f(z,c) has an isolated singularity at the origin, and that
fB(")(O) |f(2,0)| 7%V} - --dV,, < oo for a Milnor ball B (0) for f(z,0). Then
for any family of Milnor balls B™ (c) cc B™(c) for each germ f(z,c), the
integral [5en) © |f(2z,¢)|7%dV; - - - dV,, is finite for each c small enough.

SIU’S SEMICONTINUITY LEMMA.  Let B™ x BW be an open polydisk
centered at the origin in C"* x C. Let Bﬁn), 0 < r < 1 be any relatively
compact open polydisk contained in B™. Let f(z,¢) = (fij(2)), 1<j<J,
be holomorphic functions on B™ x B and § be a positive number. If
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S | f(2,0)[72dV; - --dV;, is finite, then there exists a constant C < oo so
that

(7.1) inf0<c<p/< 1Szl avi--av, < .
BT'VL

for all p > 0 sufficiently small.

Equivalently, there is a subsequence ¢, — 0 so that
sup,, /B(") |f(z, cl,)|_5dV1 - dV, < C.
As Siu noted [20], a more careful scrutiny of his arguments actually shows that
lim,, o0 /Bﬁ") |f(z,¢,)| %AV - -dV, = /Bﬁ"’ |f(2,0)|7%dV; - - - dV,.

Alternatively, this slight strengthening also follows automatically in view of
the discussion in Section 5.C.

Siu’s semicontinuity lemma is a direct consequence of a more general
Lemma (henceforth referred to as Siu’s lemma), which Siu establishes for non-
positive plurisubharmonic functions, using the work of Ohsawa-Takegoshi [16]
on extensions of holomorphic functions with Carleman weights. For greater
clarity, we present both the statement and proof of Siu’s lemma in a separate
appendix.

The purpose of this section is to show how the uniform estimates for ARP’s
derived earlier, combined with Siu’s lemma on plurisubharmonic functions,
can give holomorphic stability for 1-parameter deformations. In effect, the
infimum on the left-hand side of (7.1) can be replaced by a supremum. This
strengthening implies Lichtin’s theorem, and shows that no example such as
Varchenko’s can exist in the complex case.

THEOREM 7. Let D C C™ be an open set and D' C D a relatively
compact subset. Let R(z,c) be a function of the form

(Cizi lfi(z, o))/
(71 lgj (2, ¢)[2)2/2
where gi(z,¢), fj(z,¢) are holomorphic functions on D x BW, where BM s

ball centered at the origin in the C plane, and €, are fixed nonnegative rational
numbers. Assume that

(7.3) R(z,¢) = R(z,¢;¢€,0) =

(7.4) / R(z,0)dV; - - - dV}, < c0.
D

Assume as well that

(7.5) —log (R(z,c¢)) is a nonpositive plurisubharmonic function on Dx B .
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Then there exists a disk B,()l) so that the function

(7.6) c — R(z;c) dV
D/

s finite and continuous on Bgl).

The Main Theorem in the introduction follows by taking Zi[:l |fi(z,0)|?
to be a large constant.

Before giving the detailed proof of Theorem 7, we pause to discuss a
global strategy for such problems, and point out some key differences between
the present situation and the lower dimensional cases treated in Section 6.

By compactness, we may assume that D is the polydisk B of radius 1,
and that D’ is another small polydisk B;n) with r > 0 suitably chosen. In view
of our earlier observations in Section 5.C, it again suffices to prove that

(7.7) sup . / R(z,c;e —v,6+v)dVi---dV, < oo
ceB, Bﬁn)

for some p,v > 0. Let N be the lowest order of vanishing of g;(z,0) at z = 0,
and choose s € (0,1) as in Theorem 4. Applying Lemma 5.3, we can find
r > 0, p > 0, so that g;(z,¢) can be written in the polydisk Bﬁn) X B,gl) as
gij(z,¢) = uj(z,¢)Qj(z,c), where Q;(z,c) is a Weierstrass polynomial in z,
on Bﬁn), depending holomorphically on ¢ € B/gl), uj(z,c) is bounded away
from 0, and (5.8) and (5.9) hold. The f;(z,¢) may be assumed to have a
similar Weierstrass factorization: f;(z,¢) = v;(z,¢)Pi(z,¢). It clearly suffices
to establish the estimate (7.3) with f; replaced by P; and g; replaced by Q.

To simplify the notation, it is also convenient to dilate the z variables,
) is just the unit polydisk B,

(3, [P/
(O, 1Qs(z0)2)572
B of (4.4). Recall that B is essentially a space of polynomials (P;(Z),Q;(Z)),
whose coordinates are the coefficients b’ and b” of P;(Z) and Q;(Z). Set b =
(b',0") as before. Let Uy, Th(b) € Z|b| be the filtration following from Theorem
4, and let b(%’, ¢) be the coefficients of the polynomials (P;(2', Z, ¢), Q;(%', Z, ¢).
Given (2/, ¢), there exists a unique A(2', ¢) so that b(2',c) € U ) \ U )41
Theorem 4 provides then the following estimate

1 . 2\e/2
1 |Pi(z,c
(Zlil | ( ) ) dtn ~ j)\(z’76) (b(Z,, C))

and assume that B,gn

The function is thus of the type associated to the space

|
Rz, 0)dVs /Bw (CL1 1Qiz, )2

Our main task is to carry out the remaining dV; - - - dV,,—; integrals. The

B(n)

main difficulties are the following.
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e Let X\ be the stratification level characterized by the fact that U is the
smallest subvariety which contains (P(2/,¢), Q(2',¢)) = (P;(#,¢), Q;(#,¢)) for
all (2/,¢). In general, we have then

Tz, (b(2', ¢)) = Ta(b(2', ¢))

except possibly when (P(Z,¢),Q(Z',¢)) € Uxy1. The c-parameter space gets
partioned into the Zariski open subspace Wy of values of ¢’s for which the

variety
Z,={2 e B" Y . (P(Z,¢),Q(7,¢)) € Uri1}

is of codimension > 1 in B, and the closed variety W) of values of ¢ for
which the variety Z. is of codimension 0. In the first case, the variety Z. is
of measure 0, and for the purpose of integrating in dVj - - - dV,,—1, we may just
use T (2, ¢). In the second case, we must use instead Th;1(z’, ¢) on some open
subset of W1\Wy C W;. Continuing in this fashion, we get a stratification
Wo 2 W1 D Wy --- of e-parameter space, with different T)\ controlling the sizes
of the integrals at each level of the stratification. The fact that, at intermediate
stages, there is no single expression controlling the integral, but rather many
expressions depending on which stratification variety we are in, is a source of
significant difficulties.

e As a rule, the expression T)(2',¢) can be expected to get increas-
ingly difficult to control as ¢ approaches a lower dimensional variety of the
c-stratification. Indeed, the emergence of Th,1(2’,c) is due to the fact that
T)\(2',¢) approaches an indefinite expression 0/0.

e It is not surprising that difficulties should surface at a second integra-
tion. The first integration produces in general a rational expression. Integrals
of generic rational expressions are manifestly not stable under arbitrary defor-
mations.

e A successful approach must identify special features of one of the fol-
lowing:
1. The rational expression appearing at intermediate stages.

2. The deformations resulting from deformations of the integrand R(z,0).

e The lower-dimensional cases treated in Section 6 can be viewed as an
example of the first strategy (cf. (6.4)). The proof of Theorem 6 below can
be viewed as an example of the second, with Siu’s semicontinuity theorem
controlling indirectly the relevant deformations.

Proof of Theorem 7. Our goal is to prove the estimate (7.7) for some
p,v > 0. We first choose v so that if we replace R(z,c;¢,6) by R(z,c;e — v,
8+4v), then (7.4) holds, and the pair of exponents (¢ —v, §+v) is nondegenerate.
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This is possible since, by Lemma 5.5, (7.4) will hold for all sufficiently small v,
and, by the definition of nondegeneracy, the pair (¢ —v, 6 +v) is degenerate for
only a finite number of values of v. Thus we fix a v for which these conditions
are met, and we replace R(z,c;e,6) by R(z,c;e —v,6 +v). We note that (7.5)
will hold for this choice of v as well (see [10, Corollaries 1.66 and 1.68]).
Next, we see by Lemma 5.3, that for the purposes of proving (7.7), we may
assume, after making a linear change in the z variables, that the f;(2’, z,;¢)
and the g;(2, z,,; ¢) are Weierstrass polynomials in z,, for (z;¢) = (¢, z,;¢) in
the polydisk Bﬁ:jll) X By(«i) X B,gl), for some r,,_1, 7y, p > 0. Decreasing the size
of r,—1 and p will guarantee that the hypothesis of Theorem 4 applies to the

one dimensional integral in the z, variable over the ball Bq(ni) . Thus we obtain:

/B(l) R(zc) dVa ~ T’\(b(zl§c))(b(zl5 ) = T/\(z/;c)(ZIS c) .

Let X' = inf(,.) A(2';¢) where the infimum is taken over the polydisk
B « B,(;I), and write T\ (2;¢) = Ky (2';¢)/Ly(2';¢). We must have that

Tn—1
Ly (2';¢) # 0, for otherwise, the integral given in (7.6) would be infinite for
all sufficiently small nonzero ¢, which, by Siu’s lemma, would contradict (7.4).
Now, for each nonzero ¢ € Bél), Theorem 4 implies that for all 2’ outside the

subvariety Z! = {2’ : Ky/(2';¢) = 0}:

(7.8) /B(l) R(z;¢) dVy ~ Ty (2';¢) = |e|* - T (25 ¢)
where 4 is a rational number, Ty = (K')¢'/(L)¥, K’ and L' are sums of
absolute values of holomorphic functions, and K'(2;0) # 0, L'(2/;0) # 0 (to
see this, we simply factor out the highest power of |c| from the numerator and
denominator of Ty).

Now choose @’ such that K (a';0) # 0. Then K (a’;c) # 0 for ¢ sufficiently
small. Hence, shrinking p is necessary, we may assume that Z. is a proper

(

subvariety for all nonzero c € Bpl). In particular, Z/ has measure zero.

After making a linear change in the 2’ variables if necessary, we may
assume that K’(2’;¢) and L'(2;¢) do not vanish identically when (2”,c¢) =
(21,..+,2n—2;¢) = 0. Using Weierstrass preparation again, we may assume
that K'(2';¢) and L'(2';¢) are sums of absolute values of monic polynomials
in 2(,,—1) whose coefficients are analytic functions of (c; 2”) where 2" € B,(:j ),
Choose ¢’ > 0 to be a small rational number with the following properties:

a) (K')¢'/(L)"+°" is nondegenerate with respect to the z,_; variable.

b)

R(z;0

/ o B v av, < o,
BIDxB®  xBY) (L'(2/;0))7



ALGEBRAIC ESTIMATES 325

From Lemma 5.5 we know that b) holds for all sufficiently small o/ > 0.
Moreover, a) will be satisfied for all but finitely many o’. Thus there does
exist a rational ¢’ > 0 for which a) and b) are simultaneously satisfied.

Thus, shrinking p and ry if necessary, for all nonzero ¢ € B,gl) we have

. Ty (2
(7.9) / / f%(fic) AV, dVyy_1 ~ c]“-/ Mdvn_l.
B | JBY (L'(25¢))° B (L'(2'5¢))”

We may apply Theorem 4 again (since the nondegeneracy hypothesis is now
valid), and we find that

T ’ ! !~
/ Mdvn_l ~ T)\//(Z”; C) ~ ’C|’u T)\N (Z”; C)
B | (L'(#50))”

for ¢ sufficiently small, and for all 2" € B,(ij ) lying outside a proper closed

subvariety which depends on c¢. Continuing as before, we write Ty =
(K")e" /(L")®" and choose ¢” > 0 such that

a) (K" J(L")¥+°" is nondegenerate with respect to the z,_o variable.

b)

R(z;0
/(nz) (1) @ (T O’EZ~//) 7 o dvy---dVy < oo.
B2 xBN)  xBW (L/(2';0))7 (L"(2";0))

Continuing by induction, and changing notation slightly, we obtain:

R(z;¢)
(7.10) /P R Vi dV, ~T(0)
where the left-hand side of (7.10) is finite at ¢ = 0 and the right-hand side of
(7.10) is an ARP in one variable. Here A(z;¢) = (L'(2';¢))7 (L"(2";¢))"" -+,
and P is the polydisk [[?_, B\,

One easily sees that —log(A(z, ¢)) is a nonpositive plurisubharmonic func-
tion (see [10, Corollaries 1.66 and 1.68]). Thus we can apply Siu’s lemma, which
implies that the left-hand side of (7.10) is bounded on some subsequence ap-
proaching zero. In particular, lim._,g 7'(c) is finite, which implies that

R(z;c
supceB/gl) /P ﬁ dVy - - dV, < oo;

z;c
hence

SUp__ 1) / R(z;¢) dVy---dV,, < .
rJp

This gives estimate (7.7). Theorem 7 is proved.
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8. Uniform estimates for distribution functions

It may be worth stating separately the following theorem, which is an easy
consequence of the previous developments. Let f(z) = (f;(2)) Jle be a J-vector
of analytic function on the unit ball BM™(Q) in either Q = R” or Q = C” (in
which case analyticity is the same as holomorphicity). Let

(8.1) pr(a,r) = Vol{a € B (Q);|f(2)] < a}.

THEOREM 8.  Let 0 <1’ <r < 1. The following statements hold:

(8.2) /B(n>(ﬂ) |f(2)|7%dV; - --dV;, < 00 = sup,eritg(a,m) < Ca®,

(83)  ppla,r) < Cral = sup e Fhg(o, ') < Ciy T,Océ#, for all 0 < 67 < 6,

when

(a) Q = C? (respectively R?), F is the family of functions J-vectors g(z) =
(gj(z))jzl holomorphic (respectively analytic) in B®)(Q), and satisfying
suppe)qo)l9 — f| < p, for p small enough.

(b) Q =C", F is the family of J-vectors of the form g = (g;(z, c));lzl,

gi(z,¢) is holomorphic in a polydisk in C" x C, and |c| is small enough.

where

(c) Q = C3 (respectively R3), § < %, where N is the lowest order of vanish-
ing of the function f;(z) in the unit polydisk, F is the family of J-vectors
9(2) = (g; (2))}']=1 holomorphic (respectively analytic) in B®)(Q), and sat-
isfying suppe)(q)lg — f| < p, for p small enough.

Proof. Assume the inequality on the left of (8.2). Under any of the three
sets of conditions (a)—(c), the integrals sup, fB(">(Q) lg|~%"dV are bounded ((c)
and the complex cases of (a) and (b) have been established in this paper. The
real cases of (a) and (c) have been established in [18].) The desired statement

follows from the Chebychev inequality (1.2). Assume now the inequality on
the left of (8.3). The identity

_ 1 < #_1
f 5#dV:—/ / a " da)dv
/B,ﬁ")m)‘ | 6% Bﬁ”)m)( 171 )

1 [e.e]
= 6_#/0 aié#il,uf(a,r)da

shows that the integral on the left-hand side is finite for all 0 < 6% < §. We
may now apply the previous result. O
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Appendix: Siu’s lemma

As we had mentioned earlier, the key lemma of Siu which we need is in
an unpublished paper of his on Kahler-Einstein metrics for Fano manifolds.
Since Siu’s paper on Kéhler-Einstein metrics is unpublished, we reproduce
here with his kind permission the statement and proof of his lemma, which he
communicated to us several years ago.

SIU’S LEMMA. Let D be a bounded Stein open set in C". Let D’ be a
relatively compact open subset of D. Let p(z,c) be a nonpositive plurisubhar-
monic function on D x BY such that Jpexp(—¢(z,0))dVi - --dV, < co. Then
there exists a positive number C depending only on D and D’ such that

(7.2) inf0<|c<p/ exp(—p(z,c))dVy---dV, < C/ exp(—p(z,0))dV; ---dV,
D’ D
for 0 < p sufficiently small.

Siu’s lemma implies the earlier Siu semicontinuity lemma described in
Section 7, by setting ¢(z,c) = 6log (ijl |fi(2,¢)[?) — A, where A is a large
positive number.

The proof of Siu’s lemma is based on the following result due to Ohsawa
and Takegoshi [16]:

OHSAWA-TAKEGOSHI THEOREM. Let Q be a bounded pseudoconver
domain in C", ¢ : Q@ — RU{—o00} be a plurisubharmonic function, and H C C"
be a complex hyperplane. Then there exists a constant C depending only on the
diameter of ) such that, for any holomorphic function f on QN H satisfying

/ e Y|f|PdVi - - dVp_1 < 00,
QNH

there exists a holomorphic function F' on  satisfying Flong = f and

/e¢\F\2d‘/'1~-an < c/ e Y|fIPdVy - - dVi_1.
Q QNH

The original proof of the Ohsawa-Takegoshi theorem is in [16]. A simpler
proof due to Siu can be found in [19].

Proof of Siu's lemma. Let ¢, (w,c) = p(w,nec) for 0 < n < 1. Apply the
Ohsawa-Takegoshi result to the case Q = D x B® and f =1 on D x 0 and to
the plurisubharmonic function ¢,. We get a holomorphic function F,(w,c) on
D x B such that F,(w,0) =1 on D x 0 and

(A1) / FyPexp(—oy) < C [ exp(—p(w,0))
DxB@1) weD
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with C' independent of 7. Since ¢, is nonpositive, we have
[ mPsc [ ew-pwo).
DxB® weD

Let B,()l) be the open disk {|c| < p} in C of radius p centered at 0. Let D" be
a relatively compact open neighborhood of the closure of D’ in D. Since the
family of holomorphic functions { F},} is uniformly L? on Dx B @) it follows that
the supremum norm of F,, and its first-order partial derivatives are uniformly

bounded on D" x BS)2 Since F,(w,0) = 1 on D x 0, it follows that there

exists some positive number p < % and a positive number a independent of n
such that the infimum of |F;| on D’ x Bél) is at least a.

We rescale the ¢ variable in (A.1) by substituting ¢ for nc and get

1
k= exp(-¢) < Ca [ exp(-p(w.0)
n° JoxBg" weD

for 0 <n < p, and

in exp(—plw,e) < Car! | exp(—p(w,0)
0<lel<p Jwe D! weD

for 0 <y < p. O
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