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ABSTRACT

A REAL ANALYTIC APPROACH TO ESTIMATING OSCILLATORY
INTEGRALS
Maxim Gilula

Philip T. Gressman

We develop an asymptotic expansion for oscillatory integrals with real analytic
phases. We assume the phases satisfy a nondegeneracy condition originally considered
by Varchenko, which is related to the Newton polyhedron. Analogous estimates for
smooth and C* phases are also proved. With algebraic techniques such as resolution of
singularities, Varchenko was the first to obtain sharp estimates for oscillatory integrals
with nondegenerate analytic phases, assuming the Newton distance of the phase is
greater than 1. This condition has also been frequently used in modern literature;
for example, Greenblatt and later Kamimoto-Nose obtained more general results by
also using resolution of singularities. Using only real analytic methods that are very
much in the spirit of van der Corput, we develop a full asymptotic expansion for
analytic phases satisfying Varchenko’s condition, and an asymptotic expansion with
finitely many terms for C* phases under the additional assumption that the Newton
polyhedron intersects each coordinate axis. We demonstrate how the exponents in
the asymptotic expansion of these integrals can be obtained completely geometrically
via the Newton polyhedron. Important techniques include: dyadic decomposition;

vi



proving and then using a lower bound similar to that of Lojaciewicz for analytic
functions, together with the method of stationary phase to integrate by parts; linear
programming to get sharpest estimates (matching Varchenko’s); and finally, repeated
differentiation of the integral with respect to the oscillatory parameter in order to

obtain higher order terms of the expansion.
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Chapter 1

Introduction

The main goal of this thesis is to use real analytic methods to develop an asymp-
totic expansion for scalar oscillatory integrals with analytic, smooth, and C* phases.

Namely, integrals of the form

1) = /R (1) (1.0.1)

are studied, where ¢ : R? — R is called the phase, and the amplitude ) is supported
close to the origin and enjoys the same smoothness as ¢. The nondegeneracy condi-
tions we assume on the phase vary depending on its smoothness. It has been known

since at least the 1970’s that, as A — oo, the integral I(\) admits an asymptotic



expansion of the form

~ ZZ%,T JA P log" 17T (N), (1.0.2)

where p runs through finitely many arithmetic progressions, independent of v, con-
structed from positive rational numbers. One can find this, for example, in Malgrange
[15]; a more modern proof can be found in Greenblatt[5]. To deal with the integrals
under consideration, many authors use the Newton polyhedron of the phase as an
important tool. The Newton polyhedron contains information about the growth of
polynomials. If the Newton polyhedron of the phase or the amplitude intersects
each coordinate axis, Kamimoto-Nose found a set containing the exponents p for
C* functions, as well as for analytic functions with no additional condition on the
Newton polyhedron (see [9, Theorem 11.1]). The methods of Kamimoto-Nose were
mainly algebraic and complex analytic, as they made use of techniques related to
toric resolution and computed poles of integrals reminiscent of [I5]. Most proofs in
the literature making use of the Newton polyhedron to prove sharp estimates for I(\)
involve the use of resolution of singularities, e.g., [9], [4], [I8]. Unfortunately, resolu-
tion of singularities is very difficult in high dimensions, and is problematic for analysts
who wish to not change the coordinates. Vasiliev avoided resolution of singularities
by instead using techniques from complex algebraic geometry in [19] to obtain asymp-
totic behavior for C'* phases having an absolute minimum. Our proof is completely

real analytic and with it we are able to develop an expansion for nondegenerate C*



functions assuming the Newton polyhedron intersects each coordinate axis, as well as
an analogous result for real analytic functions only satisfying nondegeneracyﬂ The
use of real analytic methods allows us, in particular, to have no change of the
original coordinate system for any of our results. Real analytic methods allow
for more analysts to use Varchenko’s result without being forced to use it as a “black
box” because of the algebraic techniques used. The best feature of the proof may
be that it is very close in spirit to modern proofs of van der Corput’s lemma. We
make use of the method of stationary phase to obtain estimates for integrals away
from singularities, then optimize the exponent of A just like in modern proofs of van
der Corput’s lemma for C* functions of one variable. However, we are unable to
prove the sharpness of the estimate without considering explicit examples of phases
(also analogous to van der Corput). For this reason, we simply cite the sharpness by
Varchenko’s result. The exponents p as well as the exponents d — 1 —r of the log term
in ([1.0.2)) we obtain are easy to visualize geometrically and we provide examples after
the statement of Theorem 2l We believe that the methods in this thesis are more
robust than previous methods, and are particularly well-suited for a very important
yet difficult question in this subject that has very little progress in the literature: the
stability of estimates of () under perturbations of the phase. More will be discussed
about this in the last chapter.

The next chapter begins by introducing some notation that is used throughout the

'The method of proof also works for phases that can be expressed as a Taylor series with remain-
der, replacing all exponents a € N¢ with exponents o € N¢/k = {n/m : n € N}.



document. Some of it is not conventional, but is very useful for the computations we
want to perform, e.g., for x,y € R? we define xy = (21y1,...,7qyq). This notation,
along with a parametrization of (0, 1) by supporting hyperplanes introduced later on,
will help us understand exactly why the Newton polyhedron should be considered for
x close enough to the origin. Once most of the notation and preliminary discussions
are complete, we move on to the main results. The main results consist of two lemmas
and two theorems, with Theorem [2] as the main attraction.

Chapter [3| introduces the Newton polyhedron N(¢) for C* functions ¢ : R — R
and introduces a parametrization of supporting hyperplanes that is used throughout
the text. If ¢ is not real analytic, we need to assume that if ¢ = P,, + R,,, where
P,, is a polynomial of order m and R,, is the remainder, then N(P,,) intersects
each coordinate axis. The assumption that the Newton polyhedron intersects each
coordinate axis is a very natural condition that can be found in many papers about
oscillatory integrals, e.g., [9], [7], [19], and many more. [ The statement of Theorem
from the previous chapter may take a few moments to absorb, so we illustrate the
simplicity of what the theorem is saying with a few examples at the end of Chapter [3]
We compute the first few terms of the asymptotic expansion for a C* function and in
another example we will consider a real analytic function with asymptotic expansion
showing the main aspects of how the geometry of the Newton polyhedron affects

the asymptotic behavior of I(\). The description of the exponents in the asymptotic

2In particular, a generic polynomial of any degree satisfies this condition.



expansion will have to wait until some more notation is introduced. Fortunately, the
exponents can be described geometrically.

The results are proved below in the order they are stated, starting with the proof
of Lemma [I] in Chapter ] This chapter begins with an intuitive illustration of how
supporting hyperplanes of the Newton polyhedron govern the behavior of the phases
under consideration. The body of this chapter consists of proving preliminary linear
algebraic results, culminating with the main proposition— Proposition [6] says that
if we have a supporting hyperplane H that is “too close”to a face F' C N(¢) not
contained in H, then we can move to a new hyperplane containing F' at the cost
of rescaling the domain we are estimating over by a uniform constant. In this case,
F' is necessarily lower codimension than the face we started with, so after at most
d — 1 steps this process must terminate and provide a hyperplane that is good in
the sense we require. This can be viewed as some type of compactness theorem.
Once this proposition is proved, we are able to prove Lemma In this chapter
(Equation |4.3.12)) we define what it means for e € (0,1)? to be small enough; this
precise statement requires some of the preliminary results contained in Chapter [4]
so we do not provide it in the statement of Lemma (1| in Chapter This result is
closely related to Lojaciewicz’s famous lower bound for analytic functions evaluated
away from their zero set[14]. Very similar results have also been considered by Fukui-
Yoshinaga[2] and Yoshinaga[20]. Both of these results use resolution of singularities.

A connection between Lemma [I| and the exponent in Lojaciewicz’s lower bound can



be found in Abderrahmane[I], assuming the origin is only an isolated singularity of
the phase. This chapter is very important because it is here that we bypass using
resolution of singularities for nondegenerate functions with only linear algebra.

In Chapter , a dyadic partition of unity is used to split () into a sum of dyadic
pieces that are each easy to estimate; here we only obtain estimates of I(\) over the
first orthant without loss of generality; the argument is identical over each orthant.
We note that because of the dyadic decomposition, the cancellation between orthants
potentially making the estimate of () sharper goes unnoticed and could be one of
the factors for why we do not generally obtain sharp estimates for ¢ < 1. We do not
know whether our estimate is sharp over each orthant. However, the tools applied
are powerful enough to provide estimates as sharp as Varchenko’s for all ¢ > 0[IS].
In particular, they are sharp for ¢ > 1. The main tools used in the estimates are
integration by parts and Lemma [I}

Next, we use linear programming to prove Theorem [I] Varchenko’s estimates
easily fall out as a special case. We first prove a simple case in order to highlight
the methods being used and how exactly the geometry of N(¢) affects the estimate
guaranteed by Theorem [}

Finally, we prove Theorem . The proof goes by obtaining an estimate for (A% +
1/t)I()\), then applying more differential operators to I(A) and obtaining estimates
by induction. We then obtain a differential inequality for which we require a simple

ODE result. This allows us to find the first N terms of I(\), where N depends on



the smoothness of ¢ and .

We conclude with how the results in this document could be applied to future
work. in the appendix, we work out a couple of examples from [I8] and in particular
check that Theorem [2| predicts the exponents appearing in the asymptotic expansion

of I(\) when the phase has Newton distance less than 1.



Chapter 2

Main results

2.1 Conventions and terminology

2.1.1 Basic notation

Throughout this text, we use the following conventions:
e N is the set of nonnegative integers,

e R is the set of nonnegative reals,

([ ]
§ ~
o

]
N~—

I
gl
~
~~

&
N~—

the inner product of z,y € R? is (z,y) = 2191 + - -+ + 24ya; We also use z -y for

the inner product, usually when functions are involved,

the notation -7 is used for the operator defined by (-7 f)(x) = 27 f(x),



e ||v]|,, of of a vector v € R? (or a matrix v € R¥9) is the standard ¢™ norm of

the vector v for 1 < m < oo,

e and for 0 < k < oo, C* represents the class of k times continuously differentiable
functions. The domain of the functions is clear through context. Moreover, we

refer to C*° functions as smooth.

If x is a d—tuple we write z = (xy,...,24). In particular, subscripts denote com-
ponents of a vector. On the other hand, whenever we have a list of d—tuples, they
are indexed by a superscript, e.g., {a‘};c;. There is one consistent exception: the
standard unit normals e; € R? defined componentwise by e;; = 0;; (the Kronecker
delta).

Next, some algebraic conventions are introduced. In addition to the standard

notation, for y € R% and o € R, that 9° = aaaall ---aaiadd, the exponentiation of
= il»'l $d
vectors y* = yi'---yy?, as well as |y| = y1 + -+ + yq, we make use of some less
standard notation for ¢ € R and y, 2z € R% :
® Yz = (ylzb s 7ydzd)>
e if ¢ > 0, denote the vector (¢¥,...,c¥) by ¢¥,

o if ¢ > 1, [y, cy] is defined to be the box H;l:l[yj, cyjl,

—z1

e if the components of y are positive, y=* = y; PRt

..yd ,

e if the components of y are positive, f,(z) = f(y~'z), and



e boldface ¢ denotes the vector (c, ..., c).

In particular, note that (c¥)* = c¢%# and (c!z)* = ¢ 2*. Also note that zV¢(z) =
(219}, (), ..., 249, (x)). Since we do not have a notion of a vector raised to a con-

stant, there is no ambiguity in indexing vectors by superscripts. Lastly, we write

for positive real-valued functions f and g to express that there is a positive constant
C' independent of = such that f(x) < Cg(z) for all  wherever this expression makes
sense. There may be multiple variables in the domain of f and ¢, and we state

explicitly the independence of the implicit constant whenever we use this notation.

2.1.2 The context for the rest of the document

Although the main goal is to estimate I(\) in ((1.0.1]) with domain of integration all of
R?, in this thesis we mainly consider estimates over the first orthant. There is no loss
of generality because given I(\), we can split the integral into 2¢ integrals, one for
each orthant, and approximate each separately. Because of this symmetry, we assume
the amplitude ¢ is supported in a neighborhood of the origin, but take the integral
only in the orthant containing those d—tuples with all nonnegative components. To

summarize, the goal up to and including Theorem [1] is to provide estimates for the

10



integral I, (\) defined by

I.(\) = /Rd @ (x)de, (2.1.1)

>

where ¢ is real analytic in [—4,4]? and ¢ is smooth and supported close enough to
the origin in the set [—4, 4]%, or else both are C*([—4,4]?) with the extra assumption
that the Newton polyhedron of ¢ intersects each coordinate axis (see Chapter . The
number 4 above is for convenience: it can be replaced by any positive real number
we wish. Without loss of generality we assume that ¢(0) = 0, but is not
identically zero in any neighborhood of the origin, and V¢(0) = 0 for the
rest of the document. If #(0) = 0, we could factor out ¢*?® and consider the
phase ¢ — ¢(0), and if V¢(0) # 0, the estimates obtained are trivial by the method
of stationary phase.

To estimate (), we use a partition of unity and reduce the problem to estimat-

ing

L(\e) = /[ )
€,4¢e

where ¢ = (g1,...,64) € (0,1)% is small enough (see 4.3.12), [e,4e] is the box
1%, [¢;, 4¢,], and 7 is smooth with support in [1,4]%. Here, {[e, 4¢]} is a set of dyadic

J=1

boxes and {n.} is a smooth partition of unity of (0,1)%. We decompose our amplitude

11



¥ into a sum of amplitudes 7.1 supported in [e, 4], estimate each I, (), ¢), and sum
these estimates to estimate I, (). In order to discuss the main results, we need to
introduce the Newton polyhedron — it contains the information necessary to deter-
mine which monomials of a given polynomial are largest near the origin. Together
with Varchenko’s nondegeneracy condition[I8, Definition 5], the Newton polyhedron

gives us information about the largest terms in the Taylor expansion of ¢.

2.2 Statements of the Results

Although we will define everything rigorously in the following chapter, we quickly
present some definitions necessary for stating the main results.
For an analytic function ¢(z) = > coz® defined in a neighborhood of the origin,

we define the Newton polyhedron of ¢, denoted N(¢), to be the convex hull of

U a+RE.
ca#0 N

Also, we say that ¢ is nondegenerate if for all x satisfying z; - - - x4 # 0, there is some
1 <4 < d such that x;¢, (x) # 0.

If ¢ is C* in a neighborhood of the origin, we define N(¢) = N(FB;), where P,
is the Taylor polynomial of order at most k. Finally, we say ¢ is convenient if it is
C* in a neighborhood of the origin and N(P;) intersects each coordinate axis. More

explicitly, for any m < k we say ¢ is m—convenient if P,, intersects each coordinate

12



axis. If ¢ is convenient, we say ¢ is nondegenerate if P, is nondegenerate.
A crucial step in proving the main theorems is quantifying how V¢ behaves near

the origin:

Lemma 1. Assume ¢ is analytic or convenient in a neighborhood of the origin. As-
sume ¢ is nondegenerate. For all € € (0,1)% small enough, for all x in the box [e, 4¢],

and for all o € N(¢), we have the lower bound
[2Ve(z)| 2 &%,

where the implicit constant is independent of €.

So we see nondegeneracy implies the sharpest possible growth rate for V¢ around the
origin. Small enough is made explicit in (4.3.12)). With this lemma we are able to

prove the most useful result in the thesis:

Lemma 2. Let 3 € N, Let ¢ be C* nondegenerate and convenient in a neighborhood
of the origin. Assume 1 : RT — R is C* with support in [1,4]%. For all e € (0,1)¢

small enough, we have the estimate
‘ / M@ By (z)dx| S NN~ Wamh-1) (2.2.1)
Ra

for all A\ >0, all0 < N <k, and all « € N(¢), where the implicit constant above is

independent of € and .

13



If in addition ¢ and n are smooth, then the estimate holds for all0 < N <

If instead ¢ is real analytic (not necessarily convenient) and 1 is smooth, the

estimate holds for all 0 < N < 0.

With the help of Lemma[2], we prove a useful generalization of Varchenko’s upper
bounds. Below we use the notation w(f + 1), which is explained in the following
chapter. However, we can say that d; + 1 below (the next two theorems) is the
greatest codimension over any face containing f + 1. Also, ¢ = (f+ 1,w(8 + 1)) is

such that (8 + 1)/c is contained in the boundary of N(¢).

Theorem 1. Let ¢ be C* nondegenerate and convenient in a neighborhood of the
origin. Let 3 € N¢ be such that (B + 1, w(B+ 1)) < k. If¢ : RY — R is C* and
supported close enough to the origin, there is a uniform constant independent of A

such that

‘/ ei)‘d’(x)x’gw(l‘)dl‘ 5)\*<5+1,W(5+1)) logdj()\) (2.2.2)
Rd

where d; = min{d, |w(f +1)|} — 1.
If in addition ¢ and v are smooth, then holds for all B € N
If instead ¢ is real analytic (not necessarily convenient) and ¢ is smooth,

holds for all 3 € N

For the last theorem, we claim there is a well-ordered set C containing the expo-

14



nents for the asymptotic expansion of I(A). This is discussed at the end of Chapter

B3l

Theorem 2. Assume ¢ : R? — R is C* nondegenerate in a neighborhood of the
origin. Assuming N(¢) exists, let po < p1 < --- be the ordering of C. Let K; =
max{|w(a)| : (o, w(a)) = p;} and define 0 < d; < d—1 by d; = min{d, K;} — 1.

Order the set
{A P log"(A) 1 j € N,0 <r < d;} = {E,()) : L € N}

so that for all n € N we have E,11(\)/E,(\) — 0 as A — oo f}

(i) Assume in a neighborhood of the origin ¢ is either real analytic or convenient
smooth. Let ¢ : RY — R be smooth and supported close enough to the origin.

Then, there are constants a,(¢) € C such that for all N € N,

N
| / e p(x)de = " arEy(N)| S Ensa(N). (2.2.3)
RY =0

for all X large enough. The implicit constant is independent of \.

(ii) Assume ¢ is m—convenient and v : R4 — R is C* with support close enough

to the origin. Assume k > d(2m + d)(n + 1) + d[f| Then there are constants

3To define everything so far, all we needed was a polyhedron. In particular, we did not need any
smoothness assumptions on ¢ up to this point.

4This is nowhere near a sharp lower bound on k. A sharper bound will be discussed in future
work.

15



ajr(v) € C such that

I(\) — ajr (V)N logdj—T’(/\) < \ Pt logd_l()\)

for all \ large enough. The implicit constant is independent of .

16



Chapter 3

The Newton polyhedron

3.1 What the Newton polyhedron represents

In Lectures on polytopes, Ziegler|21] defines an H—polyhedron as an intersection of
finitely many halfspaces in some R?. We refer to this simply as a polyhedron. A face
F of a polyhedron P is a subset of P that can be written as F' = H N P for some
hyperplane H = {£ € R? : (¢, w) = b}, where w € R? and b € R are fixed. We say
19, ..., 0" are affinely independent if v' — %, ..., v* — v° are linearly independent
for k # 0. We say more precisely that a face F' is a dimension k face in R¢ (or
codimension d — k) when we can find a set of £+ 1 but not k + 2 vectors in F' that
are affinely independent if £ > 0, and say the face F' is dimension 0, or a vertex, if

F = {v} for some v € P.

As stated in the previous chapter, the Newton polyhedron of a given polynomial

17



contains all of the necessary information in order to determine which monomials
could be the largest.ﬂ Given a supporting hyperplane in two dimensions, for example,
we can parametrize it by u/a +v/b =1 for a,b € (0,00) if the hyperplane does not
contain the origin. In this case the hyperplane represents when ¢ = 4. In particular,
we can determine how to scale 2 + y® homogeneously. We can conclude that such
a scaling forces % and y® to be the largest for x,y near the origin. More generally,
the extreme points of the Newton polyhedron represent the powers of the monomials
that can be largest, and faces (of any dimension) show which monomials can possibly
be comparable. So the Newton polyhedron should be thought of as a generalization
of degree in the sense of limiting behavior. For example, in one dimension we know

k < g™ for positive z near the origin: when m < k. But in higher

exactly when x
dimensions, degree has little to do with which term is largest: the monomial 53
can be greater than zy for positive small z,y (e.g., consider the region %% > y.)
Although the Newton polyhedron contains information about the largest monomials,
cancellation can occur and throw off the intuition: if we let ¢(z,y) = z — y + 22,
indeed either x or y are the largest away from =z = y. If z = y, then 2? is the
largest. Roughly speaking, Varchenko’s nondegeneracy condition guarantees that no
cancellation of this form can happen in each component of V.

Not only is the Newton polyhedron the most important object of study in the

proof of Lemma [I] which is natural because this lemma tells us how a nondegenerate

5We define the Newton polyhedron in order to obtain information about small values of 2. One
could define it so that it provides information about large values, or information about only small
r1, etc.

18



function behaves near the origin, it provides us an easy way to geometrically visualize
the exponents appearing in the main result of this thesis: Theorem [2] the asymptotic
expansion of I(\).

We first define the Newton polyhedron for analytic functions defined in a neighbor-
hood of the origin. Then we move on to m times continuously differentiable functions
with a condition that guarantees the Newton polyhedron captures the information

we are interested in.

3.2 The Newton polyhedron and nondegeneracy

As a reminder, we always assume ¢ is defined in a neighborhood of the origin satisfying

¢»(0) = 0 and ¢ not identically zero. We begin with a definition.

Definition 1 (Taylor support). Let ¢ : R? — R be analytic in a neighborhood of the

origin. Denote the set of indices of the nonzero coefficients in the unique expansion
O(x) = Doq Ca® by

supp(¢) = {a € N : ¢, # 0}
and call supp(¢) the Taylor support of ¢.E]
The set supp(¢) aids us in defining the Newton polyhedron of ¢ :

Definition 2 (Newton polyhedron of an analytic function). Let ¢ : RY — R be

6Whenever we refer to the set of inputs x of a function f where f(z) is nonzero, we simply use
the word “support,”and to avoid ambiguity, whenever we talk about the Taylor support of f, we

write supp(f).
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analytic defined in a neighborhood of the origin. We define the Newton polyhedron

of ¢ to be the convex hull of the union

U a+RYE,

a€supp(¢)
and we denote the Newton polyhedron of ¢ by N(¢).

Now that we have defined the Newton polyhedron, we show that it is indeed a
polyhedron, and make heavy use of the fact that it has finitely many codimension 1
faces throughout all of the main results. To show N(¢) is a polyhedron whenever ¢

is analytic, we take the route of showing that N(¢) has finitely many extreme points.

Proposition 1. Let ¢p(x) = > cox® be real analytic in a neighborhood of the origin

in RY. Then N(¢) has finitely many extreme points.

Proof. First, we show that if N(¢) has any extreme points, they must lie in supp(¢).
Let 5 be an extreme point of N(¢). Since N(¢) is the convex hull of the union of
sets of the form a + R‘é where a € supp(¢), we see all 5 € N(¢) can be expressed as

some convex combination

B = Z Ai(ad +41),
i=1
where \;s are positive reals summing to 1, o € supp(¢) are distinct, and v* € RL. If §

is an extreme point, then § = a+ since it cannot be a convex combination of distinct

points. Next, since we can express « ++ as the convex combination o/2 4 (o +27v)/2
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of vectors o and a + 2 lying in N(¢), we see that necessarily v = 0, and conclude
B=a+vy=aqa.

Next, we show that there must be finitely many extreme points. If there are
infinitely many, we can consider an enumeration {a'};cy of all extreme points « of
N(¢). There are indeed at most countably many because supp(¢) C N is at most a
countable set.

Observe that for each j # k there is some 1 < ¢ < d such that 04? < az or else we

would have oF

= ol + v for some v € R‘é. Therefore, there is some 1 < ¢ < d and
a subsequence {a"} C {a'} of extreme points satisfying the infinite chain of strict

inequalities

OZ?1>"'>OéZj>"’.

Since N is well-ordered, this cannot be the case. Therefore there is no such subse-

quence and we must have only finitely many extreme points. O

Theorem 1.2 in Ziegler[21] states that any polyhedron is a Minkowski sum of a
convex hull of a finite set of points plus a conical combination of vectors. In this case,
we want to consider the cones Ré. Recall that the Minkowski sum P + @) of two

sets P,Q C R? is defined by

P+Q={p+q:pe PandqeQ}

In our case, we know that N(¢) is the sum of the convex hull of the finitely many
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extreme points plus the cone Ré. This is because, using the notation of Proposition ,
by definition of the Newton polyhedron we know any vector 8 in N(¢) can be written

as a convex combination

ﬁ:i (o' + 7Y Z/\oc —i—Z)\ﬁ
i=1

The right hand side shows that 3 is in the Minkowski sum we are considering.
In order to define nondegeneracy of ¢, we need to consider the following polyno-

mials.

Definition 3 (The polynomials ¢r). Let ¢ : R? — R be real analytic. For any

compact face F C N(¢), denote by ¢p the polynomial

We can now define the nondegeneracy condition we impose on our phase:

Definition 4 (Nondegeneracy). We say that an analytic function ¢ is nondegen-

erate if for all compact faces F C N(¢) the polynomials ¢ satisfy
def
eV or ()l L max |0 ()] £ 0

for all x such that xixs--- x4 # 0. [Z|

"The algebraic variety (zero set) {x € R? : x1---24 = 0} is not the most general one we can
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Nondegeneracy is equivalent to the property that for all x and all compact F' C
N(¢) there is some component of Vo (z) that is nonzero away from the coordinate
hyperplanes; the phrasing used in the definition is preferred because working with
aVop(z) (xVe(x)) is easier than working with Vor(z)(Vé(z))F| This convention

makes the integration by parts argument in Chapter [5| much more natural.

Observation 1. The fact that N(¢) has finitely many extreme points, together with
the mondegeneracy condition, tells us there is a finite set of monomials that deter-
mines the behavior of tN ¢(x) for any x near the origin. Therefore for nondegenerate
analytic functions, we only need information about a Taylor polynomial of some de-
gree to recover N(¢) and all of its data. Namely, let m = maxgen(g){|8|}, where
the mazimum is taken over all extreme points. Then, since ¢(x) is real analytic in a
netghborhood of the origin, Taylor’s theorem guarantees that for all m the function ¢

can be expressed as a Taylor expansion of order m

$x) = D car®+ Y ha(2)z* = Pp(x) + Rpn(2), (3.2.1)

la|<m |a|=m

where hy 1s continuous and approaches 0 as x — 0. Moreover, P,,(x) is a unique

polynomial of degree at most m and we call R,,(z) the remainder. We see that N(¢) =

consider for nondegeneracy. It is possible to work with any normal crossings singularity at the origin
(intersection of at most d hyperplanes in R?), or more generally, that there is some nice change of
variables so that the variety can be transformed into an arbitrary finite intersection of hyperplanes
near the origin. One goal of future work is to consider singularities that break up into intersections
of hyperplanes when perturbed. We do not say more about these conditions, as there is nothing in
this document that proves anything about them.

8For example, see below.
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N(P,,) because every extreme point lies on or below the plane ({,1) = m. Moreover,
we see that close enough to the origin each |ho(x)| < maxi<;<q |x;| since hy, is analytic.

Therefore ho(x)z® cannot contribute most for any .

Observation 1] is made rigorous in the proof of Lemma [I| when we see that N(P,,)
indeed contains all of the information we need about the decay of analytic functions.ﬂ
We choose to consider this form of the remainder because it gives us more information
about ¢ in the sense we care about.

From now on, when we decompose an analytic function by Taylor’s theorem,
namely ¢ = P, + R,,, we assume m is the smallest such that N(¢) = N(P,,). The

same holds for C* functions.

3.2.1 Analogous statements for convenient C* functions.

Now assume that ¢ : R? — R is in the class C* in a neighborhood of the origin. By
Taylor’s theorem, there are continuous h,(z) — 0 as  — 0 as in Observation |1|such

that for all m < k we can write

$x) = > car® + > ha(x)z® = Po(x) + Rpn(2). (3.2.2)

lal<m laf=m

Using the end of the last section as motivation, we define the Newton polyhedron

for ¢ that have small remainder in some sense. We need a condition that guarantees

9This is some type of compactness argument, as we first require monomials of every degree in
the expansion of ¢ to know m, i.e., infinite information is being reduced to finite information.
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the remainder can never contribute most near the origin, e.g., one cannot have P,
behaving like y? and R,, behaving like z?; since we cannot quantify the decay of h,
it could potentially behave like x, and that is bad. For simplicity, we assume that
N(P,,) intersects each coordinate axis if ¢ is not analytic. Such functions are well-
studied and have certain nice properties related to decay near the origin. m Below,
we define the Newton polyhedron of a C* function satisfying this condition and then
show it is well-defined. Whenever ¢ is C* for k > 1, we assume ¢(0) = 0. Keep
in mind we only care about functions satisfying V¢(0) = 0 in this thesis.

To be consistent with recent literature, we define:

Definition 5 (Convenient function). Assume ¢ is C* or smooth. If in some neigh-
borhood of the origin we can write ¢ = P,, + R,, as in and N(P,,) intersects

each coordinate axis, we say ¢ is m—convenient.

Although in the literature a function is simply called convenient if its Newton
polyhedron intersects each axis, for some of our results it is important to keep track
of how we decompose ¢, as many of our estimates depend on m. For example, the
proof of Lemma [l requires fixing a Taylor expansion P,, + R,, for the phase un-
der consideration. When the statements do not depend on m, we simply say ¢ is

convenient.

Definition 6 (Taylor support of a convenient function). If ¢ is m—convenient, we

define supp(¢) = supp(Fr)-

10As mentioned in the introduction, see for example [9], [7], and [19].
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Definition 7 (Newton polyhedron of an m—convenient function). Let ¢ be m— con-

venient for some 1 < m < oco. Writing ¢ = Py, + Ry, we define N(¢) = N(P,,).

N(¢) is well-defined because if ¢ has additional smoothness, the Newton poly-
hedron N(P,,) contains N(P,) for all n > m since N(P,,) contains all vectors v
satisfying |v| > m. With the Newton polyhedron defined for m—convenient phases,

we can define the analogous nondegeneracy condition:

Definition 8 (m—convenient nondegeneracy). We say an m—convenient function

¢ = P, + R,, is nondegenerate if P,, is nondegenerate.

We now state a key properties of the functions under consideration: for ana-
lytic and m—convenient phases; property is particularly important for the proof
of Lemma[2l We let ¢ be real analytic or else m—convenient and write ¢ = P, + R,

for the rest of the section.

P1 For all z small enough, there is some 5 = 5, € N(¢) satisfying |3| = m such

that 270" R, (z)| < 2P,

P2 Let v € N% If |[y| < m then for all x small enough, [2707¢(x)| < z° for some

B = B € N(¢), where the implicit constant is independent of x.

Proof. Property can be shown easily: apply Taylor’s theorem to the function

07¢ : there are continuous Ay, (z) — 0 as x — 0 such that

a+y
S max x4

|a|=m—y

\:L’”’@VRa]:’ Z B2t

laf=m—|v|
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The implicit constant depends on the functions h,, . Since all |3| = m lie in N(¢),
so does a + 7.
Now we prove for analytic functions. It is enough to show supp(-707¢) is

contained in supp(¢) : for any analytic ¢ on [—4,4]¢, we know

sup |¢(z)] S max a°
[E[st agsupp(¢)

by rewriting ¢ as a polynomial plus remainder and applying[P1] The implicit constant
depends on the remainder term and the coefficients of the m** order Taylor polynomial

of ¢. Therefore, since -707¢ is analytic,

sup |2707¢(z)] < max a2 (3.2.3)

Y
l2]]oo<1 acsupp(-7907¢)

Indeed, we have the containment we seek: given any monomial z* with o € supp(¢),
observe that 7907z = cx® for some ¢ € R. Analyzing the cases where ¢ = 0 and
where ¢ # 0, we see that supp(-707¢) C supp(¢), and therefore the maximum over
supp(-707¢) in is bounded above by the maximum over supp(¢) and the claim
is finished.

Next, if ¢ is m—convenient, write ¢ = P,, + R,, and apply together with the

bound on the analytic function P,, proven in the preceding paragraph. ]

In the future we abuse notation and write P, 5 and h,, ., respectively, as the right
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side of

Z Carn@®tT + Z ho a1 = Z CanyT™ + Z R~z (3.2.4)

la|<m—l|v| |laf=m—|v| laj<m laf=m

3.3 Normal vectors of the Newton polyhedron

We briefly discuss a subset of linear functionals on R? namely the set

{weRY: (¢, w) =1 for some £ € IN(¢)}.

Although it is possible to think about this set as a polyhedron (the dual polyhedron),
we think of the set above as just the set of normal vectors to supporting hyperplanes
H # 0 without any geometric structure. In particular, we care most about the finitely
many normals to codimension 1 faces not contained in coordinate hyperplanes.

To introduce Theorem [2, we need to introduce a convention for normal vectors
to supporting hyperplanes of N(¢) not containing the origin. From now on, when
we talk about supporting hyperplanes H of N(¢) we mean only those not containing
the origin, and we use a normalization convention for normal vectors of such hyper-
planes H: we pick the unique vector w € ]R{Cé satisfying H = {¢ : ({,w) = 1}. Any
supporting hyperplane H of N (¢)E can be defined this way, and we write H,, for

such hyperplanes, namely H, = {{ : (¢, w) = 1}. There is a nice geometric way to

Tt is very important to remember that 0 ¢ H. In particular, supporting hyperplanes of N(¢)
containing the origin, i.e., those containing coordinate hyperplanes, are never considered.
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show such normals exist: if w = (wy,...,wy), then H, intersects the coordinate axes
at x; = w; ! whenever w; # 0 (and does not intersect the z; axis if w; = 0). Such
normals are guaranteed to exist since ¢(0) = 0 and ¢ not identically zero implies
N(¢) does not contain the origin. Thinking about normals geometrically this way,
we can easily see that the normal w has some w; = 0 if and only if w is a normal
to a hyperplane intersecting N(¢) in some unbounded face. For example, if the face
contains « then it must contain o + ne; for all n € N. In this document, unbounded
codimension 1 faces F' C N(¢) exist only if ¢ is not convenient, i.e., only for analytic
0.

We say w is a corresponding normal of the face F' of N(¢) if H, N N(¢) = F.
Note that we can say the corresponding normal of F'if F'is codimension 1. We also
say w is a normal of N(¢) if w is a normal of any I C N(¢).

The condition originally assumed by Varchenko in [I8] to estimate I(\) was that
the phase ¢ is nondegenerate. In order to make analogies with his estimates, we need

the following definition.

Definition 9 (Newton distance). Let ¢ be real analytic. The Newton distance of
¢ 1is the infimum

t =inf{s € (0,00) : (s,...,s) € N(¢)}.

If ¢ is m—convenient, the Newton distance is defined to be the Newton distance of

P,.
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In this document, the variable t is always reserved for the Newton distance of the
phase under consideration, and in particular, t is always an element of N(¢).

One can check ¢ > 1/d if $(0) = 0 and not identically zero: if supp(¢) contains
each standard unit coordinate vector e;, then ¢t = 1/d since the vector 1/d can be ex-
pressed as the convex combination Zle e;/d. By definition, the Newton polyhedron
of any analytic function is contained in the Newton polyhedron of z; 4+ --- + x4, so
t>1/d.

If some scalar multiple of 3 lies in N(¢)[ we use the convention of writing w(3)
for the set {w : (8, w) is minimal} where the minimum is taken over all finitely many
normals w of codimension 1 faces F' of N(¢); which polyhedron we are talking about is
always clear from context. In particular, (3, w') = (3, w?) for all w!, w? € w(p). Note
that k; = min{|w(B)|, d} is equal to the highest codimension over all faces containing
some multiple of 8. The minimum is required because it is possible for a vertex to
be written as an intersection of more than d faces. In particular |w(5)| < d implies
ki = Jw(B)|. If v € RL, we define (v, w(B)) to be the scalar max,cu(g)(y, w). This
convention is used mainly in Chapter [7] and is important for determining when there
are no multiples of § and ~ lying in the same codimension 1 faces: in the case that

H,, contains 8 but not 7, we have

(v, w(B)) = (v, w) > (B, w) = (B, w(B)).

L2For all @ € N%, some multiple of a + 1 is guaranteed to lie in N(¢). For example, (t(a+1),w) >
(t,w) > 1 for all normals w of N(¢).
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Observation 2. For any real number ¢ > 0, we can show
1. {y,w(B)) = (ev,w(p))/c, and

2. (v, w(B)) = (v, w(ch)).

To see both of these facts, simply use the definition of (y,w(p)) :

max(cy,w) = cmax(7y, w).
w w

Assume we are given a Newton polyhedron with Newton distance ¢. Then t lies
on a face of the polyhedron whose supporting hyperplanes cannot contain the origin,
so (t,w(t)) = 1. Therefore, by Observation [2 (1,w(1)) = 1/t. This equality is an
important bridge with respect to Varchenko’s result and this document: first notice
(L,w(1)) < (B + 1L,w(B+ 1)) for all B € N¢ For any w € w(B + 1), the inner
product (8 + 1, w) equals (1, w) + (B, w) > 1/t + (B, w). The remaining quantity can
be bounded above by 1/t since § and w have nonnegative entries. It is no coincidence
that (1,w(1)), the smallest such inner product, is the exponent of the first term
appearing in the asymptotic expansion of I(\), as shown by Varchenko for analytic
phases with ¢ > 1. We continue this discussion after the statement of Theorem [2]

Finally, we conclude this section by mentioning that if ' = H, N N(¢) has di-
mension k, then F' contains k + 1 linearly independent vectors. This is because all
H,, under consideration cannot contain the origin, and therefore the k + 1 affinely

31



independent points in ' must be linearly independent. This is just by definition: as-
sume Zle At = 0 and assume without loss of generality \g # 0. Then Zf:o vt =

0 = Z'];:I /\ﬂ}i = —)\01}0 §é 0.

3.4 Preliminary geometric results about w(j).

We now prove the following facts for use in Chapter [7}

Proposition 2. Let ¢ be analytic and assume N(¢) does not contain the origin. Let
B € N¢ have all positive components. In particular, we can define w(B) and w(a+ B3)

for any o € N, Let w € w(p).
If (B, w) = (o + B, w(e + B)), then
P3 w(a+ B) Cw(B) and ayw; =0 for all w € w(a + f),

P4  either w(a+ ) C w(B) or else o # 0 implies [ does not lie in any compact

codimension 1 face, and
P5 Ifa#0, then |lw(a+p)| <|{j:a; #0} <d—1.

P6 If instead we assume o € N(¢) and (B,w) +1 = (o + p,w(a + B)), then

lw(a + B)] < d with equality only if o = 5.

Proof. We first prove for all w’ € w(a + B) we have

<B7w> = <a+ﬁ>w<&+ﬂ)> = <04+67w/> > <Baw> + <a>w/>7
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so we conclude (o, w(a + f)) = 0. Therefore (3, w) equals

(B,w(la+ ) = max (B,w")> min (B,w")> min (5, w").

w” ew(a+pB) w” ew(a+B) w” ew(B)

Since the last term also equals (3, w(f)), this implies w(a + 8) C w(p) since w(/3)
contains all normals to codimension 1 faces satisfying (8, w) = (8, w(5)).

Next, we prove [P4} assume w(a+ ) = w(f) for some o # 0. Property [P3]implies
there is some 1 < j < d such that w; = 0 for all w € w(a + ) = w(B). Therefore,
since each normal corresponding to a compact codimension 1 face must have positive
components, 3 does not lie in any compact codimension 1 face.

To show [P5] the most important result we need is [P3} ajw; = 0 for all w €
w(a + B). For brevity, write L for the line {s(f + 1) : s € R}. Let v € L N N(¢).
Without loss of generality, assume aq, . .., a; # 0 and the rest of the components of a
are zero. Any d—k+1 < d vectors in w(a+ () with exactly k zero components must be
linearly dependent. Assume without loss of generality that {w!, ..., w?*} C w(a+p3)
is a maximal linearly independent set (it could contain less than d — k vectors). Let
H = ﬂf:_lk H,i. The set H is nonempty because any intersection of hyperplanes with
normals in w(a + f) contains v. Any w € w(a + () can be written as a linear
combination w = Y a;w’ and in fact Y a; = 1 since (v,w’) = (v,w) = 1 for all
1 <1< d—k. Therefore H,NH = H, as the restriction (£, w) = 1 adds no additional
information than what was already encompassed in H, so it cannot be a normal to

a codimension 1 face: the intersection of any d — k + 1 distinct codimension 1 faces
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must be at most codimension d — k + 1 for 1 < k < d (see |21, Chapter 2]). Since
the intersection H is nonempty, it must be codimension at most d — k. We conclude
lw(a+ B)| < d— k.

Finally, assume a € N(¢) and (8, w) +1 = (a+ 5, w(a+ [3)). Then there is some

w’ normal to a codimension 1 face such that

(B,w) +1=(a+p,w) = {a,w) + (B,w) >1+(B,w) > (B,w)+ 1.

Therefore (8, w') = (8, w) = max,ew@) (B, w), sow € w(fF). Similarly, since (o, w') =
1, we must have w’ € w(«a). Therefore w(a + 8) C w(a) Nw(/3). Since the nonempty
intersection of d hyperplanes is a vertex, if w(«) and w(() share at least d elements

. d
w', ... w? in common, we must have o = (;_, H,i = f3. O

These properties are required to prove the asymptotic expansion of I(\).

3.5 Back to Theorem

3.5.1 The set C of exponents

The asymptotic expansion of I(A) of Theorem 2| has exponents that are easy to define
with the help of the Newton polyhedron, and many are easy to visualize geometrically.
However, there are some exponents that are harder to visualize. These exponents are

of the form n — (8, w(B)) for some n € N and some 8 = a! +--- + a” + 1, where
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each a’ € N ()| The ones not of the form —(5,w(3)) come from elements a + 1 for
some a € supp(¢) that cannot be decomposed as u + v for some u € N (¢) NN? and

some v = a + 1. We now show this occurs naturally.

Example 1. Consider the 5—convenient phase
o(,y) = a* +y° + 2%y,

The Newton polyhedron contains everything in the first quadrant lying above the line
S5 + 4y = 20. This line represents a compact codimension 1 face with normal w =
(1/4,1/5). The point (2,3) lies above this face, since ((2,3),w) = 11/10 > 1. Also,
(2,3) + (1,1) = (3,4) is such that ((3,4),w) = 31/20. In this case, o = (2,3), so
a+1 = (3,4). The vector (3,4) cannot be decomposed as u + v for u € ON(¢p) NN
and v € N%.

Such points prevent us from writing all the exponents in Theorem as —(B,w(B))
because to get higher order terms, we need to estimate )\%I()\). In this case, we

can split A%I (N) into two integrals we can easily estimate with exponent of the form

—(B,w(p)), plus one more:

i / e 230 (2 da

131f, for example, the amplitude 1 satisfies certain decay properties, all exponents are of the form
—(B,w(pB)). However, this thesis is concerned with the general expansion for arbitrary amplitudes.
To learn more about how the decay of 1) affects the exponents, see [9].
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Theorem |1 then guarantees we can bound this integral by X'~ {G-0/41/5) “We know

1—((3,4),(1/4,1/5)) < —1/t. However, 1 —((3,4),(1/4,1/5)) # —(B,w(B)) for any

B € N¢ because 11/20 # a/4 + b/5 for any positive integers a and b.

Almost by definition, we know that all these bad points lie inside

D=N(¢)- |J v+Re
vEAN (p)NNd

so there are few of them in some sense. If D N N? = @, we have a much more
convenient way to express the exponents appearing in Theorem .

Using induction and the results built above, we are able to prove Theorem[2 With
respect to each phase function ¢, we let w(a 4+ 1) be as in Section for o € N,
Recall that |w(a + 1)| is equal to the number of codimension 1 faces containing
a + 1. Therefore the largest codimension of any face containing alpha is equal to
min{d, |w(a + 1)|}; the minimum is necessary because it is possible for a vertex to
lie in any number of codimension 1 faces. When |w(a + 1)| < d, indeed |w(a + 1)] is

equal to the largest codimension over all faces containing a. Let C =

{(B,wB)) —n:B=a'"+ - +a"+1¢cNfor somen € Nand o' € N(¢)}.
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3.5.2 Clarifications about Theorem [2

Some statements of Theorem [2| require further clarification. First, we show that
{{a+1,w(a+1))},ene runs through finitely many arithmetic progressions of positive
rationals. Each normal w of a codimension 1 face I’ of N(¢) can be uniquely defined
by d linearly independent vectors o' in supp(¢) N F. If A is the matrix with rows o,
then w must satisfy Aw = 1, by definition. Hence, w = A~'1. The matrix A~! must
have rational entries, since A has rational entries, therefore w € Q?. In fact, each
component of w must be nonnegative because it is oriented towards the interior of
the Newton polyhedron, so in particular it must be in Ré. The Newton polyhedron
has finitely many codimension 1 faces, so there are finitely many such w each with
d components w;. Writing each w; = r;/¢; over a fixed normal w where r;, ¢; are
integers, let g, be the lowest common multiple of the ¢;. The arithmetic progressions
come from the rationals 1/¢q,, over all normals w to codimension 1 faces of N(¢). More
generally, if ¢ € C then ¢ = (5, w(B)) —n > 0 for some n. Writing ¢ as a fraction, it
is also easy to see that ¢ = r/g,, for some r € N and w € w(B)[M]

Varchenko showed that the first term of the expansion (2.2.3)) with nonzero coeffi-
cient is A\~ 1/¢ logdt*l()\), where dy is the largest codimension over all faces containing t,
assuming the Newton distance of ¢ is larger than 1. Indeed, this is the first term guar-
anteed by Theorem (by the discussion following Observation. Also by Observation

2, we see that there is an easy geometric way to describe the exponents in Theorem

14 Going back to Example|l} 31/20—1 = 11/20. Here, the lowest common multiple is ¢ = 4-5 = 20.
g p p q

37



without parametrizing the Newton polyhedron. With our parametrization, the nor-
mals are such that ¢ = (a, w(«)) is the scaling required so that a/c € F' = H,, NN (¢)

for any w € w(a).

3.5.3 Examples

As the use of the [polyhedron] is better shown by examples than by descrip-

tion...- Sir Isaac Newton™]

We try to illustrate how exactly to get the first few terms of the asymptotic expansion
of an oscillatory integral via simple geometric considerations.

Example 1: Let ¢(z,y,2) = 2% + y> — 2%. The analytic function ¢ is certainly
nondegenerate. N(¢) has one codimension 1 face F' (not lying in a coordinate hy-
perplane) with normal w = (1/8,1/3,1/2). Since F intersects each coordinate axis,
every line containing both the origin and 3 + 1 passes through F for any 3 € N%. In
particular, the j™ power of log in the expansion is d; = 0 for all j. Theorem [2] tells

us that for smooth 1 supported close enough to the origin,

[e.e]

I~ A,

Jj=0

where py < p; < --- is the ordering of {(8 + 1,w(B + 1)) : 3 € N?}. Here the p,

contain all arithmetic progressions in 1/8,1/3,1/2, since [ is arbitrary and there is

15The Newton polyhedron originated in Newton’s Enumeration of Lines of the Third Order, Gen-
eration of Curves by Shadows, Organic Description of Curves, and Construction of Equations by
Curves. A translation can be found in [I7].
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only one normal vector. In fact that Theorem [2] says we need to consider every n/24

for n > 23. Letting § = 0, we see that
po=1/8+1/3+1/2=23/24.

Letting 8 = (3,2,0) and n = 1 gives 4/8 +3/3 + 1/2 — 1 = 1, the second highest
exponent. Next, py = 3/8 +5/3 — 1 = 25/24, seen by taking 8 = (2,4,0).Letting
B =(9,0,0) give ps = 10/8 + 1/3 + 1/2 — 1 = 26/24.

Example 2: Let ¢ = Py + Rg be any C* function such that Py = 2% +13° — 22, a

nondegenerate 8—convenient polynomial. For k large enough, the theorem tells us

I(N) ~ Y aj(h)A,

=0

where p; are ordered as in the previous example. Since p; = 26/24, we also know

< \26/24

IV =) a;(9)A

J=0

Example 3: Let ¢(z,y) = v° — zy® + 2%y — 2'y. There are three codimension 1
faces (not contained in a coordinate hyperplane) defined by vertices (0,5) and (1, 3),
(1,3) and (3,1), and an unbounded face generated by (3,1) + s(1,0). We can check

¢ is nondegenerate. Corresponding to these faces are the three normals

w' = (2/5,1/5),w? = (1/4,1/4),w® = (0,1).

39



Since |w?| =1/2 < |w!'| =3/5 < |w3| =1, we see py = 1/2. 8 = (1,0) and (0, 1) give
us

(B+1,w(B+1)) = (B+1,w*) =3/4.

However, 8 = (0,5) gives (3+1,w') —1 = 3/5. Indeed p; = 3/5 and p, = 3/4. Then,
we can take 8 = (1,2) to get (8 + 1,w') — 1 = 4/5. This 8 does not give us a log

term and neither does 5 = (2,2). However,

<(173)7w1> = <(173)7w2> = <(37 1)7w2> = <(37 1)7w3> =1

Therefore together with p3 = 1, we have a nonzero exponent of log. In this case, the

integral () behaves like

T(A) ~ ATV2 o XT3 o XA X5 L log(A) + A - -

Here the exponents can only be of the form a/5 or b/4 for arbitrary a,b € Z,. When
these two cannot be equal, there is no log term paired with the exponent of \; we
used this fact for p; = 3/5, p» = 3/4 and p; = 4/5. Otherwise, there is a log term.
We conclude that exponents are of the form n,n+1/5,n+1/4,n+2/5,n+1/2,n+
3/5,n+3/4, and n+4/5; log terms only appear with integer exponents of A\. Moreover,

the exponents p; are all of the form (5 + 1,w(5 + 1)) except ps = 4/5.
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Chapter 4

Proof of Lemma [1

4.1 Motivation

Our motivation for Lemma [I] is for the proof of Lemma [2} we integrate the left
side of by parts N times. Lemma |1} is certainly interesting in its own right,
reminiscent of Lojasiewicz’s famous theorem [I4] Theorem 17] (an English version
can be found in [13]). Unfortunately, Lojasiewicz’s theorem does not imply the result
we are looking for in the proof of Lemma [2 even for analytic functions: Lemma
has stronger assumptions, but gives a much stronger result. Greenblatt also proved a
very nice version of Lemma in [7], namely Lemma 3.6, under an assumption on the
order of the zero of analytic functions but not on the zero set. It worked well in his
setting, but unfortunately does not work in ours since we do not have an assumption

on the order of the singularity.
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From now on, z always lies in [1, 4] and we scale by € when talking about elements
outside the box [1,4]¢. This chapter does not involve any integrals, so we use i € N
as an index.

We choose to parametrize ¢ close to the origin by normals of N(¢) for the rest
of the chapter in order to better visualize how exactly the normals of the Newton
polyhedron determine which elements in supp(¢) are the largest. We first prove that
it is possible to parametrize elements of R? close enough to the origin by normals of
supporting hyperplanes.

Let 0 < 7 < 1. We show for all ¢ € (0,7)? there is some S € (0,7"/¢) and some
supporting hyperplane H,, of N(¢) such that S* = ¢, and therefore S = S{@w) =
(S)* = e for all @ € H,,, and in particular « € H,, N supp(¢).

First note that the d—tuple (1/d,...,1/d) lies on or below N(¢). Therefore, for
all @« € N(¢) there is some 1 < i < d such that o; > 1/d. If H, is a supporting

hyperplane of N(¢) containing «, then for some 1 <i < d we can write

1= (o,w) > qyw; > w;/d,

since every component of o and w are nonnegative. Hence, for every supporting
hyperplane H,, there is some 1 < i < d such that w; < d.

Next, let € € (0,7)% Assuming that ¢, is the largest, we can solve the equations
el = g; where ¢; > 1. For all ¢ € R? with positive components there is some

supporting hyperplane H,, of N(¢) and positive constant ¢ such that ¢ = cw: we can
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just take a hyperplane with normal ¢, and translate in the direction of ¢ (or —q) so
that the hyperplane intersects only ON(¢). Since ¢; = 1 < ¢;, we see that w; < wj
and therefore w; < d. Hence, 1 = ¢; = cw; < cd. Now we can solve for S in the

required interval:

so that § =] < 7¢ < 71/d The first inequality holds because €; < 7 and the last
inequality holds because 1 < ¢d and 0 < 7 < 1. Define Hyp(¢)= {w € (0,00)% : H,
is a supporting hyperplane of N(¢)}. Since w and cw cannot both be normals to
N(¢) for ¢ # 1, to each € corresponds a unique S and w such that ¢ = S, so this
correspondence is a bijection between (0,7) and some subset of (0,7/9)xHyp(¢).
Therefore we can just think of it as a reparameterization, and state this fact as a

proposition:

Proposition 3 (Parameterization by supporting hyperplanes). Let ¢ : R? — R be
real analytic in a neighborhood of the origin. Parametrize each supporting hyperplane
H = H, of N(¢) by

H, ={{{w)=1:¢cRY.

Let 0 < 7 < 1. There is a bijection between a subset of (0,74 x Hyp(¢) and (0,7)?
with inverse defined by

(S,w) — 8™ € (0,7)%
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We now illustrate the ideas used to approach Lemma [I} Write ¢ = P,, + R,,,. By

(3.2.4), for each 1 < i < d we can write y;0%¢(y) as

i o(y) = D oo™+ D hae, W)y

la]<m laf=m

= > iy + ) hae()y” (4.1.1)

|a| <m |a)]=m

For each compact F' C N(¢), we can write the polynomial y;0% P,,(y) in (4.1.1]) as

Z Ca; Y™ + Z Ca; Y. (4.1.2)

a€EF a¢F

The left side of equals the i* component of yV¢r(y), which is a nonzero
vector by nondegeneracy. The goal is to show for all y small enough there are F'
and 1 < ¢ < d so that the significant contribution comes from some component of
yVor(y). If for all y = ex € [g,4¢] we can find F C N(¢) compact so that the
main contribution comes from the sum over F', we are able to conclude that for some

1 <i<d, (4.1.1) is bounded below by a uniform constant times

Z Ca O-/iya

acl

= E Ca0;x%e”

acl

=15 g Co0; 2"

acF

25 = (5

for all « € F = H, N N(¢), where ¢ = S*. Indeed, we can show this by finding
a compact face F' so that the terms * contribute most when o € F, and then we

conclude (4.1.1)) is bounded below by £* for all @ € N(¢). The difficulty is in showing
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the second sum of is negligible for appropriate F'; it is much easier to show the
remainder is small by and because hqye, — 0. We recursively define finitely many
boxes [b,4b~1]? where 0 < b < 1, on which we apply nondegeneracy, because the
right side of is not always negligible if we naively try to use the logic presented
above. We might need to move to lower codimension faces Fy 1 2O --- O Fy = F
by moving relatively large summands of the right-hand sum of to the left-
hand sum, checking whether all the summands in the right-hand side are negligible,
and applying nondegeneracy on larger and larger boxes away from coordinate axes
depending only on the polynomial P,,. During this process, we may also need to
switch the partial derivative under consideration. This is the content of the main

proposition below: Proposition [6]

4.1.1 Example

Let ¢(y) = y2y> —y2 = Py(y). We can easily check that ¢ is nondegenerate: yVo(y) =
(Byiya, yiys —2y3) # 0 for Y132 # 0 because the first component cannot be zero unless
y1y2 = 0. Let o' = (3,1) and o? = (0,2); these are the two extreme points of N(¢).
The Newton polyhedron of ¢ has two vertices F; = {a'} and F, = {a?}, a compact
face F3 that is equal to the convex hull of {a!, a?}, and the last face with supporting
hyperplane not containing the origin is the set Fy = {a! + £(1,0) : £ € R>}. We do
not consider F, until the proof of Theorem [2| because unbounded faces correspond to

some component of y vanishing.
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Consider first the normal vector ws = (1/6,1/2) of the supporting hyperplane
containing F3. Notice that we chose ws so that (a’,w) =1 for ¢ = 1,2 because that
is how we defined normal vectors to supporting hyperplanes. Then for S > 0 small,

we have

(S¥2) V(S z) = (3(5"x)*, ($¥x)* —2(5¥x)*") = S(3z*, 2™ — 22°°).

In this case, since the hyperplane contains both vertices o! and o2, the scaling is
identical. If the scaling is very close to S*, we choose the first component when it
is larger, giving us a bound of 3S2® > S for z € [1,4]. Otherwise, if the second
component is much larger, we get the bound S |(a:c“1 — 2xa2)| 2 S because, loosely
speaking, if the second component is large, it has to be far away from zero. This
gives us estimates over boxes [g,4¢] = [S*,45"]. Finally, € is the largest term since
S > S for B € N(¢) and therefore e > £ so we can bound below by all £°. If
the supporting hyperplane H,, contains a! and is far from o2, then (a2, w) > 1+ 6,
so 2(5"x)*” is very small if § > 0 is far enough from the origin, etc. The difficulty
appears when ¢ is very small, and this is where we need to be careful—- this is the most
difficult obstruction in the proof of Lemma [ and therefore, the most difficult part
of bypassing resolution of singularities in our generalization of Varchenko’s result.
In more detail, consider (S¥z)* — 2(S¥z)*" = —282°° + Sz’ when w is
a normal to a supporting hyperplane of o2. It may be the case that S ) is not

small enough to bound this function below by S, and using the first component to
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bound below by S is not good enough to get us what we want. This means
the supporting hyperplane is too close to o!. In this case, we show that there is an
interval [b, 407! depending only on the polynomials ¢r over compact faces of N(¢)
so that | — 252" + Sl wge’ | = | —25u*® + Su®'| > S, where the implicit constant is
uniform, depending only on the polynomials ¢g. l.e., we show that we can “move”to
a hyperplane containing a face of smaller codimension on which we get the desired
bound. This is a recursive process, necessarily ending when the hyperplane intersects

a codimension 1 face.

4.2 Supporting hyperplanes of N(¢) and scaling

The following proposition is used to define some constants necessary for applying
nondegeneracy to (£.1.I). It tells us that we can move from one hyperplane not
containing all vectors from some set to a new hyperplane that does contain them
and such that some scaling holds with respect to the new hyperplane. Below, one
should think of v!,...,v™ as vertices of a compact face of a Newton polyhedron with
(v', w) being very close or equal to 1 in the sense that C' < Shw)=1 < 1; here we are
trying to mathematically express what the example above was vaguely saying about
hyperplanes being very close to some vertex. For instance, maybe the hyperplane
contains v!,...,v" ! but not v". In this case we can move to a hyperplane that

contains all n vertices, at the cost of estimating over a bigger box [b, 4b=]¢.

Proposition 4. Let S > 0 and0 < C < 1. Letv', ..., v™ € R? be linearly independent
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vectors satisfying (v, w) > 1 for all1 < i <n <d. Letn = (v',w) —1 >0 and

assume that C < 8" <1 for alli. Let x € [1,4]¢. There is some b € (0,1) depending

only onv!,--- v and C, such that there is somey € [b,4b=1]? satisfying the equalities
g = Szt (4.2.1)
Furthermore, there is some positive constant p depending only on v',... v"™ so that

we can take b= C%,

Proof. Let V be the n x d matrix with rows v!,...,v". Let 0; € Rfor 1 <i <mn
be indeterminate. Without loss of generality, assume that the first n columns of
V' are linearly independent and define the d—tuples o = (o0y,...,0,,0,...,0) and

n = M,...,Mn,0,...,0). Solving the equation Vo = 7 can be reduced to solving

Ve =1 where 6 = (01,...,0,), 7= (1,...,n,) and V= {v§}1§i7j§n. Since V has

full rank, we can solve & = V~'7. Denoting ||V "||o = p, we bound

15l < IV Hlocll77ll = 2l

Since 7; are nonnegative,

—p(m+ -+ mn) <00 < plm + -+ ).

We can use these bounds to estimate each S7z; and find precisely which bigger box
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we are looking for. We use the inequalities C' < S < 1 to bound

0k < (Sm . ,,Snn)p <1< (Sm .. Snn)—p < .

Therefore

Cr < §% g, < 40T,

Hence, letting b = C% € (0, 1), we see that y € [b,4b~1]¢ defined by

y==5%

satisfies the system of equations (4.2.1)) because

i

yv _ (Sox)vi _ S(vi,a>$v _ Smxvi‘

]

Assume the hyperplane under consideration is close to, but not containing, some

v™. The results below show there do not exist other points in supp(¢) on the same

face as v" far away from the hyperplane.

Proposition 5. Let x € [1,4]%, let n1,...,n, € R, and let S > 0. Assume 1 is the

linear combination n =Y ¢ Am;. If v' € R? satisfy g = Szt for all1 < i < n,

then y° = S"x” where v ="y  \v".
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Proof. This is simply because

]

In particular, the scaling holds for all v in the affine hul[" of !, ..., v™. Since the

sum over F'in (4.1.2)) can contain affinely dependent vectors, we need .

4.3 The main proposition: avoiding resolution of
singularities

Motivated by Proposition 4] we define constants required to talk about scaling over
faces F' C N(¢) in order to apply nondegeneracy. For the rest of the chapter, we fix
m such that ¢ = P,, + R,, and N(¢) = N(F,,).

For any codimension 1 face F' of N(¢) and linearly independent v' --- v" €
supp(P,,) N F, define V to be the n x d matrix with rows v’ and for each V pick a
full rank n x n submatrix V, defined by taking n independent columns of V. Define
the constant

p = max [V | € (0, 00),

where the maximum is taken over all finitely many V' (supp(F,,) is finite).

16The affine hull of {v',...,v"} is the set {d 1 Ao : >0 A =1}
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Define the positive real number a to be the supremum

a=2 sup Z ailcalz® > 2 sup ||V Py ()] -

1<i<d, la|<m z€(1,4]¢

We define the constant Cl:

Co= min inf |[2Vor(2)|s.
0 FC]\1/(¢>t)xel[1,4}d|| or(@)l
compac

By nondegeneracy, the infimum over [1,4]? over each compact face F' defines some
positive constant. Since there are finitely many compact faces, C exists and is
nonzero. We observe that Cy < a because

Co < inf ||2VP,(2)] < a/2.

T oze[1,4]d

We used that m is large enough so that ¢r = (P,,)r. Now for 1 < j < d, recursively

define the constants

by — (CH)d”, (4.3.1)

O’ = min inf \Y oo (R4
J FCN(9) yelb; by 1] gV ortwlle-
compac
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and finally,
Cj = mln{CJ', C’j_l/a}. (432)

Using the convention by = 1, it is easy to see that Cy > C; > --- > Cy_ 1 > Cy >0
and therefore by > by > --- > bg_1 > by > 0.

If w € N(¢) does not lie in a compact face, then we can write
U= Uy + Yu (4.3.3)

for some v, lying in a compact face and v, € R?, by definition of polyhedron. Since

supp(P,,) is finite, we can define

p= min : [17ul]oo > 0. (4.3.4)

uesupp( P,

Note that p < 1. We need to define one last constant used in the proof of the main

proposition. Let

1 2
. . o+ o
§ = min inf/(
al,a?esupp(Pn) W 2

,w)y —1

where the minimum is taken over all a!, a? not contained in the same codimension 1
face, and the infimum is taken over all normals w of N(¢). In the case where there
exist such o', a?, we claim that ¢’ > 0. First recall all @ € N(¢) and all normals w to

N (¢) satisfy (o, w) > 1. Since N(¢) is convex, o' and o must lie on some nontrivial
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line segment contained in N(¢). If &' = 0 then (o', w) = (a? w) = 1, so any convex
combination of a! and o? satisfies (\;a! + Apa?, w) = 1. This implies a', a? lie on
the same codimension 1 face. The fact that ¢’ > 0 is intuitive because the average of
at, a? not lying on the same codimension 1 face lies in the interior of N(¢), and we

know all points £ in the interior satisfy (£, w) > 1. If there are no such o', a?, use

the convention ¢’ = 1. Define

d = min{p, 'p}. (4.3.5)

Now we are ready to set up the main proposition required to estimate yVo(y).

We use § to keep track of how small are (v, w) — 1 for v € supp(¢) — H,.

Proposition 6. Let P % 0 be a polynomial defined on [0,4]¢ such that P(0) = 0. Let

x € [1,4]%. In terms of P, define the constants b;, C;, p and & as in . (4.5.9),

4.3.4), and respectively, for 0 < i < d. Fir a normal w of N(P) and let

d
5

0< S < (Cy/a)s be such that ||S”||s < (Ca/a)s. Then, there is a vector o € R, a

compact face F' O Fy, and 0 < j' < d such that

(i) For all v € F'" we have the scaling

Glvw) =10 _ (S9x)", where Sz € [bj’74bj_’1]d7 and
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(ii) for all u € supp(P) — F' we have the upper bound

St < /a,

Proof. Let Fy = H, N N(¢). First, if every u ¢ I, satisfies S~ < Cy/a, we are
done with (4i) by picking ¢ = 0 and j' = 0. In this case (7) is also easy to see since

(v,w) =1 for all v € Fy, with 0 = 0. Otherwise, for 0 < j < d — 1 define

Aj = {u € supp(P) : S~ > C}/a}.

Each A; is nonempty because A; N Fy # . Assume 0 < j < d — 1 is such that
A; = Aji1. Let us first show that A; is contained in a single codimension 1 face. If

some u',u? € A; do not lie in the same codimension 1 face, we know

(u' +u? w) — 2 > 28" > 25 /p.

Therefore (u;, w) —1> §/p for i = 1 or 2. Since S°/? < S§° < Cy/a < C}/a, we cannot
have such u’ in A;; this implies A; is contained in a single codimension 1 face of N(P).
Note that if we cannot find u',u? € supp(P) not lying in the same codimension 1
face, A; vacuously lies in some codimension 1 face.

Next, we show that A; is contained in some compact face F; of N(¢). If not,

there is some v € A; not lying in any compact face. By definition of polyhedron, take
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u=v, + 7, as in (4.3.3)). Since v, € ON(P), there is 1 < i < d such that
S(u,w)—l _ S(U,w>—1+<'y,w) < S(v,w)—l—l—pwi < grvi < (Cd/a)pd/é < Cd/a < C'j+1/a.

Assume F; D Fj containing A; has maximal codimension, i.e., there is an affine
basis {v!,...,vdmE)HY c F; 0 A; for the affine hull of A;. There is no loss of
generality because a compact face cannot contain an unbounded face. By Proposition
, we know there is some d—tuple o7 so that for all 1 < i < dim(F}) 4+ 1 we have the
equalities

i

S(vi,w)—lxvi _ (SJjZE)U 7

where S7z € [bj+1,4bj_j1]d. By the definition of b;4,, we can apply Proposition ,

since S('w)=1 > C;/a. Proposition || tells us that for all v € F; we have
S(v,w)fl‘rv — (Sajxy).

Since this holds over all 0 < j < d—1, we are left with claim (7). This claim is obvious,
letting j' = j + 1 since we assumed A; = A;.;, and applying Propositions 4] and .
If there is no 0 < j < d — 1 such that A; = A4, notice that dim(Fp), dim(F), ...
is a strictly increasing list of natural numbers bounded strictly above by d, and in
particular, dim(F;) > j for all j > 0. In this case we see that dim(Fy_1) = d — 1.

Therefore j' = d satisfies property (i); property (i7) is obvious by definition of ¢’ and
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the bounds assumed on S*. This completes the proof. [

With Proposition [ we can finish the proof of Lemma [I] As alluded to at the
beginning of the chapter by proving Proposition [3| the scalings we consider over each
face F = H, N N(¢) are S* for all such w, all small S. We now return to the sums

(4.1.2). For all 1 <14 < d we can write the i component of yVé(y) for y = S¥z as

Z ;o (SYx)* + Z Q;Co (SVT)Y + Z hoe, (SPx)(S"x)*

acFy agFy |a|=m

= Z e S 4 Z ;e S 2 4 Z e, (SVa)S 4w 12

acky agFy |a]=m
Proposiions@,@s< Z o7 o
= ;Co (S x)
aEFj/
+ Z ;e S\ g Z ha7ei(5wm)8<o"w>_lxa>. (4.3.6)
ag Fy |a|=m

For the leftmost sum in the last equality, nondegeneracy guarantees that there is some

1 < i < d such that

Z aica(S”j/:U)a

aEF]-/

>, (4.3.7)

since Sz € [bj/,4b;1]. For the second term, Proposition |§| guarantees Sl <

Cj/a for monomials o ¢ F;; appearing in P,,. Also, by the definition of a, we know

Z aileqlz® < af2. (4.3.8)

a%Fj/
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To estimate the remainder term, let ¢ > 0 be small enough so that for all ||][pe <

and all |y| < m we can bound

C,
> Jhas(de)] < T pemp (4.3.9)

|lal=m—l|v|

This is possible since each h,, and all summands of derivatives of R, up to order m

go to 0 as y — 0. In particular, ¢ is such that ||]|;~ < ¢ implies

Cq
Z |hae; (4€)] < qmA1

|a|=m—1

Assuming S is small enough and applying the triangle inequality, along with the

bounds (4.3.7)), (4.3.8)), and (4.3.9)), we want to bound the absolute value of the sums

inside the parentheses of (4.3.6]), namely the quantity

Z aica(SUj/x)o‘ + Z Qe St 1y 4 Z hmei(wa)Sm’w%lxo‘ . (4.3.10)

acky ag Fy |a|=m

Now when we apply the triangle inequality, we need to use the fact that all mono-
minials z® appearing in the remainder are such that o € N(¢). We need this as-
sumption to guarantee o does not lie below any supporting hyperplane of N(¢), in
particular, (o, w) > 1, so that S{®®)=1 < 1. Here is the only piece of this proof we use

either ¢ is analytic or N(¢) intersects each coordinate axis. Applying the (reverse)
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triangle inequality to (4.3.10)), we bound it below by

> Z aica(SUj/m)a —Cy/a Z a;leq |z — Z | R, (S™ )|
a€Fy, agFy la|l=m
Ci a Cd
/ J m
2O
Cy Cy
_o, Y Ca
J 2 4

5=% >3 (4.3.11)

To complete the proof of Lemma , let s = min{(Cy/a)¥?, (} where ¢ was defined
in (4.3.9) to ensure h, e, were small enough. Let € € (0,s). Let y € [, 4¢]. For some
x € [1,4]%, we can write y = ex. By Proposition , there are unique S € (0, s"/%) and

w normal to N(¢) such that e = S*. Applying the lower bound (4.3.11)), we get

lyVow)ll 2 S = &”

for all « € H, N N(¢). Since all § € N(¢) satisfy (8, w) > 1 = (a,w), we conclude
S > b

S = Slow) > glfw) (Sw>6 — P,

This finishes the proof of Lemma [I, summarizing again for future use that ¢ small
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enough means

e € (0,8) = (0,min{(Cy/a)¥?,¢})4. (4.3.12)
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Chapter 5

Proof of Lemma 2

5.1 Estimating an integration by parts operator

Let ¢ € C* be m—convenient or analytic on [—4,4] for some m > 1 and assume ¢
is nondegenerate. Let n € C* be supported in [1,4]¢. The goal of this chapter is to

integrate

L.(\ve) = / M (o) da
[1,4]¢

by parts k times (where we integrate by parts any number of times if ¢ is smooth) in
order to get good estimates on I, (A, ¢) for € small enough .
Let f(z) = Vo) for z € [1,4]. Since Vo(z) # 0 away from coordinate axes,

—IVe@)II?

f(z) is C*=1 in each component. We define the operator D = D, 4 on C! functions
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g:R?— R by

D(g)(z) = ~S I (5.1.1)

We can check that ¢(*?) is an eigenfunction of D, which is one of the main reasons
we consider this operator. If g is C*, we can estimate (D")(g)(z) for 1 < N < k,
where the adjoint D* of D is given by the divergence

9(x) f(ex)

Di(g)(w) = =V - £25 (5.1.2)

To estimate (D')™(g) we consider the components f, of f. The goal is to show 9° f,, (z)

is a linear combination of terms of the form

2" -1 2" -1

Do) o) 'ole) 0 o) .
N IV : 5.1.3
where 0 < [7f| < N. If this holds, we could bound
[folez)] S &7 (5.1.4)

for any o € N(¢), for e small enough: (5.1.3)) implies 0” f,,(ez) is a linear combination
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of products of
0 d(ex)||eV(ex)|| " (5.1.5)

for 1 < ¢ <2"—1, times ||eV(ex)|| . We claim the first 2" —1 terms can be bounded
above by a constant independent of ¢, while the last term, ||[eV¢(ex)|| ™!, we know is
bounded above by e for any a € N(¢) by Lemma [I] The claim is easy to verify
by for any ¢ small enough, €797 p(ex) = 2" (ex) 8 ¢(ex) is bounded above
in absolute value by a uniform constant times ¥ for some v € N(¢) and = € [1,4]%.
Lemma (1| then guarantees the first 2" — 1 terms of evaluated at cx, namely
the terms , are indeed bounded above by a constant independent of & since
1eVo(ex) ||t < |leaV(ex)|| ™t S e for all a € N(¢), so in particular for a = v.

We proceed by examining some derivatives necessary to prove ({5.1.3]). Consider
|Vo(2)||?, a sum of products of 2 - 2"~1 = 2" functions, each of which is equal to
some derivative of ¢ of order no more than 1. Its partial derivative with respect to
T; 18

d
0| V(@)|* =27 Ve(2) |2 ¢, (2)d],,, (),
(=1

which is a sum of products of (2" — 2) + 2 = 2" functions, each equal to some partial
derivative of ¢ of order no more than 2, more precisely, 2(2"~! — 1) such functions

from the norm on the left and 2 more from the chain rule — the sum on the right.
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Writing 8 =~! + --- 4+ +* ~1, the function

0%y a4 () g(a)
B

271

=3 a0 oa) - () 7
B

=1

2" -1

¢(x)

is again a sum of products of 2" — 1 functions, each equal to some partial derivative

of ¢ of order at most one more than |3|. Therefore the numerator of

S agd ¢(x) " ()

0
Vo ()|

is equal to

2"—1

IVo@) 7 3" asd ol) - 7"+ o(x) - 0 ()
B l=1

1

d
=Y as0 g(a) -0 () - (V@)D b, (0) ¢, (1)
B =1

After reorganizing, we see that we get a sum of products of 2" +2" —1 = 271 — 1
functions, each equal to some partial derivative of ¢. We are left with the denominator

|27‘+1

of the partial derivative in the j direction: ||[V¢(x)||* . So by induction, the proof
of (5.1.4)) is complete: we let |5| = r > 0 above and write 8 = ' + e; for any j such
that 8; # 0 (the base case § = 0 holds trivially).

We can now compute by induction without much work that for 3°,..., 3" € R?
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.....

(D) @) =N 3 4 g@) @ ) ) (07 f)Ex).
PO e L

By ET0)

OV @@I<A™ 3T asld”g@)] 10" fu)er)l 107 fin)er)
P S
d

AN [Tyl e (5.1.6)
for any o, -+, aN € N(¢). In particular, for all @ € N(¢),

(D) (g)(a)| S A max (0" g(x)]e (5.1.7)

for all 1 < N < k, where the implicit constant is independent of € and A. Note that
we also trivially have an estimate for NV = 0. All that is left to prove Lemma [2] is to

integrate by parts.

5.2 Final estimate for Lemma [2

We now put everything together for e small enough (||e||s <'s from (4.3.12)):

I.(\e)= / @) By (x)dx = 51/ D) (2P (x)dx
[e,4€]

[1,4]¢
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— Bl DN (e 1Py (z)de = 7T / e (DN () (z)da.
[174]d [174]d

By (5.1.7), letting g(z) = 2”n(x) € C* in (5.1.7),
/ ‘(Dt)N(ﬁT])(x)‘dx g / )\_NS_NadCE S_, )\—Ng—Noa.
(1,4]¢ [1,4]¢

Therefore we have proved Lemma [2} for all 1 < N < k,

1\ €)| S ANem oD,

5.3 Application of ([5.1.7)) to other amplitudes

In the proof of Theorem [2] we need to estimate the integrals
/e"’\‘z’(x)x'ymRm(a:)xﬂqﬂ(x)dx,

where 1 is C* and supported close enough to the origin. In order to estimate this

integral, we first estimate

/ ei’\‘z’(m)mRm(x)Jiﬁne(x)dx — Pl / eiA¢(em)ava(€x)xﬁn($)d$
[e,4e] (1,4]4

for some C* compactly supported 1 : [1,4]¢ — R. We apply the same argument

as in the previous section, and apply property for remainders of analytic or
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m—convenient C* functions. Write 'R,,(ex) = R,,.. and 2°n(z) = 7/(z). By
.17
t\N N < y—N 30 N| -—Na
(DY Rf) SN s 107 (R i)
for all 1 < N < k — |y|. By the Leibniz formula,
O (Rippen) = Y 0" Ry 0700 = Y 0"V Ry, (e2)0°
a; <B; a; <B;
=g Z IR, (e2)0° .
a; <Bi
e Z Z Ry (e)e 220y .
[v|=m a; <B;
Since z € [1,4]%, for some uniform constant independent of & we can bound
|0 R, (ex)| S Z e’ .
|v|=m
Finally,
‘/ M@ YR, (x) 2 . (x)dx| < Z AN gvtfl=Ne (5.3.1)
[e,4€]@

[v[=m

for all & € N(¢), all € small enough, and all 1 < N < k— |y|. We will go back to this

formula in the next chapter to prove a corollary required for Chapter [7]
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Chapter 6

Proof of Theorem (1

We now use Lemma [2| and linear programming to prove Varchenko’s upper bounds.

We can sum over positive j; to get a bound on the integral

L () :/R

where 1 is supported in a sufficiently small neighborhood of the origin. This is

@ (z)dr = / 2@ () dx

¢ [0,4]

-----

unity subordinate to the cover {(277,277%2)}.a of (0,4)%. One should choose a

family {f;} for which there exists a uniform constant C' > 0 such that

0° f(x)
oz

| <ca,
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so that when one scales the support of (¢f;)(x) to [1,4]¢ by 277, all derivatives of
(¢ f;)(277z) are bounded above by a uniform constant independent of j. Since it
is sufficient to find some fy(z) such that the functions f;(z) = fo(2/z) define our
partition of unity, it is not difficult to prove that indeed we can choose a family
{fi};ena as required. Existence of such a partition of unity is well-known, especially

for those who use Littlewood-Paley decomposition. See, for example, [3] B

6.1 FEasy case: when 3 = 0 and t € RY lies in a

single codimension 1 face

Varchenko showed[18] that if ¢ : R? — R is real analytic and nondegenerate in a
neighborhood of the origin, and if ¢ : R? — R is smooth and supported close enough
to the origin, then

[TV S A7 log™ 1 ()

where t is the Newton distance of ¢ and d; is the highest codimension over all faces
containing t. Moreover, he showed this result is sharp for ¢ > 1. We apply Lemma
to obtain a more general result at the end of the next section, although we do not
prove the result is sharp. For the rest of this section, we use 7 as an index. Fix

A > 2. Let t be the Newton distance of ¢ and assume for simplicity that t lies in a

"Tn order to apply the result, one would define the function v generating the dyadic partition
of unity for one variable, then multiply d many 1 - - - ¥4 to obtain a partition of unity for dyadic
cubes.
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codimension 1 face F© C N(¢) and does not lie in any face of higher codimension.

This case illustrates the main ideas. By Lemma [2] it is enough to show

[e.e]

E min  {ATNoWarLiy < AU
_ 4~ N>0, aEN(9) ~
.719"'7.7d:0

First, setting N = 0, we see that

[e.e]

S ol gy

Tyeeesdiseeja=0

Ji=log(A)/t
Hence, it is enough to bound
log(\)/t
i A~ NoNe—1y) 6.1.1
2 it } (611
]h"':deO

above by a uniform positive constant times A\~'/*. Since t lies in a face of codimension
1 that cannot lie in a coordinate hyperplane (¢ > 0) there are linearly independent

a',...,a? € F whose convex hull contains t, so we write

d
i=1

For the rest of the proof we fix N > 1/t. For 1 < i < dlet 8, = % and

18We can assume N > 1/t only if n > 1/t. In particular, there is no concern if ¢ is analytic or
smooth convenient.
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0p=1-— ﬁ Then all 8; are positive and sum to 1. Moreover, we can check

We estimate (6.1.1)) by considering the sum

log() /4 _
- (~14) J.o(Nai=1)
> min {Jp2017), J;2 1 (6.1.2)
Jiyeesja=0 = 7

where Jy = 1 and the coefficients J; equal A=V for 1 < i < d; clearly bounds
above, since we fixed N. Letting A be the full rank matrix {a’}1<;¢<q, We can
solve Az = 1 € R% Write the solution as z = (z1,. .., zg) (we already know 2z = w(t),
but z is not as obvious when F' is not codimension 1). Since the convex hull of
{al, ..., a?} contains t € R, we conclude (t,z) = 1, hence (1, z) = 1/t. Denoting

the d—tuple log(\)z by j°, we compute

(]02<—17j0> — D\t = (]ZQ(Nai—l,jO)'

Hence, by reindexing and factoring out A\=/*, we see

log(\) /¢ |
1 <_17j> . (Naz_17j>
Z llgiléld{JOZ , Ji2 }
J1ye-,Ja=0
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log(\)/t—log(\)z1  log(A)/t—log(M)za

SAYE N e YT min {20t oty (6.1.3)

. , 1<i<d
Jj1=—log(N)z1 Ja=—1log(N)z4

Now notice that the vectors Na — 1 and —1 do not all lie in the same hyperplane:
(=1,z) = =1/t and (Nay, z) = N # 0. This finishes the claim, since {£ € R? : (£, z) =
1} is the unique hyperplane in R? containing the d many linearly independent vectors

a'. Therefore, for all x € R,

sup min {(—1,2),(Na'—1,2)} <O0.
s min{(~1,2).( )}

By homogeneity, there is some ¢ > 0 such that

in {(— i < — .
min {(~1,2), (Va' = 1,2)} < —clle]|

Apply this fact to bound the sum in (6.1.3)) by

[e.e]

Z omin{(~1,5), (Na'~1,j)} < Z Z pd=ta—en <

J1sesJd €L n=0 ||j]jcc=n

to see that (6.1.1) is bounded above by a uniform constant times A~'/*, which is

exactly the estimate we were looking for.
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6.2 General case

Let F' be some codimension 1 face intersecting the line L = {s(8 + 1) : s € R} and
let w be the normal of F. Since S + 1 has all positive components, the quantity

(B 4+ 1,w) is nonzero. Since § + 1 lies on a line intersecting F', we conclude that

the vector v = wi;llm lies on F'. Let r — 1 be the lowest dimension over all faces

intersected by L. By Lemma [2] it is enough to show

: )\—N2<Na—ﬂ—1,j> < )\—(B-ﬁ-l,w)l d—r A).
2 et s 0" (M)
1yeJd=

First, setting N = 0, we see for any j; that

[e.o] o0 [e.o]

Z . Z . Z 9(=8-13) < \=(BitD)/vi — \~(B+1w)

=0 ji=log(\)/v;  ja=0
Hence, it is enough to bound

log(A\)/v1 log(\)/vg

Yoo > min (¢){A—N2<NQ—5—1J>} (6.2.1)

o —o N>0, aeN
J1= Jd=

above by a uniform positive constant times A~{(#+1v) logd”"()\). It is more natural to
work in a continuous setting when r # d because we need to change variables, so we

bound ([6.2.1)) above by a uniform constant times

log(\)/v1 log(\)/vg
/ e / min ){)\_N6<Na_5_1’x>}dx, (6.2.2)
0 0

N>0,aeN(¢

72



and we estimate the integral (6.2.2)) instead. Since v lies in a face of dimension no
less than » — 1 that also does not lie in a coordinate hyperplane, there are linearly

independent o', ..., a" € F whose convex hull contains v, so write

T

v=3 na. (6.2.3)

=1

For the rest of the proof we assume N > (8 + 1,w). This is where we require that
k> (f+1w). Forl <i<rletd =N(B+1,w)/Nand by =1—(f+1,w)/N. All
0; are positive and their sum is 1 by the restriction placed on N. Moreover, we can

check

r

Oo(—8—1)+> 0;(Na' — B —1) =0. (6.2.4)

=1

The integral (6.2.2)) can be bounded above by

log(A) /v1 log(A)/v4 i
/ - / win {77 AN e (6.2.5)
0 0

1<i<k

We now change variables for convenience: define the matrix A by the equalities
Aot =e; for 1 <i<r,

and

Ae; = e; for r < i <d.
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Note that (ATx, o) = x; for 1 < i < k. Letting x = ATy, up to a factor of the

Jacobian of A™1, the integral (6.2.5) equals

/ min {6<A(*’8*1)’y>, )\*N6<A(N°‘j*ﬁ*1)’y>}dy. (6.2.6)
0<(ATy,e;)<log(\) /v; 1<j<k
=

St

B+1

We have seen that Aa’ = e; by definition of A. Moreover, by (6.2.3)), since v = Bria)

the vector A(8 + 1) can be written as a linear combination of vectors Ao’ = e; over

1 <17 < r. Therefore we can integrate over directions r <7 < d

e < 1 d—r
%S(ATy,ei)glog(A)/vi dyr-i—l dyd S log ()\)
k<i<d

in order to bound ([6.2.6) above by

113i£k{e<A(_’B_1)’y>7 )‘_N€<A(Nai_6_1)7y>} dyl e dyr- (627)

log ) |

Since Ao’ = e; and Y77, \; = 1, we see

T

(A(B+1),log(A\)1) = (B+ 1, w)log(A) Y A;(Aa’, 1) = (B + 1, w)log(N),

Jj=1

and therefore, exponentiating, we obtain e(A(=A=1leeM1) — \~{F+1w) Thig calcula-

tion inspires the change of variables y — y + log(\)1. After changing variables, we
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can factor out A=¥+1%) and bound (6.2.7) above by A~¥+1w) 1og?*()) times

J.

The factors A=V disappeared after changing variables because A\~VeN1oe®) = 1 By

3 (A(_B_1)1y> (A(Nai_ﬁ_1)7y> PR
in {e € Hdy, - - dy:.

(6.2.4),

0=0)A(—8—1) + iGiA(No/' —B-1).
=1

Since A(Na'! — 3 —1) for 1 <i <r and A(—3 — 1) are linearly independent in R",

sup min {(A(—f —1),y), (A(Na' = 8 —1),y9)} <0.

llyllo=11isT

By homogeneity, there is a constant ¢ = c¢(al,..., a", ) > 0 such that

min {(A(—=8 —1),y), (A(Na' = 8 —1),5)} < cllyl|=.

1<i<r

After a polar change of variables, we can bound (6.2.7)) by a constant independent of

A (but depending on o', ... a", and ) times
)\*(,3+1,w> logdﬂ"()\) / e~ dr S )\7<5+1,w> 10gdir()\>,
0

which is exactly the bound we were looking for.
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Varchenko’s upper bounds as a special case

Letting 5 = 0 above, the inner product (8 + 1,w(f + 1)) = (1,w(1)) = 1/t by
Observation[l} Therefore Varchenko’s upper bound in [18] is a special case of Theorem
. In fact, the upper bound hold for all convenient nondegenerate phases ¢ € C*,
assuming k > 1/t. Since ¢t > 1/d holds for all C* functions, one could guarantee such

an estimate for all C9*! convenient phases.

6.3 An estimate for remainders

Let ¢ € C* be m—convenient and write ¢ = P, + R,,, where we are free to choose

m < m’ <n. With the same methods used above, we want to estimate

Ip~,(N\) = / M@ PR, (x) 2P (x)de,
0,4]

where v is C*~l and supported close enough to the origin. We know by 1' that

foralll1 <N <k—|v],

‘/[ . M@ R ()2 e () d
e,4e

5 Z )\—Ngv-‘rﬁ-‘rl—Na

|v|=m

where 7 is C*~1! and supported in [1,4]?. We again use linear programming over

each v, assuming that & > |y + 14+ (8 + 1,w(8 + 1)) so that k — |y| > N >
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(v+ B+ 1,ww+ p+1)) for all |v] = m. The estimate is

TR (V)| S Z A\~ (vHB+Lw(v+B+1)) logd_l()\) < A\~ 1= (B+Lw(B+1)) logd_l()\). (6.3.1)

[v|=m
With the same techniques, we get

Corollary 1. Let ~', ..., 4", 3 € N Assume ¢ € C* is m—convenient. Assume

k> max [y + (0! + 0"+ B Lw( 0"+ f 4 1))
SJsn

for all |v'| = m, and let ¢ be Cr=max V'l yith support close enough to the origin. Let

pl, o) =@+ 0"+ B4 Lw( + -+ 0"+ B+ 1)), Then

/ ei’\‘i’(aﬂl@”lRm) e (x”néwan)xﬁtb < Z AHEh) logdfl()\).
R4

‘Ullz...zlvn‘:m

The minimum over k — |/] is the maximum number we can differentiate each of
the terms 279" R,,. Note that if ¢ is smooth convenient or analytic, we don’t need to

worry about how large k has to be.
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Chapter 7

Theorem [2: asymptotic expansion

of I(\)

We remind the reade that if some multiple of 3 € N? lies in N(¢), we define
w(fB) = {w: (B, w) is minimal}

where the minimum is taken over all finitely many normals w of codimension 1 faces F'
of N(¢). In the same section we also defined (7, w(f3)) for the scalar max,cu(g) (7, w).
In this chapter, we make use of the facts proven in Proposition [2|at the end of Section

B4t

If (B,w) = (o + B, w(a + B)), then
9Gee Chapter [3 Section
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P3 w(a+ f) Cw(p) and ojw; =0 for all w € w(a + B),

P4 either w(a + B) € w(pB) or else a # 0 implies 5 does not lie in any compact

codimension 1 face, and
P5 If o # 0, then |w(a+ B)| < |{j:a; #0} <d—1.

P6 If instead we assume a € N(¢) and (5,w) + 1 = (a + S, w(a + B)), then

lw(a + B)] < d with equality only if a = 3.

7.1 Derivatives of I()\)

Tn this section we choose m < m’ < m +n+1 < k and express ¢ as P, + R,

where P, is a degree m/ polynomial and R,,, = Z\a|=m' x%he(z). Denote the integral
Jga €29@9(x)dz by I(X). We want to prove that I(\) has asymptotic expansion for

large A of the form
I(\) ~ a; ()N TP logh T (N) (7.1.1)

in the sense described prior to Theorem [2, where py < p; < --- is the ordering of the
countable set C of Section [3.5| (Chapter 3). We assume that k > (do+- - +d,)m’ +d,

and d; is the greatest codimension over all faces intersecting the lines

{s(B+1):s€R, BN (B+1,w(B+1))—n' =p; somen €N}
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Note that we only need the Newton polyhedron to know what are each p; and d;; no
additional conditions other than being able to define N(¢) are required of ¢.

To start the proof, we need to first rewrite P, in a suggestive way and then
differentiate I5(\).

If P(x) is a polynomial of degree at most m’, note that

d
P(x) = Z Cox® = Z Zajvjcaxo‘,

la <m’ jaf<m/ j=1

where we are free to choose any v € Ré satisfying (o,v) = 1; we suppress the
dependence on « for notational convenience. Let w € w(f + 1) be free. Recall:
geometrically, ' = H,,NAN(¢) is a codimension 1 face hit by the line {s(f+1) : s € R},

so in particular F' does not lie in a coordinate hyperplane. We can rewrite P, as

d d
ZZaj(vj — w;)car® + ZZajchaxa. (7.1.2)

a j=1 a j=1

This expression also works for arbitrary analytic functions. Letting v = v(«a) = w for

all v € F, the quantity (7.1.2)) simplifies to

d d
Z Z a;(v; —wj)c,x™ + Z Z a;w;ce . (7.1.3)

adF j=1 a j=1

Since we are integrating over a compact set and e*? has the same smoothness as ¢,
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we can write A-LIg(\) =

/ei’\‘b(x)i)\gb(:b)xﬂzb(a?)dx _ /ei’\‘i’i/\(wx . ng)xﬂgb + / eiwi/\w —wx - ng):(;ﬁ/; .

J/ J/
-~ -~

11 12

We first estimate I;. Integration by parts tells us
I, = — /eWﬁ(f)v (2P (x)we)d.

By the product rule, and the definition (8 + 1,w) = Z?Zl(ﬁj + 1)w;, we can rewrite

the integral above as

IL =—(p+ 1,w>/ei’\¢x5w - /ei’\‘%ﬁ(w:p -V).

-~

111

Define D3 to be the operator /\% + (8 + 1,w). We have just shown
Dglg(\) = I, — Ins.

We begin with the estimate of

d
I = ij /ezk(bxﬂ-‘rejwlzj
7j=1
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By Theorem [1]
d
IaO)] S S wyA-Brers i@ e i) ogh1()) (114)
j=1

o If (B+e;+1,w(f+e; +1)) > (8+1,w), we are done with the estimate.

e Otherwise, by property we can say w(f +1+e;) C w(f +1). If equality

holds, guarantees w; = 0; otherwise, we have a few more cases.

o If s(8+ 1) doesn’t intersect N(¢) at a vertex, then |w(S + 1)| is the highest
codimension over all faces containing § + 1. In this case, |w(f + 1+ ¢;)| <

lw(f +1)| so B+ 1+ e; lies in a strictly smaller codimension face.

o If (8 + 1) intersects in a vertex and s( + 1 + e;) does not, the power of log

again must be smaller.

e Finally, tells us the lines s(5 + 1) and s(8 + 1 + e;) cannot both intersect

N(¢) at vertices.

We have finally finished proving an estimate on ([7.1.4]) that are summarized succinctly
at the end of the section.

In order to estimate I, we first rewrite

I, = /e“"’i)\(Pm/ — wx - VP)zPy + / N Ry — wz - VR )P .

[ J/ [ J/
-~

-~
121 122

82



By (7.1.3), Pw(z) —wz - VPy(z) = 3 4p Z;l:l(vj — wj)cax®. If this quantity is

zero, we are done with the estimate. Otherwise, Theorem (1] tells us we can bound I5;

above by

Ion| < X - A~(etBtLuwetprn) logd'_l()\)

for d’ guaranteed by Theorem [l Note that

B+ 1Lw)+ {a,wla+L+1) <{a+F+1,wla+p+1)).

Moreover, (a,w(a + f + 1)) > 1 since a must lie on or above H,, for all w' €
w(a+ [+ 1) by convexity of N(¢). If 1 +(f+1,w) = (a+F+ 1, w(a++1)), we
apply [P6] Since a ¢ F, w(a+ 8+ 1) C w(a) Nw(B + 1). In particular, o # 3 + 1,
so |w(a) Nw(a+ B+ 1) < d and therefore o + 8 + 1 must lie on a strictly smaller
codimension face than 5 + 1. Theorem [I| then guarantees that d’ must be strictly
smaller than the power of log in the estimate of Ig(\) that we started with. So,
the estimate in this case is strictly better because of the power of the logarithm. If
equality of the inner products does not hold, the power of A must be strictly smaller
than in the estimate of I5(\).

We move on to estimating I by applying Corollary We assume that £ >

14+ (v+ 8+ 1w+ p+1)) or else we cannot proceed because of the conditions in

20The major obstruction here is that R, (z) — wx - VR, (x) does not have nice cancellation like
P (x) —wz - V Py (x) did above (even in one variable). There is nothing we can do with this term
unless ¢ is smooth convenient, or real analytic. If ¢ is smooth m—convenient, we can take m’ to be
so large that (o + 1,w(a + 1)) is much smaller than the next term in the expansion of Ig(\) and
therefore can be ignored. If ¢ is real analytic, we have to use cancellation as in the estimate of Io;.
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Corollary [II In the next steps, we assume [ satisfies this property. By the triangle

inequality and Corollary [I]

[I2| S II??XI AL L)+ |god=1 ()

The vector v cannot lie on any compact face of N(¢) since we assumed N(¢) =
N(P,,) = N(P,,) intersects each coordinate axis and P, has degree at most m’.
Although we don’t consider the case m’ = m, we mention that in this case, if we can
conclude (v, w) > 1, then the exponent of A is strictly better. This is an assumption
we need to impose if we want better estimates. Otherwise, we can only say by
that if |w(8 + 1)] > d, then the exponent of log is smaller. If m’ > m, for
convenient phases it is easy to see that (8 + e;,w) > (5, w) for all 5, j, and w, since
no component of any normal w can be zero. In this case we get a better estimate. If
¢ is real analytic, then R, (z) — wz - VR, (z) is analytic and can be expressed as
Z?Zl ZIaIZm’,aéF ;Co(v; — w;)x®, just like the polynomial in I5;. In this case we also
get a better estimate.

Let py < p1 < --- be the well ordering stated at the beginning of the chapter. Let

p; = (8 + 1,w). To summarize, we have just finished proving

APt loghti T (N) d; =1
[Dsls(N)] <

A7Pi log%2(\) otherwise.
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7.2 Estimating higher derivatives of I(\)

7.2.1 Analytic phases

In this section we use - to represent the dot product whenever a gradient is involved,
e.g., V- I is the divergence of F. In the case when ¢ is analytic, we simply write
p(x) = >, x* or else it is not as clear why the remainders do not contribute too
much. We are free to exchange infinite sums and integrals in this part of the proof
because of the Lebesgue Dominated Convergence Theorem; all the sums represent
analytic functions, so are uniformly and absolutely convergent in the support of the
amplitude.

Denote by G, -(\) the integral

r dp—1 do
d d d
(Aﬁ +pn> ()\5 +pn—1> e (Aa +po> I(N).

The induction hypothesis for analytic phases is:

do+-+dp—1+r

GV = D NN,

=0
where Jj ,,, can be split up into finitely many integrals J; , » ¢ such that there exist

e 3 = B, lying in a codimension r, but not codimension r + 1, face and a normal

w € w(f+1) (depending on () such that p, = (8+1,w) — K for some K € N,
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e compactly supported v, .0 € C*,

e a countable set I'(j, n, r, £) such that (y + 1,w(y+ 1)) > p, + j for all v € T..

The above are such that we can write

Jj,n,r,f:/ev\(b(x) Z b'yx'ywj,n,r,édm

yel (j,n,r,€)

If the context is clear, we suppress the indices. Applying ()\% +py) to each J = Jj .4,

we write

d i iXQ
()\5 + pn> J =\ / e z)\gb; by bda
+ (P + )N / ¢ b Yde
vyerl’

=N (J'(A) + (pn + 5)J(N))

We first write

Jl = / eMiNwx - Vo) Y byay,
v

and

Jy = /e”‘bi)\(gb —wz - Vo) Z b, x4,

To estimate Ji, we integrate by parts:

d
I=- / e (Z bvwlxﬁelw)
=1 o
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d
— /e”“ﬁ Z(”y + 1, wb, ") — Z / e Z b7x7+elwlw;l .
v I=1 v

—~ ~

U /
Jl 1 J12

Now M (Jiy + (pn +4)J) =

D Y R PR X
Y

We assumed (y+1,w(y+1) > p,+ 7. If w ¢ w(y+1), the estimate is strictly better
because the power of A is at least —(y+ 1, w) + j < —p, Y] Otherwise, p, +j — (v +
1,w) = 0 and the sum over 7 only contains exponents outside of H,. Therefore, the
power of the logarithm in the estimate is strictly better by Theorem |1} Either way,
we are done estimating this integral.

In J{,, we estimate each of the d summands. Theorem |I|tells us they are bounded
by A~(tertlutetl)) [o0d=1()) for ' as in Theorem . By property , either the
power of log must be smaller or else v+ e;+ 1 lies in an unbounded face. In the latter
case, w; = 0 and we do not have to estimate the [ summand. This completes the
estimate of Jj,.

We now move on to Jj. Write ¢(x) = Zld:l > o @iVbax® where each v depends

on the corresponding « by the condition (a,v) = 1. Then ¢(z) — wz - Vo(z) =

21Here we could apply Taylor’s theorem to the analytic function inside the integral in order to
obtain a polynomial plus remainder term. This way, we don’t need to worry about an infinite sum
of remainders in .
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Zld:1 Y o @ilv; — w;)baz®. Let us consider what happens if there are «, such that

(a+y+1Lwla+y+1) =1+ (y+1,wly+1)). (7.2.1)

Letting v; = w; for all @ such that w(a) 3 w, we see that the o under consideration
lie in a strictly larger codimension face than § + 1, guaranteed by [P and the fact
w(e) € w(B +1). In the case that equality holds in (7.2.1]), we only do not get a
smaller power of A if in addition (a+~v+1, w(a+v+1)) = (6+1, w(f+1))—K+1+7].
In this case we already concluded the power of log is better by Theorem [I] and [P6]

The estimate for analytic phases in finally finished.

7.2.2 Convenient phases

We now prove the m—convenient case.@ Recall that we assume

k> d@2m+d)(n+1)+d.

The induction hypothesis for m—convenient phases is similar to what we had in the

previous section:
ot +dp_1+r

Gnﬂn()\) - Z )\jt]j,n,r<)\)>

J=0

where J;,,, can be split up into finitely many integrals J;, ,, such that there exist

22The trick here is to just have the right bounds on m’ and keep the previous assumptions about
the structure of G, ,; we cannot estimate R, better than trivially.
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e 3 = f3,, lying in a codimension r but not codimension r 4 1 face and a normal
w € w(f+1) (depending on () such that p, = (54 1,w) — K for some K € N,

e compactly supported ), ., € Ck=(dot+dnrtr)

e a finite set {07}1<j<; C N%

e and a finite set I' such that for all v € T,

(do+--+dpatr)imtn)+d=(y+Lwy+1)Zpn+j-L,

where v satisfies v = o' + -+ + o/~ for some o' € N(¢).

We assume that under the above conditions, the integrals J;,, can be written as a

sum of

% ol aol ol
Tinrs ) = [ a0 Ryg) o+ (a0 )L

Theoreml 1| showed the n = 0 and r = 0 case, taking 00,00 = ¥, Ro0,00 =0, 8 =0,
and I' = {0} with bypoo = 1. The case n = 0, r = 1 was shown in the previous

section:

Joo1 = — Z/ g (@ xmwm¢ ()d:p+/ei)‘¢(x)2b7x7¢(x)dx

W, 70 VEF

+ / MR, — wa - VR )(x)da.
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From now on the dependence on j,r,n,/ is suppressed.
Assuming 0 <r < d, — 1, we apply (A% + pn) to G,,. By induction hypothesis,
Gy 1s a sum of terms M J()) satisfying the conditions above, where J depends on

J,r,n, and ¢. For all j there is some  and w corresponding to a codimension 1 face

such that p, = (f + 1,w) — K. Therefore,

d iAD ol ol
(AdAern))\JJ —AJ(Z/ iXp(z7 07 Ry) -+ (2770 bew
+ (Pn +7) Z/eim(x”l@"l}% ). (27 0" R Zb x%bdx)
¢
=X (T + (a+)IN)
We separately estimate each summand of J’ and J, and show the derivative is of the

form we claimed in the induction hypothesis. For simplicity, write each summand of

J" as J| + Jj, where

J :/e“m(wx-w)(xﬂla"lR ) (27 07" R Zb a1,

and

1

Jy = /ei)“bz’)\(qﬁ —wz - V) (27 07 Ry) - - (a° "' R Zb 7.
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Integration by parts lets us rewrite J; as

d
J{ — _ Z / ei)\qi)(:v)ael ((fEUl aa-l Rm> . (:L‘O'Lao-LRm) Z b,yU)ll"y-i_el,éZ}) )
=1 Y

Now we perform some bookkeeping on where the derivatives can land inside Jj. First,
we discuss when we can apply Corollary . We first bound max |o!| + (o +- - -+ oL +
v+ 1,w(o! +--- +1)). The terms |¢!| are bounded above by dy + -+ +7r + 1 <
dg + - -+ + d, because that is the largest amount of derivatives we applied to I(\).
Next, each (0!, w(o! + -+ + 1)) < m’ because all w satisfy w; < 1| Next, we know
(v+1,w(y+1)) < (do+---+d,)m'+d. Hence, the entire quantity is bounded above

by (do+ -+ d,)2m+2n+1)+d < k.

(1) If each partial derivative 0% lands on > b,27"*, after summing over [ and

adding the integral (p, + j)J(\), we can abuse the following cancellation:

Z(pn +] o <’y + ]_7 w)) / ei)@)(mglag’lRm) e (SCULaULRm) Z b'yxﬁywdaj‘.
Y

~

If L # 0, each term inside the sum over v can be bounded by Corollary [T The

power of \ is

—(ot ot by Lw(e 4 1) > (v Lw(y + 1)) +pa+ )

23Every Newton polyhedron under consideration is contained in the Newton polyhedron of x; +
-+« 4 x4. In particular, (e;,w) < 1 for all 1 < ¢ < d, so that each w normal corresponding to a
codimension 1 face satisfies w; < 1.
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by induction hypothesis on v € ' and because (¢!, w(a')) > 1 for m—convenient
phases whenever m’ > m.@ We now assume L = 0. In this case, the argument
is exactly the same as for analytic functions in the previous section. However,
in this section we shall be very careful about the induction and smoothness. In
order to apply Corollary |1, the smoothness condition needs to be met; in the

remarks above we showed indeed it is.

(2) If a partial derivative 9° lands on v, we see that (y+e;+1, w(y+e;+1)) > p,—L
and equality holds iff the power of log gives a better estimate, by the induction
hypothesis on I' 5 ~. If equality does not hold, the inner product is greater
than p,.1 — L. Again, this form for the integral matches the statement in the

induction hypothesisﬁ In this case, the inner product bounds on the new set

IV also hold.

(3) If a partial derivative lands on one of the remainder terms,

ael (xa+el 80Rm) — (0_ + 1)33080Rm + xUJrel aoJrel Rm

In this harder case we also apply Corollary [ We require the same bound on k

since r < d,,. Everything in the induction still holds.

240One main reason we had a separate section for analytic phases is because this argument would
not hold if ¢* was contained in an unbounded face not contained in a coordinate hyperplane.

25The exponent may not have improved, but we have the same power of A multiplying the integral
as we started with.

92



Next, we need to consider the integral J). We handle this integral as before, breaking
up ¢ —wx - V¢ into Pm—wx-VPm:f’and Rm—wx-VRm:R
For the integral of P, we use the induction hypothesis to bound the exponent of

A just as in the analytic case. If L > 0, we can below by

j—{oc'+- 4o +at+y+Lwle +--+1))
<j— (ot we)) == (" wle") —1—(y+ Lw(y+1))

<j—L—1—p,—j+L+1=—p,

In this case we get a higher exponent of \. If L = 0, then we argue as before if
pn+ 7 ={(yv+ 1, w(y+1)), the power of log gives a better estimate.

To estimate the remainders, we note that &k > m’ = m + (n+ 1)d, so we can keep
differentiating. In particular, any monomial z® appearing in the remainder satisfies
(a+ 1,w) > 1 because m + (n+ 1)d > m.

This completes the induction proof of (7.1.1)).

7.3 A differential inequality

The last thing we need to do is show (|7.1.1]) implies the asymptotic expansion of I(\)

we have been trying to prove. The expansion is a corollary of the following result:

Lemma 3. Let f : (2,00) — C be smooth. Assume there are positive rationals
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po < p1 < -+ < Ppa1 and positive integers dy, - - - ,d,y1 Such that

dn do
d d
(Aﬁ +pn> e (Aﬁ +p0> ey

Then, there are constants a;, € C such that

< APt JoghnriTh()), (7.3.1)

n dnp—1

FO) =" a; ;A 1ogm T (A) + O(A P+ logh 7 (V).

j=0 r=0

First, we require some more basic results about the differential operator we are
considering. We let p; and d; as in Lemma [3] We assume f : R — C is smooth for

all statements below. Also, big-O statements are for A — oco.

Proposition 7. Let h: (2,00) — C be smooth. Assume there are positive rationals

Po < p1 < -+ < p, and positive integers dy, - - - ,d, such that

dn do
d d

Then, there are aj, € C such that

n di—1

hA) =) a;, A log"(N).

j=0 =0
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Proposition [7] can be shown by an induction argument on 0 < m < dy+ - - + d,,.
Proof. First, if p > 1, we can integrate by parts to see

n

/ A Plog™(\) = cht_pH log (t).

Next, we show (AL + p) (AL + q)h = (AL + ¢)(A-L + p)h. Simply expanding both

sides, we see they are both equal to

2

d?h dh
AQW +(p+q+ 1)>\a + pq.

We now show the base case of our induction. Assume ()\% + p)h = 0. Then 0 =
APTL AL + p)h = L (WPh). Integrating both sides, we see that h(\) = c;A77.

Assume (AL 4 p, )% -+ (A4 4 py)®h = 0. The induction hypothesis states that

n di—1
hA) =YY apA ™ log"(N).

j=0 =0

Now we solve

dy, df
d d d

Since each operator commutes, write ()\% + ) (/\% + po)% ()\% +p)h =0. By
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induction,

1
d -l I
<)\a +p>h = a; A P log"(N).

Therefore, as in the base case,

We integrate both sides to obtain

(-1

d
SN g () + D dl, log’ () +C p=p
)\ph()\) _ ) j#i =0 r=1

n -1

YoS T d,leg’ (V) + C p#p

\ =0 r=0

So if p = p;, we get an additional summand a; d;)\_pi logdg(/\). Otherwise, we get an

extra summand C'A\™P. This completes the proof. m

Proposition 8. Let f : (2,00) — C be smooth. Let 0 < p < q and let d € N. If

[(Adx )V S A 71og(N), then [ f(\)] £ A~ log”(N).

Proof. We multiply both sides of the inequality by AP~!, notice the left-hand side

becomes exact, and integrate:

d p
S 1)

o
S/
A

Since p — ¢ — 1 < —1, the rightmost side is integrable, therefore so is the leftmost.

dt < / =1 L log?(t)dt.
A

‘ | Gero
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Integrating by parts, (differentiating the log term if d # 0), we conclude

A F(N)] S N Tlog!(A).

Proposition [§] provides the base case for the proof of Lemma [3}

Proof. Let D, be the differential operator (A4 + p,)® - - - (A4 4 po)™. Let h be the
general solution to the homogeneous equation D,,(h) = 0 guaranteed by Proposition .
Then to solve for f in the differential inequality (7.3.1)), we need to solve | D,,(f+h)| <
ATPnt1 logd"“_l()\). We use induction the same way as in the proof of Proposition ,

making use of py < -+ < p, < pry1. We conclude

[FON) + (V)] S AP log™ 17 (A).

Hence, there are constants a;, € C such that

n dj—1

FO) =" a;; A log"(A) + O(A P+ log®+1 71 ().

7=0 r=0
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Now we can conclude that for all n € N, there are a;, € C such that
I(\) — a; AP logm ()| S AP logi T (M),

Finally, taking p; and d; as in Theorem , the proof is complete.
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Chapter 8

Future work

Varchenko[I§] did a great service finding counterexamples to some of Arnol’d’s con-
jectures about stability of estimates.@ There have been relatively little progress in
this direction since Varchenko’s negative results 40 years ago. Karpushkin has pub-
lished some important articles studying stability of estimates, e.g., [10], [11], [12]
using techniques from algebraic geometry. There has also been wonderful progress by
Phong-Stein-Sturm[16] and Greenblatt[6] with more analytic techniques. My goal is

to study the stability of oscillatory integrals

I(\t) = /R d @) (1) dx

in the real parameter ¢ for suitable phases ¢. Some difficulties arise in the current

arguments because integration by parts is only in . However, with the methods in

26See appendix for some of these examples.
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this thesis it is already possible to study the stability if we assume something similar
to nondegeneracy, e.g., if we assume for all ¢ the phase ¢(z,t) is nondegenerate in z. I
believe that the methods presented here are well-suited for studying such problems. In
particular, dyadically decomposing the domain and estimating each piece is a great
strategy to attack such problems, e.g., assume we have a singularity at the origin
and we perturb it so that each singularity is normal crossings. It seems likely that
dyadically decomposing near the origin and applying Theorem |[1| should be a good
strategy for approaching this problem.

Another possibility is to assume more general conditions than nondegeneracy.
By Hironaka’s famous theorem on resolution of singularities[8] guarantees there are
finitely many changes of variables one can perform so that the singularity becomes
normal crossings. Hironaka’s result is very abstract and is not practical for analysts.
However, one could try blowing down a nondegenerate phase in order to get a de-
generate phase, try to estimate the new phase, then generalize the method to new
varieties. The difficulties in recycling our methods for more general singularities start
at Lemma We required larger and larger boxes to not contain any singularities
of the polynomial components of xtV¢p(x). I am not sure how to generalize this
to arbitrary singularities, although it can be done for intersections of finitely many
hyperplanes containing the origin.

Lechao Xiao has suggested generalizing the work of Phong-Stein-Sturm under a

condition similar to nondegeneracy (consider instead phases satisfying for all = there
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are 1 < i # j < d such that z;x; Zizj (x) # 0 away from coordinate hyperplanes).

This is a joint work in progress. The result is very elegant.

101



Appendix: counterexamples of

Varchenko

Varchenko’s article had a few counterexamples to stability of estimates and the neces-
sity of assuming nondegeneracy. Even though he introduced the following examples
in the reverse order, we first focus on a polynomial P with Newton distance less than
one such that the estimate of I(\) with phase P is strictly better than A='/*. We then
show the estimate obtained is predicted by some term in the asymptotic expansion of
I()\). Next, we discuss a polynomial @) such that tVQg(z) is not necessarily 0 away

from coordinate axes for  small enough.

A polynomial with Newton distance less than 1

Define a polynomial P in five variables by

P(z) =25 + x‘llp + x;lp + xgp + w5(zy — (23 + 27+ 23+ x%)),
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where p is an integer greater than 1. Varchenko checked for us that P is nondegener-
ate. After distributing x5 inside the parentheses, we see that the Newton polyhedron

has the following extreme points coming from each monomial:

(1) v1 = (4p,0,0,0,0) from z7";
(2) vy = (0,4p,0,0,0) from 3"
(3) v = (0,0,4p,0,0) from z3";
(4) vy =(2,0,0,0,1) from x?zs;
(5) vs = (0,2,0,0,1) from x3zs;
(6) vs = (0,0,2,0,1) from x2zs;
(7) vz =(0,0,0,2,0) from x?;

(8) wg =(0,0,0,1,1) from x4xs.

Note that z{zs lies inside the orthant generated by x?zs, so it cannot be an extreme

point. These extreme points give rise to two compact codimension 1 faces:

(1) Fy generated by vy, vy, vs, vg, and v; with normal

Note that this face also contains vy, v3, and notice that vg lies above the hyper-
plane with normal w!.
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(2) F; generated by vy through vg with normal

wa«llllg
- \47474°2°2)°

Each of the vectors vy, vs, v3 lie above the hyperplane with normal w?.

Since (v;, w’) > 1 must be satisfied for all 4, j, we can check that these are the only
two compact codimension 1 faces (e.g., if one replaces v; with v, when defining a
hyperplane, one sees the hyperplane intersects the interior of N(P)).

Since |w'| = fp + 2 > 1, we conclude that the Newton distance of P must be

1

+ where ¢ is the Newton distance. However,

less than 1, since we know min |w'| =

Varchenko computes that

S AT og! (M)

/ ez)\P(x)w(x)daj
RS

whenever 1 is smooth and supported close enough to the origin. Clearly —;1 < —% — 4ip

for all p > 1. Theoremguarantees that —I = (8+1,w(8+ 1)) —n > 1/t for some

BeNandn € NLet 8= (4p—1,0,0,0,0) and n = 0. Then (B, w') = 21 5o

4p

(B+1,w") = I. We need to check w' € w(B+ 1). Let \; = 2’;—;1, Ao =N = 4

)\4 = 1, and /\5 = % Then

)\11)1 + /\QUQ + )\31)3 + )\41}5 + )\51}7 = 5 + 1.
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Let m; = 2X;/5. Then > n; = 2> \;/5 = 1. We conclude 2(8 + 1)/5 € Fy, since it’s

a convex combination of vectors in Fy, so w! € w(f + 1).

A polynomial not satisfying Varchenko’s condition

Let Qs be the polynomial in 3 variables with positive parameter s defined by
Q5<I,y, Z) = (_sz + ZE4 + y2 + 22)2 —+ .T4p —+ y4p -+ Z4p

for p > 1. There is a normal vector w; = (1/4,1/4,1/4) corresponding to the codi-
mension one face containing (4,0,0),(0,4,0), and (0,0,4). Since this face contains
(4/3,4/3,4/3), the Newton distance is 4/3 and therefore 1/t = 3/4. Let F' be the
codimension 2 face containing (4,0,0), (2,2,0) and (0,4,0), i.e., let Qp(x,y,2) =
s?xt — 2sx?y? + y* = (sz® — y*)?. We can check VQr = 0 if y = y/sx, so Varchenko’s

condition is not satisfied. Varchenko proved that in this case

o

for some amplitude ¢ and some function y(p) — 0 as p — oo, giving a much worse

> \~1/2=7(p)

estimate than A=Y/t = \=3/4,
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