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ERROR TERM IMPROVEMENTS FOR VAN DER CORPUT
TRANSFORMS.

J. VANDEHEY

ABSTRACT. We improve the error term in the van der Corput transform for expo-

nential sums .
S gln)eap(enif(n).

a<n<b
For many functions g and f, we can extract the next term in the asymptotic,
showing that previous results, such as those of Karatsuba and Korolev, are sharp.
Of particular note, the methods of this paper avoid the use of the truncated Poisson
formula, and thus can be applied to much longer intervals [a,b] with far better
results. We provide a detailed analysis of the error term in the case g(z) = 1 and

fx) = (x/3)%2.
1. INTRODUCTION

We are interested here in estimating the error term A associated with the van der
Corput transform,

" S e = 3 @) )

a<n<b f(a)<r<1(b) far)

where f and g are several times continuously differentiable functions with f”(x) > 0
for « € [a,b] and where z, is defined by f'(z,) = r. A starred sum indicates that if
a limit of summation is an integer, the corresponding summand is multiplied by 1/2.
The function e(x) denotes ™.

The van der Corput transform is best-known in number theory for being the cru-
cial element of Process B in the theory of exponent pairs and is sometimes simply
referred to as “Process B.” As a method of estimating exponential sums, the van
der Corput transform is often presented alongside other methods of Weyl, van der
Corput, and Vinogradov. Direct application of the van der Corput transform can
take a complicated sum to one more amenable to estimation techniques or it can re-
duce the number of terms and therefore make computational estimations easier. The
van der Corput transform itself is involutive—applying it to the right-hand side of
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will simply return the sum on the left-hand side of —so one gains nothing by
applying it twice in a row; but one could alternate applications of the van der Corput
transform with other techniques (such as the Process A of the theory of exponent
pairs) to achieve better results. This alternation method is still a fruitful ground
for modern research. Recently, Cellarosi [2] attained interesting new results in the
classical case of g(x) = 1 and f(x) = az?, where the alternating technique employed
is simply reducing o modulo 1; Nakai [20, 27, 28] has investigated the possibility
of using an analogous method when f(z) is cubic or quartic. The van der Corput
transform has also seen recent use in physical applications, including quantum optics
and wave processes (see [15] and the papers cited there for more details).
Van der Corput [33] originally showed that, given

lf"(2)] < g, \f(3)(a:)\ < )3, g(z) =1, for x € [a, b],
the error term can be bounded like
A =0+ O0(log(f'(b) — f'(a) +2)) + O((b — a)Ay°Ay).

(Here we use the Landau and Vinodradov asymptotic notations which will be de-
fined explicitly in Section [2]) Phillips [29] improved this error under the additional
assumptions

| (z)] < Ay for z € [a, ] and A5 = Aads;

in this case, we can replace O((b — a))\é/‘r’)\éﬁ’) with O((b — a))\;/g).

The form of the error term found in most modern texts on analytic number theory
[9, 13, 16, 23]] has its roots in the work of Kolesnik [I9] and Heath-Brown [10],
although the results of the latter authors required analyticity of the function f, an
assumption which has since been circumvented. This moderately-difficult-to-prove
form of the error term suffices for many basic application of the van der Corput
transform. We present this modern bound on the error in the notation used by
Huxley.

Theorem 1.1. (Lemma 5.5.3 in [12])

Suppose that f(z) is real and four times continuously differentiable on [a,b]. Sup-
pose that there are positive parameters M and T, with M > b — a, such that, for
x € [a,b], we have

() =<T/M?*,  fO) < T/M, and  fW(z) < T/M*.
Let g(x) be a real function of bounded variation V' on the closed interval [a,b]. Then

S gme(fmy = Y demelle) Zretg)

a<n<b F/(a)<r<f'(b) ()

LCuriously, [32] skips this form of the error term entirely.



ERROR TERM IMPROVEMENTS FOR VAN DER CORPUT TRANSFORMS. 3

+0 (V4 1g(a) (S + el - (@) +2)) ).

where x, is the unique solution in [a,b] to f'(x,) = r. The implicit constant in the
big-O term depends on the implicit constants in the relations between T', M, and the
derivatives of f(x).

The error term M /+/T here corresponds to the A, /2 term in the estimates of van
der Corput and Phillips.

Unfortunately, for many interesting cases, the above error is insufficient. As Huxley
[12, p. 475] notes, when applying the van der Corput transform to a multi-dimensional
exponential sum, “...the error terms and the truncation error in the Poisson summa-
tion formula may add up to more than the estimate for the reflected sum.” Thus,
finer error terms, useful for a broad spectrum of problems including computation and
physical applications, have been given by various people, including Kolesnik [18], Liu
[21], Redouaby and Sargos [31], and Karatsuba and Korolev [15]. Liu extends an
(unfortunately obscure) earlier work of Min [22], removing the latter’s condition that
f(z) be an algebraic function. Redouaby and Sargos show that the conditions on
fW(x) and ¢”(z) can be removed without greatly increasing the bound on the error
term. The work of Karatsuba and Korolev is unique among all papers cited here, in
that it is the only to give the implicit constants in the big-O terms explicitly, making
it superior for most computational work.

Outside of Redouaby and Sargos’ result, we cannot briefly state any of these other
forms of the error term in full detail; we will, however provide the following inexplicit
form of Karatsuba and Korolev’s result as an example of the comparative strength
of these errors compared with Theorem [1.1]

Theorem 1.2. Suppose that f(x) and g(x) are real-valued functions with f four
times continuously differentiable and g two times continuously differentiable on the
interval [a,b]. Suppose there are positive constants M, T, and U, with M < b — a,
such that, for x € [a,b],

(2)  f'a) =<T/M? |fO ()] < T/M?, [P (@) < T/M*
3) (@) < U, |9'(z)| < U/M, g"(z)] < U/M?.
Then,

S gme(fy = S I Z e R UB) o) 4 ey

a<n<b ) <r<f'(b) ()
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where x, is the unique solution to f'(x,) =r in the interval |a,b] and

0, L/ ()]l = 0
1

(M , |
m‘“{ﬁ’ wau}’ 17 # 0

The size of the implicit constant in the big-O term depends on the implicit constants
in the relations of M, T, U, and the derivatives of f(x) and g(x).

If, in addition, M < T < M? and M > b—a, we may remove the terms O(T /M?*+
DA

The M/ VT term again makes an appearance in this theorem. It cannot, in fact,
be completely removed. If b is not an integer, but f’(b) is an integer, then changing
b to b — € for some very small ¢ > 0 will not change the value of the sum on the
left-hand side of (T]), but removes a term of size M/ VT from the right-hand side.

Van der Corput’s results in [34] also deserve a mention here, as they are of an
entirely different flavor from those listed above and because they are generally not
very Well—known. Instead of having a coefficient of g(x,.)/+/ f"(x,) in the transformed
sum, he has a more general set of coefficients. In addition, his error term—which
would require too many definitions to state succinctly here—bears no resemblance to
any of the other error estimates cited or formulated in this paper.

While van der Corput’s results in [34] are quite complicated to use, they are aesthet-
ically pleasing. As we remarked above, the van der Corput transform is involutive,
but in all the other results given above as well as the main result of this paper, one
can obtain very different error terms when one applies the transform to the right-
hand side of instead of the left, assuming that the conditions necessary to apply
the results would even still hold. In [34], van der Corput shows that the conditions
are still satisfied and the error term unchanged regardless of which side one applies
his transform to; his theorem is involutive.

The van der Corput transform and its error has been studied in much more general
settings than we go into here: of particular interest, Jutila [I4] considered sums of
the form Y b(n)g(n)e(f(n)) for certain multiplicative functions b(n) (see also [12]
Ch. 20]), and Krétzel [20] considered the van der Corput transform of a convergent
infinite series.

One may ask what the best possible error term could be. Given the frequent
restriction in theorems on the van der Corput transform that f”(z) < Ay (or, equiva-
lently f”(x) =< T/M?), it is not surprising that the case where g is constant and f is

(4) T(n) =

2This supplementary result comes from Karatsuba and Voronin [17].

3This may be largely van der Corput’s fault. Robert Schmidt, in reviewing van der Corput’s
paper for Zentralblatt, remarked that because van der Corput provided no context for his results,
neither in terms of past results or future goals, that the paper was unlikely to spark much interest,
and indeed it has so far only been cited once elsewhere, in [3]. Due to the desire to avoid repeating
van der Corput’s mistake, the complicated main theorem of this paper will not be presented in the
introduction.
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quadratic (that is, f”(x) = A2) is the most-commonly studied special case of the van
der Corput transform and the one with the best error terms [2] 3 [8, 25| 35]. Fedotov
and Klopp [8]E| have given the error term in this case as an explicit integral. But
perhaps most amazing are the results of Coutsias and Kazarinoff [3]: they showed
that for positive integers n, we have

N

()t (2

k=0 k=0

gC’N—ﬁ‘
w

for 0 < |w| < 1, N = [n/w] is the nearest integer to n/w, and 1 < C' < 3.14 is a
particular constant. Not only is the error bounded but it shrinks to zero as n/w nears
an integer.

The Coutsias-Kazarinoff result suggests that the van der Corput transform should
be very accurate; in particular, the van der Corput transform for nice enough func-
tions f and g shouldn’t have compounding error terms (such as the log(f'(b) — f'(a)+
2)) seen in all the other results mentioned above.

The main theorems of this paper (and Theorem especially) confirm this hy-
pothesis, allowing the van der Corput transform to be applied on very long intervals
with a much higher degree of accuracy than in previous results.

As a quick example of this, consider the following well-known transform which
appears in Iwaniec and Kowalski’s book [I3], p. 211] (a version of this transform also
appears in [21]). Given X > 0, N >0, and a > 1, v > 1, consider

o 2 W EE) 2 ) G e

where 1/a+1/8 =1, u? = v*, and MN = X. Using a form of Theorem , Iwaniec
and Kowalski| give

A = O(N~2log(M +2) + M~?1log(N + 2)),

with an implicit constant dependent on o and v.
Using the results of this paper, we may improve this to the following.

Corollary 1.3. Provided N > 1 and M > 1, in equation , we may take
(6) A=O(NY2 4 M~1/?)

with an implicit constant dependent only on a and the implicit constants in the lower
bounds on N and M.

4This paper contains a small error in line (0.4) that helped to spark the author’s investigation
into the van der Corput transform.
A typo in the book has the logarithms in opposite places.
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Corollary allows us to take v as large as we like (and hence our intervals as
large as we like) without increasing the bound on A. This, as well as the loss of the
logarithmic factor, are common to applications of the results in this paper.

More powerful results are possible. In many cases, the main theorems of this
paper also allow one to extract the next term in the asymptotic for the van der
Corput transform. Under the same general hypotheses of Theorems and [1.2] we
can improve the error terms to the following.

Corollary 1.4. Suppose that f(x) and g(x) are real-valued functions with f four
times continuously differentiable and g two times continuously differentiable on the
interval [a,b]. Suppose there exist constants M, T, and U satisfying M =b—a > 1,
T > 1, and the bounds on lines and .

Then,

Z* g(n)e(f(n)) _ Z* g(xr)e(f(xr> — T, + 1/8>

a<n<b F/(a)<r<f'(b) frizr)

—T(b)+7’(a)+0(% (1+¥))

where T (1) equals

(g() fO (we(f(1) g (we(f (1) o
Grri 7 (11)2 27 (1) 1)) =0

o(7) 0 <10l < VI
0+ L) (= 5 + 0 (7))

U ur 1)l = /(1)
| +0 ( >

M@ M@

\

Here, [z] represents the nearest integeif| to z; (x), the difference between x and the
nearest integer to x, namely x — [z]; and ||z||, the distance between x and the nearest
integer to x, so that ||z|| = [(z)|. The function ¢ (x,€) equals

1 e(rz) 1
I F Ay < =
im g e for |os|_27

which converges and is uniformly bounded for all real x.
The size of the implicit constant in the big-O term depends on the implicit constants
in the relations of M, T, U, and the derivatives of f(x) and g(x).

OIf 2 = n + 1/2 for an integer n, then it doesn’t matter if we let [z] equal n or n + 1 provided
that we do so consistently.
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This in particular suggests that the size of T'(u) in Karatsuba and Korolev’s result
is optimal when || f'(u)|| > +/f"(r). When | f'(u)|| = 0—that is, when f'(u) is an
integer—the term 7 (u) can bemore simply bounded by O(UM/T).

Corollary can, in certain cases, be used to improve the Kusmin-Landau inequal-
ity, a common result in the study of exponential sums.

Theorem 1.5. (The Kusmin-Landau inequality— Theorem 2.1 in [9] [

Suppose f(x) is continuously differentiable and that f'(x) is monotonic on an in-
terval [a, b]. Moreover suppose || f'(z)|| > 6 > 0 on [a, b], where || f'(x)]| is the distance
from f'(z) to the nearest integer. Then

Q;Kbemn)) < cot (%9) |

Corollary 1.6. Suppose f, T, and M satisfy the conditions of Corollary[1.4].
If 0 = minzepay) | f'(2)|| is positive, [|f'(a)[| > \/f"(a), and || f'()|| > \/f"(b), then

x _ o e(fv) e(f(a))
> elfm) = 2mi(f'(b))  2mi(f'(a))

oLy L1 M
M@ M263 T T))

where (x) represents the difference between x and the nearest integer to x.

Corollary follows immediately as a special case of Corollary [1.4l Moreover,
it suggests that the constant in the classical Kusmin-Landau inequality may not be
optimal. The function cot(wf/2) grows like 2/76 as 6 approaches zero; however,
Corollary suggests that the growth should be at worst like 1/76 as 6 approaches
ZEro.

While Corollaries [1.4] and strengthen many previous results, they are con-
strained to apply to short intervals. The results of this paper do not give similarly
simple conditions and error terms when the size of the interval is allowed to grow
arbitrarily large. But, given a specific sum, we can show very great improvements as
one endpoint of the interval tends towards infinity. Consider the specific transform

(7) Y e <(§>3/Q> - 3 (24r) 2 - e(—47® +1/8) + A,

1<n<N (1/12)1/2<r<(N/12)1/2

where N is an integer. (We have kept the (1/12)'/2 due to it’s natural appearance in
the application of the van der Corput transform. It may be replaced by 1/2 with no
change in value on the right-hand side, however.)

If we apply the form of the error term from Theorem then we obtain the
following result, which was included as an example in [23].

A short history of this theorem is given on page 20 of [A.
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Corollary 1.7. In line , we have
A = O(NY*),

If we apply Theorem from Karatsuba and Korolev instead, we obtain much
finer results.

Corollary 1.8. In line , we have

O((log N)?) + O (min {N1/4, m}) |[(N/12)Y2|| # 0

O((log N)?) I(N/12)2] =0

where ||x|| is the distance from x to the nearest integer.

A:

In this case, the (log N)? term comes from needing to break the sum on the left-
hand side of into roughly diadic intervals, each of which contributes an error term
of size around log N. One must also choose the endpoints of these intervals to be
values which are 12 times a square, in order to keep the error term 7'(u) zero.

Using the results of this paper, we can show that the result of Karatsuba and
Korolev is almost sharp, in that we will extract an explicit term of size N'/* when
N1/4is smaller than ||(N/12)'/2||~! and extract an explicit term of size ||(N/12)"/2||~!
when [|(N/12)Y2| 7! is smaller than N'/4,

Corollary 1.9. In line , we have
(c+ 0 (N"1?) I(N/12)42]| =0
2¢(v/N/12)(3N)*e((N/3)*? 4 1/8)
+ O(N3/20)
+ 19) (N5/12||(N/12)1/2”2/3)
A=< ((N/3)3/2) x :

+c+0 !
\ ‘ N2|(N/12)172|?

where ¢ is a particular constanf| and ¥ (x) = (x,0) is the sawtooth function. The
remaining functions are all as in Corollary[1.4.

0 < [|(N/12)"]
< (12N)~1/4

One way to understand these new error terms is via the geometry of the associated
sums. Given functions f and g, one typically considers the curve S(t) : [0,00) — R?
given by

S(t) =Y gln)e(f(n) + {tha(Lt] + De(f(Lt] +1)).

1<n<t

8Rough Mathematica calculations with N = 120, 000 give ¢ ~ 0.168 — 0.320i.
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Ficure 1. The curves associated to the exponential sum
> n<n€(nlogn) and it slightly extended van der Corput trans-

form 3, ooy VE' ! e(—e" 1 +1/8) with N = 4000.

where |x]| represents the floor of a real number z and {x} represents the fractional
part of . Geometric aspects of these curves have been well-studied [I], [5] 6], 24].

Especially when f” is small, these curves generate a series of spiral-like figures.
The van der Corput transform of the sum associated to S(t) then generates a new
curve that can be seen to connect the center point of successive spirals by straight
lines like in Figure |1l Thus the van der Corput transform can be seen as smoothing
(if f” is small) or roughening (if f” is big) the curve. An easily accessible explanation
for why this occurs is given in [4].

For our example case , the corresponding curve is displayed in Figure .

The term

(8) 20(V/N/12)(3N) " e((N/3)*% + 1/8)

from Corollary describes the outer arm of the spirals and the connections between
them. Figure|3|depicts the outer arm of the 500th spiral and its approximation using
Corollary The reason why this approximation appears so poor is due, in part,
to the number of points on this part of the spiral. The mth spiral has on the order
of m points in it. The outer arm of the spiral, where

I(N/12)Y2) < (128) /1,

accounts for only about \/m points. The big-O term O (N°/12||(N/12)"/2||%/3) is on

the order of the explicit term (8) when ||(N/12)?| < (12N)~'/4, so that is a
good estimate for only o(y/m) points, a negligible piece of the spiral. However, from
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F1GURE 2. The curve associated to the exponential sums on the left-
hand side of with N = 1,2,...,1200, and the 500th spiral of this
curve—this and subsequent pictures are off-set closer to the origin.

the picture, we can see that the approximation does a very good job of estimating
the rotation around the spiral and appears to be of the correct order of magnitude
for the distance to the center of the spiral. Although we do not calculate the big-O
constants explicitly, it is quite possible the big-O terms are smaller in modulus than
for [|(N/12)!/2] < (12N) /4

It is possible to obtain far more explicit results along the outer spiral by making
use of the Fresnel integral functions; however, this method does not provide good
asymptotic data since it uses values of the Fresnel integral functions for which good
asymptotics do not currently exist. More details will be given in Section [11]

The remaining points (in fact, almost all of the points) are described by the term

) (33 (grmrciags; — PO A12 ),

which gives the tight inner weave of a given spiral. The term (N, ((N/12)/2)) can
be bounded by O(1) for all N. The big-O term O(N~Y/2||(N/12)'/2||~?) is bigger
than O(1) for only O(m?3) of the points on the mth spiral, again a negligible piece.
Thus, we know almost all points on the inner weave (and hence almost all points on
the full curve) to within a O(1) error and often much better.

The big-O terms grow to the size of the explicit terms (§) and (9) as ||(N/12)/2]|
approaches (12N)~/4 in both cases, so we don’t have good information about how
the curve transitions from the inner weave to the outer arm and vice-versa. We also
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Bt

F1GURE 3. The outer arm of the 500th spiral of the curve associated
to @ and its approximation by Corollary (1.9

FIGURE 4. The inner weave of the 500th spiral of the curve associated
to (7)) and its approximation by Corollary , ignoring the contribution
of the ¥(z, €) term.

do not have a good heuristic explanation for why e(1/8) appears in on the outer
arm, but 1/i = e(—1/4) appears in (9] for the inner weave.
This paper is arranged as follows.



12 J. VANDEHEY

In Section [2, we will provide a short catalog of notations that are frequently used
in this paper.

In Section [3, we will outline the methods of this paper and how they overcome
difficulties encountered in other results.

In Section[d] we will state the main theorems of this paper as well as a briefly discuss
them and their assumptions; in this section, we also include a proof of Corollaries (1.3
and [L4

In Section [f, we will cite a number of lemmas from other papers and books that
will be necessary in the proof of the theorems, as well as give propositions that show
how the lemmas apply under the specific conditions of the main theorems.

In the remaining sections, we prove the primary theorems of our paper and then

prove Corollary

2. NOTATION

We will frequently use the Landau and Vinogradov asymptotic notations. The
big-O notation f(z) = O(g(x)) (equivalently, f(z) < g(z)) means that there exists
some constant ¢ such that | f(z)| < ¢|g(x)| on the domain in question. By O(f(x)) =
O(g(z)), we mean that a function which is asymptotically bounded by f(z) will
also be asymptotically bounded by g(z). The little-o notation f(x) = o(g(x)) as
r — a—typically with a equal to co—means that

limM =0.

z—a g()
By f(x) < g(x), we shall mean that g(z) < f(z) < g(z).

We will need several functions that relate a real number x to the integers nearby
it. Let |z denote the usual floor of a real number z, the largest integer less than
or equal to z, and let [z] denote the usual ceiling of a real number z, the smallest
integer greater than or equal to z. Let {z} := x — [z denote the fractional part of
a real number z. Let s(x) := {z} — 1/2 denote the sawtooth function, and let

w3

denote the “smoothed” sawtooth function, with Fourier series

() = _% Z sin(2r7rrx)'

We also wish to have a modified sawtooth function, given by

1. e(rx) for |e] <

1
271 R—oo r+e 2
0<|r|<R

The convergence of 1(z, €) will be guaranteed by Proposition [5.16]
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0o 03

FIGURE 5. The real (left) and imaginary (right) parts of the function
(,€)

Let (x) := s(x+ 1/2) denote the difference between = and the nearest integer to z,
let [z] := x — (z) denote the nearest integer to x, and let ||z|| := min{1 — {z}, {z}}
denote the distance from x to [x]. Let ||z||* be given by

o Yl fllf 0
] _
Lz =0

A few more definitions will simplify the (nonetheless still complicated) statement
of the theorem. For visibility’s sake, we will avoid writing (x) all the time when the
choice of argument is always the same. Given functions f and g, let

H=gf% +34'f"
G — 1299//(f//)2

w2y (29)°("9)
T HEVEE-G)? (H:VH2-G)
H2f(3)
Mo = “org(py
. HEVH -G
r:l: = f - 2 "
g
11\2
TO:f,_?)g(f )

H
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and given an integer r, let
f'(@) —r)g'(x) — g(x) " (z)
(f'(z) —r)? '

3. HEURISTICS FOR THE VAN DER CORPUT TRANSFORM AND THE NEW IDEAS
OF THIS PAPER

ho(a) = |

The transform is a simple two-step process: the Poisson summation formula is
first applied to obtain a sum of integrals, and then each integral is estimated using
stationary phase methods. In particular, the Poisson summation formula (see Lemma

gives
* R b
(10) > gmetsm) = tim 3" [ glo)elf(@) - o) do.

R—o0
a<n<b

An oscillatory integral, like

b
(11) / g(0)e(f () dr,

is said to have a stationary phase point if there exists an 2’ € [a, b] such that f'(z') =
0; if such a point exists, then we expect to be roughly

/ / 1 8
o)) +1/8)
P
plus some small error, where c(z') equals 1/2 if 2’ equals a or b and 1 otherwise. In
our case, the stationary phase point of the integrand

g(w)e(f(z) —rz)
occurs at © = x,,, which is defined by f’'(z,) —r = 0. Provided f'(a) < r < f'(b), this
stationary phase point will be inside the interval of integration, and so we expect

Z* g(n)e(f(n)) ~ Z* g(xr)e(f<xr) — I, + 1/8> ]

a<n<b F'(a)<r<f'(b) f(ar)

The error term for the van der Corput transform thus comes from the error in
estimating all the integrals of .

The first problem in doing such an estimation comes from the integrals without a
stationary phase point. Typically the method one uses to estimate such an integral
is an application of integration by parts.

@ L e
[ et =r e = ST+ g et -

(We will assume that g(x) = 1 for a while to simplify the heuristics.) The terms
e(f(x) — rx)/2mi(f'(z) — r) at a and b are referred to as the first-order endpoint
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contributions and exhibit a great deal of cancellation (see Proposition ; for
example, if f'(a) is an integer, then

. e(fla) —ra) _
]%1_{1;10 7% _W = Y(a)e(f(a)),

r#f'(a)
and similarly if f’(b) is an integer.

However, we are still left with the integral

b f//( 23)
/a il () - T)Qe(f(x) rx) dx
to evaluate. We could estimate the integral by taking absolute values of the integrand,
but we would then obtain an estimate of the size O((r — f'(a))™!) + O((f'(b) —r)™1),
which is of the same order as the first-order endpoint contributions, but without the
cancellation that would allow them to be nicely summed.

One possible solution would be to apply integration by parts a second time: this
gives

) [ ettt ey - FE )

f'(x) =) b H
- / % ((zmy(fff((?) . r)g) e(f(x) — ra) du,

with a second-order endpoint contribution and a new integral. The second-order
endpoint terms are absolutely convergent, and if f’(a) and f’(b) are integers, they
sum to O(f"(a))+ O(f"(b)), which is a good estimate if f” is small at the endpoints.
On the other hand, if we try to bound the new integral in by taking absolute
values of the integrand, we get terms of the same order of magnitude as the second-
order endpoint contributions (which, unlike the first-order endpoints, are summable).
But in addition, we have the total variation of f”(x)/(f'(x) — r)® on [a,b], which
may be roughly bounded by the sum of the moduli of local maxima and minima of
f(@)/(f'(x) =) on [a,b].

Unless f(x) is quadratic—as in Coutsias and Kazarinoft’s caseﬁkit is difficult to
find good estimates on these integrals. More applications of integration by parts or
the presence of a non-constant g only make things worse. Therefore, these terms are
often avoided entirely by applying the truncated Poisson formula instead of the full
Poisson summation formula.

Proposition 3.1. (Truncated Poisson formula—Proposition 8.7 in [13] ) [

9Coutsias and Kazarinoff actually analyze the resulting integrals and endpoint contributions in
the quadratic case when inegration by parts is repeated many times.
10An explicit version of the truncated Poisson formula for non-trivial g is given in Lemma 7 of

I5).
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Let f(x) be a real function with f"(x) > 0 on the interval [a,b]. We then have

13 3 ety = 3 /e(f(:z:)—rx) dz + O(c +log(B — a + 2))

a<n<b a—e<r<f4e’

where o, 3, and € are any numbers with a < f'(a) < f'(b) < 5 and 0 < € < 1, the
implied constant being absolute.

The truncated Poisson formula is the source of the O(log(f'(b) — f'(a) + 2)) error
term in many of the results mentioned above.

After applying the truncated Poisson formula with 8 = f’(b) and a = f’(a), one
is left with approximately f’(b) — f'(a) integrals with which one hopes to apply
stationary phase estimates. These estimates work best on a small interval around
the stationary phase point, where the second derivative of f is fairly constant, and
the higher derivatives of f are small. So we would like to break the integrals in ({13
into several pieces, such as

(14) /—/+/+/b

where the point of stationary phase is near the middle of [d¢’,b']. However, to make
this effective, we would again require good estimates on integrals with no stationary
phase point (the integrals from a to «’ and ¥’ to b). In addition, one is faced with
possible first-order (and higher) endpoint contributions at a’ and b’'. (While estimates
of stationary phase integrals benefit from integrating on a small interval, they suffer
again if the interval is too small. The O(T'(a)+T'(b)) terms on line (4]) that appear in
stronger results on the van der Corput transform arise from bounding the stationary
phase integrals where z, is closest to a or b.)

Because of this, many results on the van der Corput transform seek to treat the
entire integral from a to b as a single stationary phase integral, hence the common
conditions, as in Theorem , that f”(z) has constant order on the entire interval
[a,b] and that higher derivatives of f be likewise small on the entire interval [a, b].

The techniques of this paper seek to overcome some of these difficulties.

First, we use the recent and powerful stationary phase estimates first proved by
Huxley [11, 12] and refined by Redouaby and Sargos [30]. These estimates show that
stationary phase integrals, such as the middle term in ([14)), also generate first-order
endpoint contributions. In fact, these contributions directly cancel the first-order
endpoint contributions at @’ and b’ generated by the first and third term in ((14)).
Thus we no longer need to treat the full integral from a to b with stationary phase
estimates and so can replace the global restrictions on the derivatives of f and g
(such as those in Theorem [1.2) with local restrictions.

In particular, we replace the the standard assumptions

f"(x) < TM™2,
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|f®(z)| < TM3, and
|fO (@) < TM™!
for x € [a,b], with an assumption that looks like
() < T(x)M(2) 72,
1f® ()| < T(z)M ()73, and
[fO ()] < T(w)M ()™

for z € [t — M(x),x+ M(x)] and z € [a, b] with some function M (z) (see Section
for more details about the function M(x)).

Second, to avoid use of the truncated Poisson summation formula, we develop a
method to get reasonable bounds on the integrals arising from applying integration by
parts twice, as in . Instead of looking at one integer r at a time and counting the
contribution of f”(z)/(f'(x) —r)? for each z’s which give local maxima and minima,
we instead look at each x and imagine a possible fixed real-valued r that causes the
point = to be a critical point of this function. This then defines a function r(x), and
we estimate the sum over all values of  where the function r(z) takes integer values
using a variant of Euler-Maclaurin summation (see Proposition and Section [6.5).

Third, since the previous two techniques frequently benefit from f” being large, we
develop a method to deal with the large second-order endpoint contributions in this
case. The reason for these terms being large is that

f"(a)
(f'(a) =r)?
is large when r is close to f'(a) (and likewise at b). However, if f”(a) is large and
f (3)(a) not too large in comparison, then a small shift in a to, say, a+ € should greatly
increase the size of the denominator while keeping the numerator roughly the same
size. Therefore, by altering the endpoints of the integrals in the Poisson summation
formula by a small amount when r is close to f’(a) or f’(b), we can reduce the size
of the second-order endpoint contributions.

With these techniques, the main theorems of this paper give the van der Corput

transform in the following form.

Z*g(n)e(f(n)) — Z* g(zp)e(f(x,) —ra, + §)

a<n<b Frla)y<r<f'(b) f"(,)
—D(b) +D(a) + O(A; + Ay + Az + AY)

The D terms will usually equal the first-order endpoint contributions and will be
explicit in many cases. The term A; will estimate the error that arises when there
exists an x, close to a or b and is analogous to the T'(a) 4+ T'(b) terms present in the
results of Kolesnik, Liu, and Karatsuba and Korolev. The term A, will estimate the
second-order endpoint contributions at a and b. The term Az (and a bit of Ay) will
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estimate the remaining error in applying stationary-phase methods and the second-
order endpoint contributions at a’ and ¢’. The remainder of A, will estimate the size
of the integrals that arise from applying integration by parts twice.

The techniques outlined in this section allow for a number of interesting extensions
to the van der Corput transform.

Since we replace the global restrictions on the derivatives of f and g with local
restrictions, we can apply the van der Corput transform to many new sums, including
those where f and g have moderate oscillations. Likewise, we can now directly apply
the van der Corput transform to sums where f” is large.

The function f(f"~'(x)) — zf~'(z) that appears on the right-hand side of the van
der Corput transform is sometimes referred to as the van der Corput reciprocal
of the function f. H If the second derivative of f is large, then the second deriva-
tive of the van der Corput reciprocal of f will be small, so the results cited above,
if they cannot be applied directly to a sum, can be—and frequently are—applied
“backwards” to the van der Corput transform of the sum.

For example, if we attempted to apply the form of the error from Theorem

directly to the sum
> el B

0<n<N
for some 8 > 1, then the error term O(log(f'(b) — f'(a)+2)) would be at least O(N),
the size of the trivial bound on the sum (and that doesn’t even take into account the
size of the implicit constant!). Theorem allows us to apply the transform to this
sum directly and obtain a O(1) error.

In general, if f” > 1 is reasonably large compared to g and both are free of wild
oscillations, then A should be no larger than O(max,<,<p g()).

As a final note, the results of this paper do not give an improvement in all possible
cases. If, for example, f” varies between a very large value and a value very close
to zero, then our results may give very poor error terms. Another case where our
results do not give any improvement is

Z* sin(an)e(Bn?).

a<n<b
4. DETAILS OF THE THEOREM

4.1. The auxiliary function M(z) and condition (M). We will use a function
M (z) to measure the length of an interval around = where the functions f”(z) and
g(x) are well-approximated by their Taylor polynomials up to the second degree. The
larger M (x) is, the more linear the functions f”(x) and g(z) will appear at the point
x.

HRedouaby and Sargos [31] and the papers cited within have studied the van der Corput recip-
rocal in much greater detail, including useful asymptotics for how the reciprocal changes as f is
perturbed.
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To be more concrete, by condition (M), we shall refer to the existence of positive,
bounded, continuously differentiable functions M (z) and U(z) on |[a, b], along with
several associated positive constants Cy, Co—, Cy, Dy, Dy, Ds, 9§, which together
satisfy several conditions:

(I) max{M(a), M(b)} <b—a;
(IT) 6 < 1, and let n := 35/Cy- satisfy n < 2;
(IIT) If J :=[a — ¢(a) - M(a),b+ c(b) - M (b)], where

() = 4 if Z0 (f'(x) = f"(2), f'(x) + f(2) \ {f"(z)} = 0, and
)1, otherwise,
then f is C*[J] and g is C®[J]; and,
(IV) If I, denotes the intersection [z — M (x),x + M(x)] N J, then for all x € [a, b]
we expect all the following inequalities to hold for z € I:

éf”(w) < f'(2) < Cof"(2), 19(2)] < DoU(x),
, f'(x) , U(x)

06 < gy ()] < i

|f(4)(z)] < 7)204%, and lg"(2)] < DQ%.

For any given f(x), g(x), a, and b, there are infinitely many possible choices of the
functions M (z), U(x), and the associated constants that satisfy the above conditions.
Therefore, for the remainder of the paper, we shall assume that if f(x), g(z), a,
and b remain unchanged, the particular functions M (z) and U(z) and associated
constants we reference will be likewise unchanged. If f(z) and g(x) are unchanged,
but a and b allowed to vary, then we will assume, first, that the associated constants
will be unchanged, and, second, that given two intervals [a1,bi] and [ag, bs] with
corresponding auxiliary functions M;(z), Uy(x) and My(z), Us(x), we have M;(z) =
Ms(x) and Uy (z) = Usy(x) on (ay, by) N (ag, ba).

Since condition (M) is rather intricate, we pause a moment to illuminate it further.

(IT) The requirement of § < 1 and n < 2 in condition (M) part (II) guarantee that

the Taylor approximations to f” has good properties (see Proposition m,
Lemma [5.1] and the remark following the lemma).
(III) The restriction of condition (M) part (III) to have f and g be several times
continuously differentiable on the larger interval J is often no restriction at
all. Many applications of the van der Corput transform have f(z) and g(x)
be polynomials, exponentials, logarithms, or other C'**° functions that exist on
large domains.
The bounds on the derivatives of f” and g in condition (M) part (IV) allow
us to use estimates on stationary phase integrals that will be discussed in
Section [f] By expecting the properties of f” and g to extend to the larger
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interval J, we can also extend the integrals under consideration to this larger
interval.

(While typical stationary phase results require only that g is twice continu-
ously differentiable, we require three times in order for the functions W, and
', to exist.)

To understand the complex system of inequalities in condition (M) part (IV),
it is helpful to rewrite them in terms of Taylor approximations. The first three
inequalities then become

f'(z) = f'(x)

7o) =1 (140 (3756 -))
1) = 1) (140 (rob = a2) ) + S0 - o

for z € I, with implicit constant 1 in the second and third lines. The equality
on line gives definite form to our earlier statement that the larger M (z)
can be, the more linear f” appears at the point z.

Alternately, one can interpret M(x) as somehow representing the rate of
decay as one takes successive derivatives. At the point z = x, the various
inequalities imply—among other things—that |f®)(z)| < f”(x)/M(z) and
FO(@)] < f"(x) /M (2)?.

The conspicuous absense of a constant (' is intentional. We could include
such a constant, but later estimates are made slightly simpler by having C5 =
1

Here are some examples of the function M (z) in different circumstances. In each
case we assume that the associated constants always take the same values: § equals
1/2, and Cy, Cy-, Cy, Dy, Dy, and Dy all equal 2.

o If f(x) and g(x) are polynomials, there exists an ¢ > 0 such that condition

(M) is satisfied with M (x) = ¢ -z and U(x) = g(z) for sufficiently large .

o If f(z) and g(z) are exponential functions (a- 4%, with 8 > 1), there exists an

€ > 0 such that condition (M) is satisfied with M (z) = € and U(z) = g(x).

o If f(x) = t(logz)/2m and g(z) = 2z~ 7, which corresponds to the Riemann

Zeta function at z = o + it, then there exists an ¢ > 0 such that condition
(M) is satisfied with M (x) = ex and U(x) = g(x) independent of ¢.

o If f(x) = az? + Bz sin(yx) and g(z) = 1, then there exists an ¢ > 0 such

that condition (M) is satisfied with M (z) = ey/z and U(x) = 1.

o If f(x) is a power function and g(x) = sin(az) for some constant «, then

there exists an € > 0 such that condition (M) is satisfied with M (z) = € and
U(z) =1.
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4.2. The assumptions. Assume that condition (M) holds for some function M (x)
and U(x). Let J be as in condition (M) part (III).

We assume that f”(z) is a positive, real-valued function, bounded away from 0
on the interval J, and that g(x) is a real-valued function on J as well. (The case
f"(x) < 0 may be considered by taking the conjugate of the sum.) This will guarantee
that f’(z) is a continuous, monotonic function, so that z, := f~1(r) is well defined.

Let Ji be the union of all intervals [a/, '] C J such that G(z) # 0 and H(z)* —
G(z) > 0 for z € [@,V], let Jy be the union of all intervals [a/,b'] C J such that
g"(z) =0, g(x) # 0, and H(x) # 0 for z € [d/,V], and let Jy be the set of points
x € J such that g(z) = 0 but ¢’(x) # 0 and ¢”(z) # 0. It is possible that J will
contain isolated points due to H(r)?> — G(z) having a 0 on an interval where it is
otherwise negative, and it is also possible that Jy will contain isoluted points due
to ¢”(x) having a 0 on an interval where it is otherwise non-zero; we denote the set
of isolated points in J. and Jy by Ji and Jj respectively. Let 0./, and 0J, denote
the endpoints of the non-zero-length intervals contained in their respective sets. In
particular, 0Jy N J} = @ and 0Jy N J; = @.

For our final assumption, suppose that if (a’, ) is an interval contained in J., then
either H(x)? — G(x) equals 0 on the whole interval and H(z) does not equal 0 at any
point on the interval nor does it tend to 0 at the endpoints, or H(z)*> — G(z) does
not equal 0 at any point on the interval nor does it tend to 0 at the endpoints; and
if (a’, V') is an interval contained in .Jy, then g(z) does not tend to 0 at the endpoints
of this interval.

4.3. Statement of the theorems and proofs of some corollaries.

Theorem 4.1. Assume all the conditions of Section[{.4 hold. Then

S gme(fm) = > glar)elfz,) — o, t5) D(b) + D(a) + A

a<n<h Q<< o) J"(ar)

— iz, (f’(x)>)) f'(x) < || f'(2)]]

Pe(a) = Lo@e @) + Pl (F@) 1F@] < ) < 1- )]
o) 1= |7 < f(@) <
1 1 "y
\O U(z) (1 + M) + f”(x)M(x))) f'(x)>1
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{g(m)f(?’)(fﬂ)e(f(flf)) g (@)e(f(z))
0

- 1@ =0

D*(z) = 6rif(x)? 2mif" ()
1f' ()]l # 0

A= O(Ai(a) + Ai(b) + Ay

=1

(in { Ulw) Ul)

\/f,,—(x)’ Hf,(I)H} [f (@) #0, my=>1
U(x)

Ai(z) = ! _
ek S I @)l =0
0 1@ #0, me=0
— L " " M
Bola) = G+ VIOM@)+ )+ g

(
Ulz) 1
iy {1 7 Ly # @I =0 orm, > 1
+ + U(xz) min § f"(z i }

)
U@) |, U@f (@)
M@IF@F " @I

- ’ Ulz) 1 1 x
20 = [ e e (1 5 * o) ¢
U(a) U(b)
f//( ) (a ) f”(b)Q(b—a)?’

O ! . v
0= [ 75 )(b —a)° (1+ 5 * 7o) ¢
vl Ul
f”()(b B P ay

0= [ i (1 V@) (14 o) e
+ IC(JO, WO, 7“0) + lC(Ji, Wory)+ K(Je, Wo,r_)

+ Z f//

€Iy

otherwise

=
=

and

/C(f,vv,r>:/l<|w<x>||r< D+ W) de+ 3 W)

xel*
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+ > [s(x) - W(x)].
z€l and r' changes sign at ©
or x€dl

The number m,, equals the cardinality of the set

ZO(f'(x) = f(@), [(2) + f"(@) \{f'(2)}.

In particular,

o= )0 f'(@) < 1f ()l

O+ f"(x)) ["(z) > [lf' ()]

Also, @ equals the smallest value in the interval [a + min{M (a),Cy'},b] such that
f(@) is an integer; if no such value exists, then we may take Az(a) = 0. Similarly, b
equals the largest value in the interval [a,b — min{M (b), C5*}] such that f'(b) is an
integer, and if no such value ezists, then we may take As(b) = 0.

The functions M(z) and U(x) are as in condition (M), the sets Jy, J&, Jo, and
Jg are all as in Section[{.4, and the functions 1, s, Wo, ro, Wy, 7+, (), [, and || ||
are all as in Section [d

The implicit constants in the big-O terms are dependent upon the constants Cs,
Cy-, C4, Do, Dy, Dy, § in condition (M). The convergence of the integrals in Ay
will be guaranteed by Proposition |5.1

Before continuing to further refinements of the main theorem, let us pause to
assure the reader that the vast collection of error terms above are more psychologically
daunting than they are computationally difficult. As an instructive example, consider
the case of Corollary [1.3] where

o-E(2). - ()

a=N,and b=vN. N and X are assumed to be positive and o and v both strictly
greater than 1. Without loss of generality, we may assume N < v/ X (otherwise, we
would instead consider the right-hand side of ().

Note that f(z) and g(z) are both power functions, so condition (M) holds with
Cy, Cy-, Cy, Dy, Dy, and Dy all equal to 2, § equal to 1/2, M(x) equal to ex for some
small € > 0 dependent on « only, and U(z) equal to g(z).

The benefit of our conditions 1 < N < v/X is that on the interval [N, vN], the
functions f”(x) and M(x) are both bounded below by some constant (depending
on « and the implicit constant in 1 < N). This immediately gives that the D(z),
Ai(z), and Ay(x) terms are all O(U(a) + U(b)) = O(N~1/2), since each summand of
these three terms contains a factor of U(z) divided by some positive power of f”(z)
and M (x), which are bounded from below. (Note that ||f'(z)|| terms only appear if
|| f'(z)|| is bigger than f”(x) to begin with.)

For the Aj terms, we need to consider @ and b. It might be quite difficult to
calculate these values explicitly, but we only make the A3 terms bigger by assuming
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@ is as small as possible (that is, @ = a + min{M(a),C5'}) and b is as large as
possible. Since M(x) > 1 on [N,vN], we have that @ —a > 1 and b — b >> 1. Thus,
by first applying the fact that f”(z) > 1 and M(z) > 1 and then that @ — a > 1,
the integral in Az(a) may be bounded as

b Ul(x) 1 1 .
/a F@) e —ap (1 T @M@ T e a>> !
< U(a)/ (:1:—1@)3 + (x—la)‘* dx
Ul(a)
@-ap

< Ula),

<

which is O(N~'/?) again. A similar argument shows that the remaining terms in
As(a) and all the terms in Az(b) are O(N~1/2) as well.

This is one reason why the error terms are much easier to deal with than at first
glance: provided f"(x) > 1 and M(x) > 1 on |a,b], the error terms D(x) and A;(z)
for i = 1,2,3 are all bounded by O(maxy,y U(x)), where the implicit constant is
dependent on the implicit constants in the lower bounds of f” and M.

To nicely bound the first integral in A4, however, we must use the fact that M (x)
and f”(x) are not only bounded below, but also somewhat large. In particular, we
have

/a %(H f/’(x)M(ﬂf)> <1+%) dx

b U(x)
<</a M (z) dx

<</ 2732 dx

N
< N°V2,

The greatest complication comes in evaluating the remaining condition from Sec-
tion dealing with the functions G and H and the remaining error terms in Ay.
In this case, the function ¢” is never zero on the interval J = [N(1 —¢€),vN(1 + ¢€)].
Hence Jy and J,,; are empty, so both K(Jy, Wy, 7o) and the final sum of Ay are
0. This also shows that the functions f and g satisfy the remaining condition from
Section 4.2

Since f and g are power functions, we can quickly verify, with simple hand calcu-
lations, that the functions H, G, W, , and W_ are all power functions as well; that
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is, each is of the form ¢; - 2. In particular, the functions W (z) are equal to

2
N< 1_0q
Caot | — | x2
) )( Y

where ¢, 1 is a constant depending on « and the sign of . The functions r(z) are
equal to

/" i
a,t N
with new constants dependent on o and the sign of +.

Also, H(x)*—G(x) is a power function; so, J is either the interval [N (1—¢), vN(1+
€)] or is empty (if H(z)*> — G(z) < 0 for all z, in which case the remaining K terms
equal 0 and we are finished).

In general, we expect that if g(z) and f”(x) share the same rate of decay in their
derivatives, then the various functions H, G, and the W and r functions should all be
relatively well-behaved. In our case, since g and f” are both power functions, taking
derivatives of each entails multiplying by a constant and dividing by x. Thus, we
have that g(z)f® (z) is a constant multiple of ¢'(z)f”(z), hence why H is a power
function as well.

Returning our attention to the remaining error terms of Ay, first consider the
integrals. We have

/J (IW=@)[Ir" ()] + Wi (2)[Iry (2)]) + (W ()] + W (2)]) dx

PNt Noo N
<</ —x 2 %4 T2 dy

/ a—6 a—1
Ca,imﬂﬂ +c T,

Ni—eo X X2
N 1, N2a 1o,

< 7 SN2+ e - N2
N1/2

< X

< N—1/2

The functions 7/, (z) and r’_(z) have at most 5 zeroes on |a, b], and since the functions
W (xz) and W_(z) are decreasing and since J} is empty, the remaining terms in Ay
are bounded by

[s(N(1 =€) - WAN(1 = €))| + [s(N(1 =€) - W (N(1 = €))|

Ne\?
- N§—20¢
«(¥)

< N71/2.
(We implicitly used that N > 1 and M > 1 implies X > 1.)
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Since we assumed N < /X, we have N~Y2 > M~1/2 this completes the proof of
Corollary [1.3|

Under fairly strong and yet quite common conditions, we can remove much of the
complication from the assumptions of Section [4.2] and from Aj.

Theorem 4.2. Assume that f and g be real-valued functions satisfying f"(x) > 0 on
la,b] and condition (M) for a function M(x) such that

M(z) > max{b—z,x — a}

on [a,b]. Also assume that m, = my = 0, where, as in Theorem |.1, m, is the
cardinality of the set

ZO(f'(@) = (@), f(2) + f"(@) \ {f'(x)}.
Under these conditions, the result of Theorem [4.1] holds, with A4 now just equal to

[ iy (Vi) (1 b o

The condition that m, = my, = 0 also simplifies more of the terms to the following.

(g(x)e(f(x) + [f'(2)] 2)

U @ £
( s >>>)
De) + O(Ar(x)) = { 9@ fD@elf) g @e(f)

6mif"(x)? 2mif"(z) ()] =
+O( V) ) /()] =0
\ [ (2)*(b—a)?

Using Theorem we may now prove Corollary

For Corollary [1.4| recall that the conditions are that f(z) and g(x) are real-valued
functions, f(z) four times continuously differentiable and g(z) two times continuously
differentiable on [a, b]. Also,

f'x)y>T/M* [ (@) <T/M* gV(2) < UM

for r =0,1,2 on |[a, b], for constants "> 1, M =b—a > 1, and U.
First, we wish to remove from consideration the case when

(16) O < I/ ()l < /1" ()

for p equal to a or b.

Suppose that not only is satisfied for both a and b, but that [f'(a)] = [f'(b)]—
that is, the nearest integer to f’(a) and f'(b) are the same. In this case, we have by the
mean value theorem that f'(b) — f'(a) = (b— a)f"(§) for some & € [a,b]. But by our
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assumption on the size of ||f'(a)|| and ||f'(b)||, we have that f'(b) — f'(a) < VT /M.
Combining these we have that b — a < f"(¢£)"'V/T /M < M//T. Thus we have

S gm)e(f(n)) = O (%) |

a<n<b

We can add in the sum

Z* 9(x,) e
Frla)y<r<f'(b) V f"(wr)
to the right-hand side, since thls sum by assumption has at most one term, which is
of size UM /+/T. Thus the corollary is proved in this case, since U/v/T ad UM /T?/?
are bounded by UM /v/T.

If [f'(a)] does not equal [f'(b)], then we may replace an endpoint p where
holds with /' the closest value to p inside the interval [a, b] where || f/ ()| = v/ f" (i)
or | f'(¢)|| = 0; by the same argument as the previous paragraph, doing this generates
an error of size O(UM/+/T). The only way we could not do this is if [f'(a)] + 1 =
[f/(b)] and f”(z) is at least 1/4 at some point z on [a, b], in which case, f'(b)— f'(a) <
1 < VT/M, so that b —a < M/+/T and the corollary follows in this case by the
same argument as in the last paragraph.

Thus it suffices now to prove Corollary in the case where ||f'(1)]| > +/f" (1)
or ||f'(n)|| = 0 for p equal to a and b. The conditions of Theorem hold with
M(x) = b—a on [a,b]. The size of the constants in condition (M) occur in the
bounds on the derivatives of f and ¢ in terms of the constants 7', M, and U, and
U(x) just equals U.

Now, we go through the error terms of Theorems [4.1] and .2 First, we have that

(f(xr) — T, + 1/8)

’g(u)(()+[[f()]]u) /
% 2m< )) ( < (N)>)> Hf(ﬂ)“ > \/f (N)
D(p) + O(A (1) = ¢ g f P (we(f(w)  gwelf (1)
bmif ()2 2wif" () () =
U
o)

For the Ay(z) terms, we use that M(z) =b—a = M and f”(z) < T/M? to obtain
UM T
Molp) < =5 (14 VT) (1+—>

T2 M?2

n U n ur
MIFE " 32[F)P

UM U ur

SR MR T MR
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For the As() terms, we again need to understand @ and b. In the proof of Corollary
1.3, we used the fact that f” and M were generally quite large to get good bounds.
Here instead, when f” is small, we shall show that @ —a and b— b are going to be very
large most of the time. In particular, by the mean value theorem, for some £ € [a, b]
we have a—a = (f'(@)— f'(a))/f"(&) > ||f'(a)||M?/T since f'(a) must be an integer.

Thus for As(a), we have the following bound.

B ’ g9(x) 1 1 x
20 = [ g (1 o * ) ¢
g(a) g(b)

T @ a-ap | P

b— a)

LU (1+%+ M? )+ UMt UM
T(@— a)? T "T(@a-a)) T2@—ap  1°
<—JE;_Q+—+ ! )+W”
M2| f'(a)||? T ) T
U UT UM

< + +
Ml fr@)* M2 f@)]® - T2
A similar bound holds for Az(b).

Now for the last term Ay, we have the following much simpler calculation.
b !
g(z) 1+ [M'(x)]
Ay = ——— (1 "(x)M l+——+7+5) d
= [ st (0 vI@@) (1+ ey )
b
U M
— (1 T)(1+—
<</GTM( +\/_)< +T) dx

< v (1 + M)
VT T
This completes the proof of Corollary
We conclude with two additional theorems which extend the results of Theorem
[4.1]in specific directions. The following theorem shows that if the various error terms
from Theorem [4.1] are nicely bounded as b tends to infinity, then many of them can
be replaced by a constant plus a o(1) error.

Theorem 4.3. Assume all the conditions of Section [4.3 hold with a fized and b
tending to infinity.

Let K, be the set of all x € [a,b] such that © + M(z) > b, where M(zx) is as in
condition (M). Let OS for a set S have the usual meaning of the boundary of the set
(the endpoints of all intervals and the isolated points).

Suppose we have the following functions

o) 0 :
850) = Tt —ap * Fparar (L VIOMO)
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o U(x) 1 1 v
Aalb) = /Kbm[a,b] Fr(@) (b — o) <1 T @M@ " M@ I)) !
U(x)
+ » ;bm[a . F(2)2(b— 1) + Ay (b)
. 7 i 1T (o)
+2;{ i (L VIEM),

and that As(b), AL(b), and Al(b) all tend to O for some sequence of b’s tending to

oo (The sequence may be different for dzﬁerent functions). The function Aq(x) and
the value of b are as defined in Theorem In addition, assume that the sums
and integrals in As(a), Ay(z), and the K terms all converge as b tends to infinity in

Theorem [4.1]
Then
« «  glxye(f(z,) —re, + %) Db
= — +c+ A
2. melfm) f,(a)g%@ e (b) +c

as a remains fived and b tends to infinity, where ¢ is some constant and

A = O(A(B) + Ag(b) + AY(D) + AL() + Ay)
B o° U(z) 1 1
Bs = / (@) — a)? (1 T @M@ T @) - a>)

©  Ulx) m L+ M @)\
+ [ st 0+ VP@ME) (1+ gy ) 4
+ K(Jo[b, OO) Wo, 7”()) + K(Ji[b, OO), W+, 7”+) + K(Ji[b, OO), W_,’f‘_)

q"(x)
DDy e

re Jnull [bzoo)

and all other functions are as in Theorem . The sets Jolb,00), Ji[b,00), and
Jnuin[b, 00) all refer to the similarly named sets from Section corresponding to the
set [b, 00) instead of the set [a, b].

The implicit constants in the big-O terms are dependent upon the constants Cs,
Cy-, Cy, Dy, D1, Do, § in condition (M).

An analogous result holds if b is fixed and a tends to —oo

Much of the accuracy gleaned from Theorems and comes when f”(x) is
small. If f”(x) is large, instead, then D(x) shifts from being an explicit term to a
big-O term. However, with additional work it can be made somewhat explicit.
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Theorem 4.4. Assume the conditions of Section[{.4 hold. Suppose that M (a), f"(a) >
1 and let C and L be real numbers satisfying

f(a)"? < C < M(a) and  +/f"(a) < L < f"(a) - min{1, c}.
Also let e = (a) and € = (f'(a)).

Then we may replace

D°(a) = O (U (a) (1 + Ml(a) * f”(cj)M(a)>>

in the statement of Theorem [{.1] or[{.9 with
(17)

D°(a) = Dy(a) + O (

U@f'(@CL U@l  Ul)f"(a) _Ula) U(@))
M(a) f"(a)C L? fr@)c? " M(a))’
where Dy(a) can be estimated multiple different ways.
o [fe=0, then

_ A Ula)€|L | Ua)|€](1+ |€'|C)log(1 + f"(a))
Dy(a) =0 < #(a) + 7(a)
o I[fe =0, then

+Ula) f”(a)|e’|3C’4> .

Do(a) = (a)g(a)e(f(a) = f'(a)a).
o If¢ =0 and |¢| > C, then

Dy(a) = O ( Ula) ) |
(le] = C)/ f"(a)

Suppose that € = 0 and M(a) < f"(a)". We can then optimize the above results,
so that D°(a) equals

(Y(a)g(a)e(f(a) — f(a)a)
+O0(U(a) f"(a)*[e[*"?)
U(a) Ufa) >

el < f"(a)7'?

+ 0 (M(a)2/15f”(a)1/15 + M(a)

vof_ U@ U
\ M(@)2/% f7 (@)% " M(a)
In all cases, the implicit constants depend on the constants associated to condition

(M) and on the implicit constants in the bounds on C' and L. This theorem holds
true if a is everywhere replaced by b.

el > f"(a)1/?
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Remark 4.5. The results of Theorems [4.3 and [{.4] can be combined to provide a
more explicit D(b) term as b tends to infinity.

5. NECESSARY LEMMAS AND USEFUL PROPOSITIONS

It is crucial to the van der Corput transform to have very good evaluations of
integrals that contain stationary phase points. The most powerful results known to
the author are those of Redouaby and Sargos in [30].

Lemma 5.1. (Lemma 2 in [30])
Consider a function f : [a,b] — R that is C*, and postive real numbers T, M, Cs,

Cy-, C3, Cy, Cyy such that

f'(z) > C’;}TM*2 fora<z<b

f9()<C;TM™  fora<z<bandj=2,34

b—a S CMM
f'(¢) =0 for some c in |a, b
Moreover, let § < 1 be positive, and define
36
b= )

Cs-C}

If0<c—a< M, then
‘ elJj(c G e)e(f(e e(fla
/GU@»M:(ﬂ>+U& I9e(f(e)  elf(a)

2 /T 0) 6mif"(c)?  2mif'(a)
+0 (=) +© (%)

f@+w—ﬂ@yﬂ

«

where

a=3"0)  and o) =)

If0<b—c< M, then

b _ 9 +1/8) | [Delf(0) , e(f(a))
/c e(f(:r)) dr = 9 f”(C) - 67rif”(c)2 + 2,/”']0/(@)

wo(mi=) + ()

The implicit constant is dependent upon the C'’s and 0.

Remark 5.2. The restriction 6 < 1 in condition (M) guarantees that | (t)| < |t|.
See Lemma 4 in [30].
Also, the above result—which may be seen as a one-sided form of Huxley’s result

in [I1]—is a corollary to a more general result (Lemma 6 in [30]), which makes the
term O(M*/T?|u — c|?) explicit.
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Redouaby and Sargos include the additional assumption that T, M are both > 1;
however, this condition is never used in the lemmas we cite, and so may be safely

z'gnored.lﬂ

Lemma 5.3. (Lemma 9 in [30])
In addition to the hypothesis of the previous lemma, suppose that we have a function
g : |a,b] = C that is C?, and suppose there exist positive real numbers U, N, Dy, Dy, Dy
such that
gV (2) < D;UN77 fora<z<bandj=0,1,2.
Then

[ st do =gte) [ etr(o) do+ L0

# o Oetr@)+0 (s (14 7))
)~ 9(c)

[ s@ets@) de = g0) [ e(sa) do+ L2810

- %e(f(c)) +0 (% (1 + %))

This result still holds if we weaken the assumptions of the previous lemma so that
f is only C® instead of C*, and the condition on f(x) may likewise be ignored.

Proposition 5.4. Suppose the hypotheses of Lemmas and [5.5 hold and suppose
a<c<b. Then

/ g(@)e( (@) de
o @18 g0V elelr(e) _ gla)el(@)
2,/ f"(c) 6mif"(c)? 2mif'(a)
b (e) + o)
and
/ g(@)e(f(x)) da
Q1) | g@f P @elf()) | g/ ()
= 9(¢) 24/ f"(c) * 6mif"(c)? * 2mi f'(b)
g'(c)
— We(f(c)) + &E(b),

12This was confirmed in private correspondence with Sargos.
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where
UM* UM MY\?
—o( 2 ).
E(y) =0 <T2|y_c‘3) e <T3/2 ( " N) )
Proof. We just apply Lemma [5.3| followed by Lemma [5.1] O

The advantage of our condition (M) is now the following.

Proposition 5.5. Suppose condition (M) holds, that f has a stationary phase point
at x € J, and that x € o, 5] C [x — M(z),z + M(z)| N J. Then the conditions of
Lemmas [5.1] and [5.3 hold with

Cy =1, M= %M(m), N = M(x),
Cy = 20, U=U(z), T =n*f"(x)M(z)?,

and with Cy—, Cy, Cy, Dy, D1, Dy and 6 equal to the similarly named constants in
condition (M).
Morever, with these definitions, the error terms become

<t =0 (g =)+ (e =)+ (mnar)

where if © = « (resp., x = () then the first (resp., second) big-O term disappears.

However, we will also need good estimates on oscillatory integrals without a sta-
tionary phase point. The first and second derivative tests below are well-known and
often accompany any discussion of the van der Corput transform. Following them we
give some more exact estimates that make use of the integration by parts technique
we described in Section [3l

Lemma 5.6. (First derivative test—Lemma 5.1.2 in [12])

Let f(x) be real and differentiable on the open interval (o, B) with f'(x) monotone
and f'(x) > k>0 on (a, ). Let g(x) be real, and let V be the total variation of g(x)
on the closed interval [, 5] plus the mazimum modulus of g(x) on [a, B]. Then

B8
/ g(2)e(f(x)) da

Lemma 5.7. (Second derivative test—Lemma 5.1.3 in [12])

Let f(x) be real and twice differentiable on the open interval (o, 8) with f"(x) >
A >0 on (a,B). Let g(x) be real, and let V' be the total variation of g(x) on the
closed interval o, B] plus the mazimum modulus of g(x) on [a, f]. Then

g 4V
| st el < o=

\%4
<

TR

<
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Proposition 5.8. (Condition (M) version of first and second derivative tests)
Suppose condition (M) holds. If for some x € J, we have [o, 5] C I, := JN[x —
M(x),x + M(z)], then

U(x)

< —
MiNgela,) [ '(7)]

B
/ o)e(f(y)) de

and

U(x)
f"(x)

[ swets ] <

with uniform tmplicit constant.

Proof. We can bound V' in Lemmas [5.6] and [5.7] by

p Uz
o) +9(8) + [ 1)l dy < V(o) + 2 () 375 < Ul@)
using condition (M). Also by condition (M), we have that the minimum of f”(z) on
I, is at worst > f"(x). O

In some cases, the first derivative test needs to be made explicit, for which we have
the following result.

Proposition 5.9. Let f € C3([a, ]), and g € C*([a, B]), and define h,(x) by
(f'(z) —r)g'(z) — g(z) f"(x)
(f'(x) = r)?
Suppose that f'(x) # r on an interval [, B], and let
Koo ) =) ()]
where the sum ranges over all x € [, 5] where hl.(z) = 0. Then we have
B

hy(z) ==

[ stwretre) =) e = [ A1) = )|

+ O(K: (e, ) + O(|hr(@)]) + O([ 1 (B)])
Proof. We begin by applying integration by parts twice to our original integral.
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[m&ii; - T)e(f(ff:) — 7‘:(;)}

(19) - |Gt et (@) 1)
() dx>

B
(20) +0 ( /a o

The two terms on line (19) are bounded trivially by O(h,(a)) + O(h,(b)).

The remaining integral on line is bounded by the total variation of h,.(z),
which is at most the modulus of h,(x) at every critical point added to |h,(«)| and
|h(B)|. K, (e, B) is, by definition, the sum of the moduli A, (z) at every critical point
(since the derivative—by the assumption that f'(z) # r on [«, f]—always exists), so
the proof is complete. O

«

B

(07

By making use of the following proposition, we can sometimes avoid the K, term
in Proposition 5.9] An alternate form of the resulting error terms can be found in
Lemma 5.5.5 of [12].

Proposition 5.10. Suppose condition (M) holds. If e = 1, then for all x such that
x,x+e-M(x) € J and all v such that
fll@)=r=0 " or  sgn(f'(x) —r) = sgn(k),
we have
|f'(x+ € M(x)) —r| > M(z) " ().
Proof. By Taylor’s remainder theorem, we can write
fllat+e M) —r=(f(z) —r)+e M) f"(z)
1
21 ~M(z)* ®)
1) o (M2 max O

with implicit constant 1.
By condition (M), we have

1
@)y < M (z)
max :
ety WIS ()
Therefore the big-O term in (21f) is at most nM (x)f”(x)/2. Since n < 2 and since
f'(z) — r is either 0 or shares the same sign as €, this gives the result. O

Proposition 5.11. Suppose f and g satisfy condition (M) for some function M (x)
and its associated constants. Let ¢ = £1. Assume that x, is not in the interval from
x tox+e- M(x), and that x + € - M(x) is farther from x, than x is. Then we have
that

’ —r = %e —r ’
/x +E.M(I)g(y)e(f(y) y) dy i () —7) (f(y) —1y) R
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*OQ%Q{%Q+O(Mu¢ﬁ3—wJ

We also have the following bound.:

9W) ey _o U
2mi(f'(y) — ) () y)] y=z+eM(z) ¢ (M(x)f”<x)) .

Proof. As in Proposition [5.9, we apply integration by parts twice to our starting
integral

/j » )g(y)e(f(w —ry) dy

_ 9(y) ol
— [m 7l) ) e(f(y) y)L ot
(he(2)) ( (93+€ M(x)))

O(h
& o[

The relation

—7)g'(y) — 9() f"(y)
2ﬂv>2<fv<y>«—-r>3 ’ dy)

gly) .
e )

holds by Proposition [5.10]
Using condition (M), we have the following additional bounds.

1) =0 (o) + O (e —F)

"
B g(x+e- M(x))

m“+€““@*“jQﬁw+eAﬂmw—>)

9o+ ¢ M(@)f"(x + - M(x))

*O( e+ e M(@) )P )

:O( <x¢?wwo)+o(ukg?ﬂg

The last equality holds since |f'(x + € - M(x)) — r| is bigger than |f’(z) — r| by our
assumption about the relative placement of x, x,, and x + ¢ - M (x): for example, if
. <z <x+ M(x), then r < f'(z) < f'(z + M(x)).

Finally, to estimate the integral in first notice that

d (f'ly) =r)d'(y) —g) " )| _ 9" () 9'W)f"(y)
dy  @r)A(f(y) —r)? “O(uwwwv)+OQ Fly) — mQ
9(y

+O<%%§ﬁ%)+o(u3?%i)

yﬂ%M@:O<Mé$%w)
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On the interval between x and z + € - M(z), the maximum of ¢"(y)/(f'(y) — r)? is
g(x)

M(x)*(f'(z) —r)*
and since we are integrating over an interval of length M (z), the contribution of this
term is at most

<

g
M(z)(f

Similarly, one can show that

Loone OQA§7%J+O(§%¥¥%)@=0(§%¥¥%)

We estimate the remaining integral by using f”(y) = O(f"(z)):

Lo Gt o =0 () [ oy oy )
= (W '@ | =) M.M@)
-0 (i) -

Remark 5.12. If g(z) is a constant, then we may remove the term

“ (M(x)gf((?) = r)?)

from the statement of Proposition|s.11. This would remove the term U(z)/M (z)|| f'(z)||*
from Aqg(x) in Theorem . However, very often one finds a term of this same size
occuring in Az(x) regardless.

The primary technique we shall use to evaluate sums will be a variant the Euler-
Maclaurin summation formula; however, the Euler-Maclaurin formula itself sums over
all integers in an interval [a, b], while we will often want to sum over all values z in
some interval [o, 8] for which F(z) is an integer (for some function F).

Lemma 5.13. (Euler-Maclaurin summation, first derivative version—page 10 in

[16])

Suppose f is a differentiable function on |« B] then
/ f(z dx+/ s(x)f'(z) dx
s(B)f(B) + s(a)f(a).

a<n<ﬁ
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Proposition 5.14. Suppose G is a real-valued, differentiable function on [a,b]. Sup-
pose F' is a differentiable function such that F([a,b]) = [, 5], then

> e = [ aw) - rwlao ([ 16w w)

+ 0 ([s(a) - G(a)]) + O (|s(b) - G(b)])

+0 > |s(z) - G(z)|

z is a local extremum of F on [a,b]
where G(F~Y(n)) is a sum over all G(x) for x € F~(n).

Proof. We apply the first derivative version of Euler-Maclaurin summation to each
interval where F' is monotonic (and hence, F~! is 1-1). Then we apply a change of
variables with y = F~!(x). The sum

o) > [5(z) - G()]

z is a local extremum of F' on [a,b]

bounds the contributions of s(«)f(«) and —s(8)f (/) arising from the endpoints of
the intervals of monotonicity. U

Lemma 5.15. (Lemma 5.4.2 in [I2[}—Poisson summation)
Let f € C*([a,b]) for real numbers a < b, then

% R b
> fm) = Jim 3 [ f@etrs) as

a<n<b

Proof. We rewrite the Euler-Maclaurin summation formula as

B
/ @) do = 6(B)(9) + v() () + [ v ) da
But we also have

W(2) () dz = — 2 Tim / Z sin( 271'7“5(] (z) dx

a<n<5

=Y(B)f(a) — v(a)f(a) + lim Z/ 2cos(2mrex) f(z) dx

R—o0

= (8 f(a) — (@) f(a) + hmz / e(ra) + e(—rz))f(x) da,

R—o0

BHuxley assumes a and b are integers, so we provide the proof when a, b are real.
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by integration by parts, which completes the proof. O

We end this section with two more specific propositions. The first will give us good
bounds on the partial sums and tails of ¢ (x,€), our modified sawtooth function, as
well as guarantee its convergence. The second will show that the integrals in Theorem
[4.1) involving the W and r functions will converge.

Proposition 5.16. Suppose f > a > 1, e € [-1/2,1/2], and x € R. Then

> e =0 ()

a<|m+e|<p

where the implicit constant is uniform. Also, the sum is convergent as 3 tends to oo
and the same bounds hold in this case.

Proof. Without loss of generality, we may replace that z with (x) and so may assume
that © € [-1/2,1/2). We start with the assumption that J is finite.

Next, we remove all appearances of the e from the sum. We use C, . and C7, ,
to denote constants which only depend on the variables «, x, and e.

> o dmd_ s dmic,ro(3)

as|m-+te[<p as|m|<pB
- Q<Zm:<g o a<;<ﬁe<mm) (m(m6 + e))
ol
- T - Z e (ea) 0 (5)
o))
e(mz)
— a;ﬂ;ﬁ =+ et Came +0 (5)

Here, C, ;. contains the terms where |m| < a < |m +¢€| or Im+¢ < a < |m|. In
particular, it is no larger than 2/(a —1/2) = O(1/a). Similarly, C7, , . is dominated
by the sum of terms 1/m?, and hence is also O(1/a).

Now we pause a moment to show that we may let § = oo with no problems of

convergence. The sum
Z e(mx)
m

1<|m|
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is, up to a constant multiplier, the Fourier series for the sawtooth function ¢ (x) and
converges for all x. This implies that

_ e(mx)
]
Jm >, =

a<|m|<B

converges for all & and x. Therefore, since

i (Y dm) oy ) e,

B—00 m+ €
a<|m+e|<B a<|m|<p

we have that

converges for all «, x, and e.

If =0 then
Z e(mx) _o,
a<|m|<pB
and hence
1
¥ o)
a<|m+e|<B moe @

So we may assume for the remainder of the proof that x # 0.
Now we remove the absolute value in the condition on the sum and apply summa-
tion by parts.

e(mx . sin(2mmax
S Cma) ;5 sinCem)

a<|ml<p asm<p
1
=21 Z (E_m——i—l) ( Z sin 27r/<::c)
as<m<p a<k<m
o Z 1 sin(m(m + [a])z) sin(m(m — [a])x)
B m? +m sin(mx)
as<m<p

Since we assumed x € [—1/2,1/2], we have that sin(7wz) < z. For the numerator, we
use that |sin(y)| < min{1, |y|}. This gives the following estimate, which completes

the proof.
Z e(mr) Z 1 L i 2l

a<|m|<B a§m<ﬁ
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1
=0 >zl +0 > TR

as<m<1/|z| mzmax{a,1/||z|[}

O(1) if afjz|| <1

- 1
O <—) otherwise
allz||
]

Proposition 5.17. Suppose the conditions of Section hold, then the function
(Wi(z)| + [Wo(x) - mo(x)| is integrable on Jy and the function |W(x)| + |W’ (z)] +
(W (x)-r ()] + |[W_(x) - r"_(x)] is integrable on Ji.

Proof. Recall that
H=gf%+34'f"

G = 1299//(f//)2
w2y (29)°("9)

T (HVHEE-G? (HtVH:-G)

H?fG)
BT
. HtVH -G
T+ = f B 29"
g
11\2
n=y - L

The functions H and G are continuous and bounded on J. The functions Wy and rg
are continuous inside Jy, and the functions W, and r4 are continuous inside Jy. The
only possible barrier to integrability is the presence of a zero in the denominator of
the function at an endpoint of an interval.

The only terms in the denominator of W/ are g and f”, which are both bounded
away from 0 on Jy. The only terms in the denominator of W, are g and f” again,
but ) has a factor of H? in the denominator; however, in |[Wy(x) - ro(z)|, the H?* in
the denominator of r{ is cancelled by the factor of H? in the numerator of Wy(x), so
this too has no zeroes in the denominator at the endpoints of Jy.

The case when we are considering an interval (a’, V') where H?(x) — G(z) = 0 but
H(z) does not equal nor tend to 0 is analogous. So we will assume we are in the case
where H?(x) — G(z) does not equal nor tend to 0 on the interval in question for the
remainder of this proof.

We have

w=r-

291/

H+VH? — G)’
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and

, H+VHE =G\ ° H+VE2-G\ ~ ,
Wi (z) = < 207 ) (fPg+ g — ( 27 ) g

. (H + V= G)_4 (H + VI G)’ ()

29// 29”
HEVE2 -G\ (H+VH -G\ ,
+2 29// 29// g-

In addition,

(H:I:\/HQ —G)’ HEVE=G
= g

2 g// 2 g//2

(23)

1 , 5 G

So, the only terms in the denominator of 7/, are ¢” and v H? — G, and the only terms
in the denominator of W are H++v/H? — G and v H? — G as all the ¢” terms cancel.

The technique required will change slightly depending on whether we consider the
+ terms or the — terms. As G tends to 0 (which is equivalent to ¢” tending to 0),
H ++/H? — G will tend to either 2H or 0. By the assumptions of Section , if G
tends to 0 at the endpoint of an interval in J4, then H cannot tend to 0 at the same
point.

If the sign is chosen so H ++v H? — G tends to 2H, then the terms H + v H? — G
and v H? — G in the denominator of W/ (z) do not vanish, and the two copies of ¢”
in the denominator of 7/, (x) are cancelled by the two copies of g” in the numerator
of Wi (z). Therefore, in this case, there are no zeroes in the denominator.

For the remaining case, when H + v/ H? — G — 0, we have that

HtVA -G _|H| (H [ G
29// - 29// ’H| H?2

_H G G
(24) - 29// q:2}[2 +0 H4

\2
= 2004 og)
where the implcit constant depends on the size of H near this point. In particular,
since g and f” do not approach 0 at the endpoints of J4, equation implies that a
copy of H++/H? — G tending to 0 in the denominator of a function can be cancelled
by a copy of ¢” in the numerator to prevent the presence of a zero in the denominator.
In particular, Wi (z) will not have a zero in the denominator.
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By (24), the only term in [Wi(z)| + |Wx(z) - 7/, (z)| that could produce a zero in
the denominator is the derivative
H+VH? -G\
29// :
Therefore, it suffices to show that has no zeroes in the denominator at an end-
point of J..
By applying to line (23) and noting that in this case +(H? — G)~Y/2 =
—H 1+ 0(@)), we have

(Hi\/H2—G)/: 39(f")%9® (1 Lo ) 39(f")2H'

(25)

29" g H-ym-c¢)  owm-a
12g/(f//)2 + 24gf//f(3)
=+ +0O(1
4vH? -G M
_ 39U (g) - ST H
T ") Wir-G
129/(f//)2 +24gf”f(3)
+ +O(1
4/H? -G @

SR 129/ 249
- 2/H?P -G 4/H? =G
Since vV H? — G does not tend to 0 on Ji, the derivative has no zeroes in the

denominator. O

+0(1).

6. PROOF OF THEOREM [4.1]

6.1. The initial step. We begin by applying Poisson summation (Lemma [5.15]).
This gives

* R b
> glmetsm) = fim 3" [ glo)e( (@) - o) do.

R—oo
a<n<b
We wish to alter the end-points of some of these integrals. Define a,., the new left
endpoint, by
(a+M(a) if0< f'(a)—r < f"(a)
(26) ar:=¢qa—M(a) if0> f'(a)—7r>—f"(a)

La otherwise

and b,, the new right endpoint, by

(b+ M(b) if0< f'(b)—r < f(b)

by :=<b—M(b) if0>f(b)—r>—f"().
b otherwise

\
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Note that f'(a) — r is positive, if and only if x, lies to the left of a and vice-versa.
The transformation from [a, b] to [a,, b,] has the effect that if z, is close to—but not
equal to—an endpoint a or b, then we shift that endpoint away from x, by a distance
M (a) or M(b), respectively.

In the statement of Theorem [4.1], m, is defined by

my = |20 (f'(x) = f'(@), (@) + (@) \{f' (@)}
The values m, and m; thus count the number of r such that a, # a and b, # b,

respectively.
After altering the end-points, we have

* R br
S gm)e(fn) = lim Y / g(2)el(f (@) — rz) de

R—oo
a<n<b

(27) - ]%1_{20 :}i (/{:4—/{:) g(x)e(f(z) —rx) dx

Since there are only finitely many values of r for which a, # a and b, # b, the sum
on line is finite and so we may omit the limit and sum from —oo to oo.

First, consider those integrals in the sum on line arising from 0 < |f'(a) — 7| <
1. If (f'(a)) = 0 orif m, = 0, there are no such integrals, and so the total contribution
of this (null) set of integrals is 0. Otherwise, there are at most 2 such integrals, each
of which by Proposition (our variant of the first and second derivative tests) is
bounded by

(28) O | min Ua) : U:(a) :
V(@) 1)l
Thus the contribution of these integrals is O(A4(a)).
There can only be additional integrals in line if f"(a) > 1, so we will assume
as such when bounding them.

Consider next those integrals from a, to a arising from 1 < |f'(a) — r| < \/f"(a).
There are < 4/ f”(a) such integrals, each of which, by Proposition is bounded by

o( Ula) )
f"(a)

So the total contribution of these integrals is bounded by O(g(a)).
Lastly, we consider the sum of those integrals in line arising from +/f"(a) <
|f'(a) —r| < f"(a). In particular, let

a

5 = T [ st@ets@) - ra) do
VI @< (@-rl<f@)
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denote the sum in question. We apply Proposition [5.11] to each integral in S; to
obtain

(29) Sp = Z W&e(f(a) —ra)

f'a) =)
& 20 (roimm)
(31) + Z (O (Mm)([]{f((i)) —r)? ) o (%)) '

Here, each sum is over all r satisfying /" (a) < |f'(a) —r| < f"(a).
For the sum on line (29), we apply a change of variables m + ¢ = f'(a) — 1,
where € = (f’(a)), and then apply Proposition [5.16| The sum is then bounded by

a)/\/f"(a)) = O(U(a)), since we are under the temporary assumption that
fa) > 1
The sum on line has at most 2 - f”(a) terms, so is bounded by

“ (Z(&))) |

By Euler-Maclaurin summation (Lemma [5.13)), the sum on line is bounded by

1

Thus the total contribution of the integrals from a, to a in line arising from
1 <|f'(a) —r| < f"(a) is bounded by

1 1
O (U(a) (1 + M (a) + f”(a)M(a)))

Dirle) =Ula) (1 * 3 f”(:)M(a)> |

Similarly the contribution of the integrals from b, to b in line is bounded by
O(D5is1 (b)) + O(A1(D)).

where

Therefore,

Z* gn)e(f = P}E};o Z / —rz) dr

(32) + O(Df”21< a)) + O(Dji1 (b))



46 J. VANDEHEY

+ O(Ai(a) + Aq(D)).

6.2. The half stationary phase estimate. Suppose that f'(a) = r € Z. We will
need to estimate the integral at this particular r in separately.

We shall break the integral into a piece surrounding the stationary phase point and
an integral away from the stationary phase point. In particular, we write

/abr g(@)e(f(z) —rx) dov = </aﬁr + /br) g(x)e(f(x) —rx) dz,

where 5, = min{a+ M(a),b,}. Since x, = a is to the left of b, we have that b, either
equals b or b+ M (D).
By Propositions [5.4] and [5.5] we have

B,
/ gW)elf(y) — ry) dy
@@ —ra+1/8) _g(B)elf () = rB)
'<

f(a) 2mi(f'(Br) — )
9@ fO@e(f(@)  ¢@elf(@) U(a)
6717 (a)? 2if(a) +O(f"<a>2<b—a>3)

U(a) U(a)
O (f”(a)QM(a)?’ * f”(a)3/2M(a)2)
_ g@elf(@) —ra+ 1/8)  g(B)el(5) ~ 15)
7@ 2mi(f(3) =)
+ O(A1(a) + As(a)).

Here we used the bound

aar = (=) 0 o)

Similarly, if f'(b) = r € Z, then we dissect the integral from a, to b in in a
similar way, obtaining,

L | Jrrts i

(b) —rb+ 1/8) g(ar)e(f(ar) — Tar) Ty
(34) = =) i) 20

+0(A1) +0aa(0) + | " g(@)e(f(z) - ra) d,

where a,. = max{b — M(b),a,}.

(33)

+ D*(a)
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6.3. The full stationary phase estimates. For all remaining integrals with a
stationary phase point in (32)), we may assume that |f’(a) — 7|, [f'(b) — r| > 0. As
before, we denote the stationary phase point corresponding to a given r by x,. For
each such r € (f'(a), f'(b)), we write the corresponding integral in line as

[ ety —rayas= ([“+ ["4 [ atoretso) - o)

where o, = max{x, — M(z,),a,} and B, = min{z, + M(z,),b.}. By construction,
la, Br] = I, N |a,,b,] with I, as in the statement of condition (M).
For this section, we shall focus on the contribution of the middle terms. Consider

Br
Sy 1= g(x)e(f(z) —rx) dx.
>

fr(a)<r<f'(b
Applying Propositions and [5.5] with ¢ = x, to Sy, this becomes

(xr)e(f(xr) —TTy + l)
3) &= 3 ° —
J(@)<r<s'(b) f(a)

(36) + )O ( f“?/((f;:))z ((:cr . o) (b - a»)i*))

fa)<r<f'(b
g(z,) -
0 i (e (1 VPeme))
(ar)e(f(ar) —roy) g(Bre(f(B,) —1Br)
(38) -y £t + Y e
pagepy ) =)y 2B =)

The sum in line (35)) added to the first terms in lines (33]) and —if they exist—

sum to

Z* g(xr)e(f(xr) — Ty + %)
F@<r<fo) f"(ar)
the main term in the van der Corput transform.
To begin evaluating the sum in line , consider values r such that 0 < z, —a <
min{C, !, M(a)}. By the mean value theorem, we can write 2, —a = (r— f(a))/f"(¢)
for some ¢ € (a,z,) C (a,a + M(a)). By the bounds of condition (M), the r under
consideration must also satisfy 0 < r — f’(a) < f”(a), which, in turn implies that
T, —a, =z, —a+ M(a) > M(a).
Therefore, we split the sum over

g9(z/)
[ (@) (@ — ay)?
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in line into two pieces. The first piece, over all  such that z,—a < min{C;*, M(a)},
has at most m, terms, with each term bounded by

(39) g(z,) Ula)

<

f'(@e)?M(a)*  f"(a)*M(a)*

Thus the total contribution of these terms is at most
U(a)m,
——— ] =0(A
O (aptnta) =00
since m(a) = O(1 + f"(a)).
The second piece, over all remaining r between f'(a) and f’(b), is bounded by

(40) 72 f//(sz(gj —a)®’

where @ is the smallest value in the interval [a + min{M (a), C;'},b] such that f'(a)
is an integer. Note that if no such integer exists, then this sum is empty. We now

apply Proposition to with

_ 9
W)= Tty —ay

and F(y) = f'(y) on the interval [f'(@), f(b)]. Using the bounds from condition (M)
liberally, we see that (40| is bounded by

" (/Lw (0 s ) @)

(42) +0 <f”( )U((Z)— a)? ) o (#:)—a)?)
— O(Ay(a)).

Since f”(x) > 0 on [a,b], f’ has no local extrema on this interval, so the final term
from Proposition does not appear.
We have a similar bound for the second sum in line (36):

9() 0
" 3 (Ag(b)) + O(As3(D)).
fa );q (f" ()2 (br — ;)

We apply Proposition again to the sum on line to get
g(z,)
(43) Z : )3 (1 + f”@r)M(xr))

" 2M
piwzrepw I @M@

(44) ~0 (/b% (14 VF@M()) (1 + %) d:z:)
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+0 (% (1 + f”(a)M(a)>)

(45) +0 (% (1 +V ()M (b)>>
= O(Ay) + O(Ag(a) + Ag(D)).

Now consider

b'r
Ss :z}%lm Z /M g(x)e(f(x) —rz) do
r<f’(a) or or 7> f! (b)

9(Br)e(f(Br) —15r) . —rz) dx
+f’(a)§<f’(b) ( 2w f (B —1) / g(x)e(f(x) —rz) d )

+ Y (/aa g(@)e(f(x) — rz) do — glar)e(f(ar) — rm)) '

/ —
F@<r<r ) 2mi(f(ar) =7)

Note that the remaining terms of S, in line (38) as well as the second terms from
lines (33]) and —if they exist—appear in Ss.
We have thus far shown that

S ome(fny) = S AU Tt S g ey D)

a<n<b /(@) <r<f'(b) ()

+ O(Djz(a) + O(Dguzy (b)) + Z O(A(a) + A4(b)) + O(Ay).

6.4. The remaining integrals. For each integral in S5, we apply Proposition [5.9]
This gives

(46) 3 _ hm Z g 27m f/ TCLT) + lim Z g(gr)e(f(br) —T‘b,«)

~ 2 ) me(b) i/ (br) —7)
(47) + lim Z O(h hm Z O (h

20 7@ )
(48) + Z (O(h,(ar)) + O(h,(Br)))

f(a)<r<f'(b)

+ Z (O(KT(GT,CW)) "‘O(Kfr(ﬁr,b'r)))

f'(a)<r<f/(b)

+lim oy O(K(arby)

r<f’(a) or r>f’(b)

where in each sum it is assumed that |r| < R.
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We start estimating the first sum of and write

Z gla,)e(f(a,) —ra,)

= 2 amilfan) )
(49) -y o (i
o) s 3 ol
o AU

Ir|<R
|f"(@)=r|>f"(a)

There are at most m, terms on lines and , each with size

U(a) )
(o
by Proposition [5.10] for a total contribution of
U(a)m, ) _
O (i) ~ &)

We can evaluate the sum on line explicitly in some cases. Suppose f”(a) <
1—|If'(a)]]. If f"(a) < ||f'(a)]], then we pull out the term where f'(a) —r = (f'(a)),
so that the remaining terms on line (51)) form a modified sawtooth function. In
particular, the sum on line becomes

gla)e(f(a) + [f'(a)] a)x
1 /
X (_W +¢(a, (f (a)>)>
gla)e(f(a) + [f (@] a)d(a, {f(a))) f ()] < f'(a) <1—|f'(a)l
which equals D°(a), when f”(a) < 1—||f'(a)||. Otherwise, if f"(a) > 1—||f'(a)l|, we
may bound the sum on line using Proposition [5.16|by O(U(a)/f"(a)) = O(U(a)).
Recall that D°(a) is not explicit when f”(a) > 1—||f'(a)||, and instead is just a big-O
approximation with one of its terms of the form O(U(a)).
By a similar argument, one can show that all the sums on line are equal to
—D°(b) + D°(a) + O(As(a) + Ay(b)).
We break the sum from into three smaller sums like so
(52) Jim Y O(h(a,)) = lim > O(he(a))

Ir|<R Ir|<R
r#f'(a) |f"(a)=r|=f"(a)

fa) < |[f(a)l
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(53) + Y O(h(a— M(a)))
0<r—f/(a)<f"(a)
(54) + Y O(h(a+ M(a)).

0<f'(a)—r<f"(a)

The sum on the right-hand side of line is

. (f'(x) — 1)) — g(a) f"(x)
Rl—>oo |7‘Z§R ‘ (f’(l') - T)3 r=a
|f/(a)—r|>f"(a)
. U(a) Ua)f"(a)
(55) < gmo D (‘ M(a)(F'(a) — 12| ‘ (@) —1)? )

Ir|<R
|#'(a)=r|=f"(a)

If |f'(a)]] = 0 or mg > 1, then the smallest |f(a) — r| could be in this sum is
min{1/2, f”(a)}; otherwise, we will have a term where |f'(a) — r| = ||f'(a)||. Thus
this sum is bounded by

(Ua) . { 1 }
min ¢ 1,
M(a) () )
< + U(a) min { f"(a), 70
U@ U@
(M@@)[[f @) 1 (@)]?
< AQ(CL).
By using condition (M) and Proposition each term on lines and has

size at most

if ||f'(a)|| =0 or my, > 1

otherwise

Ula)
< FlaEM(a)?

and there are at most m, = O(1 4+ f'(a)) such terms for a total contribution of at
most
Ula)

O ———(1 " =0(A )

(f”(a)QM(a)?’( + f (a))> ( Q(G))
By a similar argument both the sums on line are bounded by O(Ay(a)+Ay(b)).
For the first sum on line , we have «, equals a, or x, — M(z,). The sum of
terms with a,. = a, are bounded by the sum in line , which we just showed has

size O(Az(a)), so we only need to estimate the terms where o, = z, — M(x,). By
Proposition and the bounds of condition (M), each such term is bounded by

g(,)
f ()2 M ()3

<
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We may therefore bound the sum over those r with o, = x,, — M(x,) by a sum of
terms g(z,)/f"(z,)>M (z,)? for all r € [f'(a), f'(b)] and obtain

by the same argument as in line (43)).
Therefore, we have shown that

S gy = 3 LA Zr b E) ) g

a<n<b F(@)<r<f'(b) f(ar)

+) O(Ai(a) + Ai(b)) + O(Ay)

—+ Z (O(KT(CLT,O&T)) +O(Kr(5rabr)))
f(a)<r<f'(b)

+ Z O(Kr(arabr))'

r<f'(a) or r>f’(b)

The proof will therefore be finished when we show that the sum of all the K, terms
is bounded by O(Ay).

6.5. Bounding the variation. The K,’s are the sum of terms of the size

(f'(x) = r)g'(x) — g(x) f"(x)
(f'(x) = r)?

at points x where the derivative with respect to x vanishes. We may safely ignore
points where the derivative does not exist, since all the intervals that give rise to the
K, terms do not contain stationary phase points.

The derivative of h,(x) is (using f. as shorthand for f'(z) —r)

_ =g+ g (f)7 4+ 39(f")? = 3¢ L g"(f))? — H +3g(f")?
(f1)* (1) '
We set the numerator equal to 0 and solve for f;.

First, suppose g(z) = 0. If ¢”(z) also equals 0, then the numerator is 0 if and only
if ¢'(z) also equals 0 (f”(x) is never 0, and we assumed f'(x) # 0 at all points in
consideration); but if g(x) and ¢'(z) equal 0, then h,.(z) also equals 0, so these points
contribute nothing to K,. Thus the only contribution from points x where g(z) = 0

come when ¢”(x) # 0 and ¢'(z) # 0, i.e., those points in J,,; as defined in Section
At these points, solving for f! yields 3¢'(x)f"(x)/¢"(z), so the contribution to

he(z) =

h ()
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the K, terms from these points is bounded by.

< Z f//

wet]null

For the remainder of this section, we will suppose then that g(z) # 0. There is no
way to make the numerator equal 0 if ¢”(z) = H(xz) = 0, since both g(z) and f"(z)
are assumed to be non-zero, or if H(x)? — G(x) < 0, since all the above functions are
real-valued; otherwise, the solution is given by

H+VH? -G

(56) 7 7
r o 39(f//)2g . 6 J )
17 0
where Jy and Jy are as defined in Section [4.2] Plugging this value of f/ into h,, we
obtain
() = Wi(z) =€ Jyg |
Wo(z) =€ Jy
where
w209 (2¢)("9) and
(H+VH?-G)? (H+VH?-G)%
WO _ H2g/ B H3f//g
Ba(f)2)*  (39(f")?)?
H?fG)
o 27g(f")

If we ignore the constraint that r be an integer for the moment, then we can imagine
that determines functions

H+VH? -G

re(r) = f' - 2" on Jy and
"\2
ro(x) = f' — _39(1;7; )

The contribution of the K, terms is then at most

on J().

D DR AG DI R SR A ()}

r;l(n)eJi r-i(n)edy



54 J. VANDEHEY

We now apply Proposition to see that the contribution of the K, terms is
bounded by

< IC<JO> W07 TO) + K:(J:b W—i—a T-l-) + K:(J:b W_, T—)
< O(Ay).
This completes the proof of Theorem [4.1]

7. PROOF OF THEOREM [4.2]

We follow the proof of Theorem [4.1], until Section [6.4]
As in the conditions of Theorem [.2] suppose that

M(z) > max{b—z,x — a}

for all € [a,b] and that m, = m; = 0. Then we may use Proposition in place
of Proposition [5.9] to the integrals in Sg and obtain

(57) hm g(a . ) —ra) g(b | f(b) —rd)
#Zf; 27rzf ;b mf (0) =)
(a>f”( ) U(a)
(%) i 2, 0 (|f’(a) S =)
()1 0) U
) =P o(For=m * mwra=)

We used a and b in place of a, and b, due to m, and m; being zero. Likewise, we
have no «,., . terms since by our assumption on M(x), a,. = a and (3, = b for all r.
Just as in the proof of Theorem the terms in line equal

—D(b) + D(a) + O(As(a) + As(D)).
The terms on lines and we bound as we did the terms in line , obtaining
U@ U@
M(a)|[f' (@)l f (a)[*?
U, U0)")

M@= ol
< Ag(a) + Ag(b)

Since we have no K, terms, we can let Ay just equal

/a #XZ){@S(H Fr@)M () <1+%) de,

and this completes the proof of Theorem in this case.

<

+
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8. PROOF OF THEOREM [4.3|

The proof of this theorem mostly entails following the proof of Theorem and
simply being more careful with how certain error terms arise.

In Section we want to show that we can replace O(D5.,(a)) + O(A1(a)) with
some constant ¢;. But these terms simply serve as a bound for the sum

— Z / z) —rz) de,

r=—o0

which, for fixed M(a), is a constant as b tends to co. (If b is near a, we may need
to take M(a) to be smaller, thus it’s not always a constant.) Likewise, the term
O(A1(a) + Ay(a)) that appear in Section arise from bounding the term £(f,)
from Proposition applied with the ¢ and b of the statement of the proposition
equal to a and f3,, respectively. Provided b is large enough, 3, will be constant, so
the term £(f,) may be likewise replaced by a constant cs.

The error terms from Section arise from bounding the sum

(60) > (&) +E(5)
a<z,r<b

where &, (o) (respectively, &.(5,)) is the error from Proposition applied with a
(respectively, b) and ¢ in the statement of the proposition equal to «, (respectively,
B) and .

We would like to replace the b in line with co. Consider first the &, () terms.
Each such term is fixed (provided b is sufficiently large enough that b —a > M(a)).

Thus we write Z - _( Z Z )

a<zr<b a<z,<b b<z,<b
Suppose now b is chosen to be on a sequence tending to infinity such that A4(Y)
tends to 0. Then we have that

exists and is a constant ¢z by the assumed convergence of the integral in As(a), and
we have that

v U(w) 1 1
22 5 < | e —ap (”fﬂmM(x)+f~<x><x—a>> o

[ st (6 V) (14 )
+ AL +A’(b’)

K Ay(b) + Ay(t) + A5
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by Proposition [5.14] Thus we have
Y Elar) = s+ O(A)(b) + O(As).
a<zr<b

We must apply an additional idea to perform the same technique to the terms
E-(B). In particular, if z, + M (x,) > b,, then 3, changes as b grows. We may replace
all such terms by &, (z,) with an error of size O(A/)(b)). Following the argument of
the previous paragraph, we have

D E(Br) = s+ O(A(b) + O(As).

In Section , the first sum on line is constant for b sufficiently large, and the
second sum is just D°(b) + O(Aax(b)).

By following the details of Proposition that we applied to S3, we see that what
we are left with at this point is

o <r<f/ (b) (/ /b) omi fle) = re) de

(62) + / AT ) )

r<f'(a) or r>f’

where in the latter sum we assume we are taking the limit as R tends to infinity of
the sum with the additional restriction that |r| < R. Let us, for ease of notation,
rewrite the integrals as

/[;L’NbT]\IZT‘ 7

where as in condition (M) the set I,, equals [z — M (x,),x + M(z,)]. We wish to
replace b by a sequence of b"’s tending to infinity, such that As(b") tends to 0. For
such b’ we have that above sum equals

. h. ()
lim Z /[ . ~e(f(z) —rz) do

R—o00 27
Ir|l<R
hy(x)
— lim / ~e(f(x) —rz) dx.
R—o0 |1Z<:R (b0 \ L, 211

We now finish applying Proposition by taking integration by parts of all the
integrals and then bounding the variation. This combined with the ideas from earlier

in the proof give us that the terms on and are bounded by
cs + O(Ax(D)) + O(As).
This completes the proof of Theorem [4.3]
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9. PROOF OF THEOREM [4.4]

In the estimates of Theorem , we only roughly estimated the size of —D(b) +
D(a), which roughly are the first-order endpoint contributions at b and a, when f”
was large. In this case, we included error terms of the size O(U(a)) + O(U (b)), which
are at least the size of the first and last term of our initial sum. These terms can be
improved, but require additional work.

But recall, at the beginning of the proof of Theorem [4.1| we bounded a sum of the

typd]
(63) Z / —rz) dx

r=—00

in line (27), which along with the sum in line contributed to the O(U(a)) error
in D(a). In bounding this sum, we exploited the fact that the first-order endpoint
contributions at a should cancel significantly (for example, in our estimation of line
(29)). We expect, however, that more should be true, that not only should the
first-order endpoint contributions display cancellations, but the integrals themselves
should also display cancellation near a.

As in the conditions of Theorem assume that M (a), f"(a) > 1, let C' and L be
real numbers satisfying

fla) V< C<M() and +/f"(a) < L < f"(a)-min{1,C},

and let € := (a) and € := (f'(a)). We now define a value a/. similarly to how we

defined a, on line ([26)).

a+C if1<fl(a)—€—r<L
a,:=%a—C if —1> f(a)—€ —r>—L

a otherwise

If @] # a then a,. is between a and a,., except, possibly, for two values of r if L is very

close to f"(a).
We now break the original sum into several pieces:
/ / | +oaa
where the last term comes from the term r = f'(a) — ¢ as in (28). In the sequel,
we shall refer to these three groups of integrals as Type I, Type II, and Type III
integrals, respectively.

1<|f'(a e’ —r|<L 1<\f’(a —e/—r|<L |f'(a) e’ —r|>L

1Gince a, = a for almost all r, the sum is in fact finite.
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We will postpone fully estimating the Type I integrals for now, and instead modify
them into a more symmetric form. We first replace g(z) by

o(0) + 0 (1 o(2) o~ a)
and f(z) — rz by
1

(f(a) =ra) + (f'(a) = r)(x —a) + 5 f"(a)(x — @)’
max;ea! ,a ® Z 3
+O< o <>|x_a‘>.

Doing so gives

[ s@ets@ - o) da

:g(a)/;e(f(:c)—'r:c dx+0<]\li[((c;))/a |z — al da:)

— g(a) /;df(x) —re)de+0 <UJ\(4G()a) )

= 0(0) [ e (170 = ra) + (70 = 1w = ) + ) — 0
f//( )

; 140 (Wz)pc—aﬁ)) dz

@)

=9(a) [ e (U@ =r0) + (@) ~ e — ) + 3 @) - a>2) dr
Ula)f"(a)C"

+O< M{a) )

Shifting the bounds of integration and sending f’(a) —r to r+¢€’, the Type I integrals
can be rewritten as

Z / ) —rx) dx

1<|f"(a)—€’—r|<L a

= g(a)e(f(a) + a) > / (f” Ve +r:c+m+e’x> da

1<|r\<L ap—a

L0 (U(a)f”(a)C4L) .

M(a)
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The Type II and Type III integrals we evaluate using Proposition [5.11} This gives

us
/ / —rx) dz
1<|f’(a) e —r|<L Yo |f’(a) e —r|>L "o

(64) - Y ) ) - )

/ / -
ey, 2T (a7) =)

Y M@ - ra)

Lipiare— 2T @ =)
(@) =r|<f"(a)
Ula) U(a)f"(a)
Ula) U(a)
(96) v L<|f'(%:—a_r| (M(a)f”(a) ' M(a)?’f"(a)2>
|/ (a)—r|<f"(a)
U(a) U(a)f"(a)
(67) O Ll @ et r] <M(a)(f’(a) —r)? " | f'(a) = Tg)) '

Similar to Proposition [5.10 we have that

fllate)= f'(a) £ f"(a)-C (1 +0 (2 77MC(Ya)»

with implicit constant 1, so that |f'(al) —r| > f"(a)C for 1 < |f'(a) — € —r| < L.
Thus, the sum in line is bounded by

> ofgr) -0 ()

|f"(a)—€¢' —r|<L

and the sum in line (65)) is bounded by
Ula) Ula)f"(a)
¢ (Z M@ (P @C+? T @)+ >)
U(a) Ul(a)
o (s + 7aes)
U(a)
o (prajen)
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since ¢ < M (a). The terms on line are bounded by
Ufa) Ufa) ) ( Ufa) )
@) + =0(——+).
(M (@) = f"(a)M(a)? M(a)

Finally, we apply Euler-Maclaurin summation to the sum on line to bound it by

(o) L) o (Vi)

since L is at most f"(a).

Using all of these estimates for the integrals on line (63) (with the negative sign
now, as they appeared in the proof of Theorem and adding the terms from line
, we obtain the following.

_ o g(@e(f(@) = ra)
TZ_:OO/ ) d I%—mo |7§% 27i(f'(a) — ra)

If'(a)=7|>f"(a)
= —g(a)e(f(a)+ (¢ — f'(a))a)x

0 fu(w
X Z / )e< 5 T —|—m—|—m+ex) dx

1<|r|< / esen(r

(68) — lim Z &e(f(a) —ra)

W 2 i) )
L<|f (a)—€' —r|
U()f"(@)C'L U@L  U@f'(a) . Ula) . Ula)
(69) *O( Ma) Pt T 1 +f”(a)02+M(a))

Now we estimate the Type I integrals and the sum on line in three separate
cases.

9.1. Case 1: a is an integer. In this case, we begin by adding the r and —r terms
from the Type I integrals together, obtaining

— glae(f(a) + (¢ a) Y /ngn (f” x +7‘x+m+ex) dx

1<|r|<L
f//
(70) = Z / ( x —i—rx) 2isin(27e'z) d.
1<r<L
We estimate each integral in ([70) by an application of integration by parts.

/O (f”z( f(a) - +m> - 2isin(2rex) dx

C
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sin(2me'x) f'(a) , 0

T “ e ()]

C "
(72) + 2€f eos jT f)e (f 2(a) z° + m) dx

0

< f"(a)sin(2re'z) [ f"(a)

(73) /0 (@ 1) e( 5 x2+rx) dx.
The term
sin(27e’x)

m(f"(a)x +r)
on line is 0 when & = 0 and bounded by O(¢'/f"(a)) if z = C.
We will then apply the first and second derivative tests (Lemmas and to
the integral on line . The total variation may be bounded by
€ sin(2me’z)

tAC<%zgiﬁéﬁ)/dx:O(ﬂf @ +r dﬁ

fa)x+r
C € f"(a) cos(2me'x)
([ [“Tree

d:c)
~0 (§ /0 " sin(2ne) dm)
+o (1 [ et )

o (LYY o (1),

Since | cos(2mex)| < 1 and f”(a)x+ris at least r for z € [0, C], the maximum modulus
on the interval is at most |¢'|/r. Therefore the integral on line is bounded by

o (Mm{;lb
r f//<a> r

We will also apply the first and second derivative tests to the integral on line .
Using sin(27e'z) = 2n'z + O(e3x3), we have that

[ e (5] o

[ e () o [ 7

ol ) o)
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Here we used that the function az/(azx + b)? is 0 at x = 0, increases monotonically
to a maximum at * = b/a, and then decreases mononotonically to 0 as x tends to
infinity.

Thus the Type I integrals are bounded by

o 3 0(55)

€'|(1+ [€]C) . 11
a O ——— min , —
+g( )I;L ( r { f”(a) r})
+g(a) Y O (—fﬂ(a>r|5| ¢ >
A (Ula)l€|L U(a)l€'[(1 + [€]C) log(1 + f"(a))
-0 (" )“)( (@ )

+0 (U(a)f"(a)l€]*C")

which gives the bound on Dy(a) in this case.
Also, we bound the sum in line by

o(12)-o(t).

9.2. Case 2: f’(a) is an integer, a is close to an integer. As in case 1, we sum
r and —r terms and use the first derivative test, obtaining

gla)e(f(a) + (¢ = f'(a))a)x
X Z /0 )e (f”(a):vQ +re+ra+ e':v) dx

2
1<|r|<L C-sgn(r

using Proposition [5.16]

= g(a)e(f(a) = f'(a)a) ) 2isin(2mer) /O c (@Zj " m) o

0 (U(a) $ |e\r-%>
— O(U(a)|e|L).

By the same argument, we may complete the Fourier series in .

— lim Z ﬁe(f(a) —ra)

R Lot 27mi(f'(a) — 1)
L<|f (@)=
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_ _slaelf(@) = f(aa) g eler)

271 R—00
Ir|[<R
(2
L0 (U(a) Z sm(rﬁer)>
r<lL

= (a)g(a)e(f(a) — f'(a)a) + O (U(a)le|L) .

Together these give Dy(a) in this case.

9.3. Case 3: f'(a) is an integer, a is far from an integer. In particular, by saying
a is far from an integer, we want |e| > C'. This implicitly requires that C' < 1/2.

In this case, we sum over all positive values of r seperately from all negative values
of r. Ignoring the constant multiplier

gla)e(f(a) + (¢ = f'(a))a)

for the moment, the sum over positive r values give

Z/ (f” T +rx+ra+ex> dx

1<r<L

:/C ( 'é“) ) S e(r(@+a)) da

(74) = /C e( Hz(a)““" i i _> ZSin(w(ix—Fa)) da |
(75) —/C e (fT@xQ + (L + %) x) QSm(ﬂ(Zx Ty

Here we will apply the second derivative test to the integrals in lines f.
The variation plus maximum modulus in both integrals is bounded by

(o)

so that both integrals (as well as the corresponding integrals for the sum over negative

r) are bounded by
O ( ! )
(le| = C)\/ f"(a)

In this case, again, we bound the terms in line by O(g(a)/Lle|). But since
\/ ["(a) < L, this term is dominated by

0( 1 )
(1~ C/F)
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Thus we have Dy(a) in this final case.

9.4. Combined case analysis. When ¢ = 0 and M(a) < f”(a)”, the following
choices of L and C' optimize the error terms from line :
L= f"(a)¥*M(a)/* and C = f"(a)"¥°M(a)'?,
when [e] < f"(a)~*/*M(a)="/* or f"(a)"*/*M(a)"/® < |el;
L=f"(a)”e™* and  C=f"(a)"e ™,
when f"(a)=*M ()" < |e| < /()2 and,
L=f"a)*?e*® and C=¢/2,

when f"(a)™'2 < [e[ < f"(a)"*/°M(a)"/*.

Inserting these values into the error terms for cases 2 and 3 gives the result at the
end of Theorem [4.4

These methods work similarly at b in place of a.

10. PrROOF OF COROLLARY

Recall that we are attempting to bound the error in the following van der Corput
transform.

(76) Y e (<g>3/g) = 3 VoI - e(—4rd +1/8) + A

n<N (1/12)1/2<r<(N/12)1/2

We can apply the main theorems of this paper to either the sum on the left or
the right of . However, we obtain best results if we use both at different times,
dependent on how big ||(N/12)/2|| is.

10.1. Case 1: [|(N/12)Y2|| > (12N)~¥* or ||(N/12)/?|| = 0. In this case, we apply
Theorem to the left-hand side of . Thus

T

a=1, b=N f@0=(3)". ew=1

G0 =0, H@ =) = W)= o ) =23

and 7((z) is non-zero. For Cy, Cy-, Cy, Dy, D1, and Dy equal to 2 and § equal to 1/2,
we have that condition (M) is satisfied for M (z) = € - x for some small fixed € > 0
(independent of N) and U(x) = 1. Hence H?> — G > 0 on J = [a(1 — ¢€),b(1 + €)], so
Jo is the full interval J, and both Jy and J,,; are empty.

We first need to check that the conditions of Theorem (.3 hold.

Using our assumption that ||(N/12)Y2|| > (12N)~Y4  we can estimate Ay(b) by

Ag(b) < N72(1+ N¥4) (1 + N~V/2) 4 N71/2
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1 1
I I(N/12)2) =0
1

+
I(N/12)12]| > (12N) =14

1
N(N/12) 2] T N[N R
< NTV|(N/12) 2|

Thus Ay (b) tends to 0 as N = 12k? and k tends to infinity along the positive integers.
We can bound A%(b) by

1 1 _
Ag(b) < N2 + m(l + N 1/2)
< N73/2’
which clearly tends to 0 as N tends to infinity.
The set K equals [N(1 + ¢)~!, N]. Let N be the largest integer in [1, N — 1/2]
for which (N/12)'/? is also an integer. Then the first integral and sum of A/(b) are

bounded by
£1/2 ( 2172
Sy —> v
/[VN(1+5)17} (N - x)3 N — X

N N(1+¢)™t
N_Np T (NNt
—1/2 —

N N
N_Ne (NN

i

<

However, by the mean value theorem, we have, for some n € [N, N],

o 1/2 w7\ 1/2 1/2
Nowvo (MY (XN 94 (ﬁ)
12 12 12
> (N2 W
and N < N, so that the first integral and sum of A/;(b) is bounded by
< ! + ! < !
NYE[(N/12)M2 |2 NY2[(N/12)M2] = NY2[[(N/12)12 ()
Likewise the final integral and sum of A)(b) are bounded by

N

1

< / $_5/2(1 + 33’3/4) (1 + 1—/2) dx
N(1+4¢)~1 z

+ N72(1 4 N34
< N73/4'
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Thus A (b) is bounded by
< N7V2|[(N/12)V7)

and converges to 0 on the sequence N =12 - k% k=1,2,....
Finally, we need to show that the integrals and sums in Ag(a), A4, and K converge.
The integrand of the integral in Az(a) is

x ) 1 /2
(x —1)3 TRty 1)

which converges like 272. The integrand of the integral in Ay is

e (14 ) (H%),
X

which converges like z~7/4. The integrand of the integral in K(Jy, Wy, o) is 27°/2,
The sum in the K term is bounded by |[Wy(1 — €)| + |[Wo(N(1 + €))|, since Jy is a
single interval and r{, never changes sign. Since Wy(N(1 + €)) converges like N2,
this shows that the conditions of Theorem [4.3] are satisfied. It also shows that Ajs is
bounded by O(N~%/2).

To apply the theorem we calculate D(b) explicitly by

O(N~1/?) I(N/12)"%] =0
Py~ J © ((N/3)3/2) X

x (_2m<(N}12)1/2> + (N, ((N/12)1/2>))

If [|(N/12)'/?|| = 0, then A,(b) = N~2%; and otherwise, we get that A;(b) = 0, since
(12N)~4 is greater than f”(N) = (N/3)~"/2/12 for N > 1, and so my equals 0.
Combining the error terms together we see that

A = O(N~2|(N/12)2|12),

I(v/12)12]] > (12N) =1/

which completes the proof of the corollary in this case.

10.2. Case 2: 0 # ||(N/12)"/?|| < (12N)~/%. Now we apply Theorem[4.4]to e(—1/8)
times the conjugate of the right-hand side of . We use the conjugate to guarantee
that f”(x) is positive.

We have

a=+1/12, b=+/N/12,  f(z)=42%,  g(z) =24z,

G(x) = —41472x,  H(x)=120v6z,  H(z)?> — G(x) = 127872z
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Since G is never 0 on [a,b] and H? — G is always positive on [a, b] we have that J; is
empty and Ji = [a,b]. So, to complete our useful definitions, we have

_ VBTET
96/6(v/37 + 5)3

ry(z) = 12(11 £ 2v37)2%,  Wi(z)

and again r/_(x) never equals 0 on [a, b].
Again, for Cy, Cy-, Cy, Dy, Dy, and Dy equal to 2 and § equal to 1/2, we have that
condition (M) is satisfied for M(x) = € - x for some small fixed € > 0 independent of

N and U(z) = g(z) = V24x.
Since a is fixed, we have

D(a) + Aq(a) + Az(a) = O(1).
By Theorem [4.4] we have that D(b) equals

—p(b)g(b)e(f(b) — f'(b)b) + O (M(b)z/[{;;/)/(b)l/m T AZ(((;))))

+O (U®)f"(6)"2]|b]|*%)
= —20(V/N/12)(3N)e(—(N/3)*/?) + O(N*/)
+ O (N2 (N/12)/2|[2/3)
By our assumption that N is an integer, || f'(b)|| = 0 and so
A(b) < b <.

For A, (b) note that in this case f’(b) is always an integer, and hence || f'(b)|| equals
0. Therefore, we have

Ag(b) < b_9/2<1+b3/2)(1 +b) +b_3/2 +b_1/2 +b_1/2
< N7V4

For As(a) + As(b) we may assume @ = a + 1/2 and b = b — 1/2 (at worst, this
assumption only makes the Aj terms larger). Thus,

Aale) =0 (// i (U ) @)

+0(1) +0(b™"?)
= 0(1)

Az(b) =0 (/abmm (1+x2+ x(bl_x)) d:c)

+O(b™*) +0(b™?)

and




68 J. VANDEHEY

- -1/2 4 1 oo
_O</0 (b—:p)3+(b—x)4dx>+0(b )

=0(1).
To estimate Ay, note that by our above definitions we have

(W (@)l ()] + W ()] + W (@)1 ()] + [Wi(2)] = O(z™™),

b
Ay=0 (/ e 4 2 (1 4+ 272) dm) +0 (/ z~7? dx)
a J+

+ W (a)| + [W_(0)] + [We(a)] + [W.(b)]
= 0(1) + 0(1) + O(1) + O(b™"*) + O(1) + O(b~*/?)
— 0(1).

Thus we have shown that, in this case

3/2
A = 2¢(/N/12)(3N)" e ((g) + é) + O(N3/%)

+O (NY2][(N/12)V2|7)

and so,

by undoing our conjugation, multiplying by e(1/8), and moving this term to the
correct side of the equation.

11. IMPROVING THE RESULTS WHEN || f'(u)|| 1S SMALL

In all the main results and the various examples given in this paper, the results
tend to be at their best when || f'(1)]| (for 1 equal to a or b) is large compared with
V f"(p). However, when || f'(1)] is on the order of \/f"(u), the estimates tend to
be dominated by an inexplicit term, and even when || f'(¢)| is much smaller than

" (1), we still do not have great asymptotics, such as in Corollary

Could the error term A in this range be made more explicit? If one’s notion of
explicit is a closed form that can be estimated moderately fast on a computer, then
yes; if one’s notion of explicit requires good asymptotic data, then the answer so far
appears to be no.

Suppose that f”(z) is generally smaller than 1 on [a, b]. The largest contributions
to A come from bounding an integral of the form

/ " g@)e(f(x) - rz) da

where |z, — pu| < +/f"(1). We will assume for a moment that x, is in the interval
a, b].
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In the proof of Theorem [4.1, we bounded this integral with two techniques: first,
possibly shifting p to p, = p £+ M(p) if |z, — p| was smaller than f”(u), and second,
applying Propositions and [5.5], our variants of Redouaby and Sargos’ results.

However, another result of Redouaby and Sargos provides an alternate bound for
such an integral. Under the conditions of Lemma and the additional assumption
that c—a < N, M to simplify the error terms, we have the following result (combining
Lemma 3 and Lemma 9 in [30]) for a < ¢

[ steretsa) do - 9;,,2) F/F(Ob(a o)) +0(U<C‘“>)

+0<% (1+%) (T_1/2+(c—a))+u>,

where a = f"(c)/2,

fle+t)— f(c))”

(0%

o(0) = santt) (

and F(u) denotes the modified Fresnel integral functionm,

Flu) = /0 " e(e2/2) da

An analogous result holds for the integral from ¢ to b.

Let us assume once again that M = N. Just as in Propositions [5.4] and [5.5]
we see an error term of the form O(UM/T3/?). This new estimate on stationary
phase integrals is useful—in the sense that the remaining error terms are of order
of magnitude smaller than the explicit term—provided M > 1, T is of order much
larger than 1, and ¢ — a is of order much smaller than

. M1/2
i o MV}

This in turn is useful to the van der Corput transform if the good range for ¢ — a
includes ¢ — a = f”(c)~"/2, and this will be true provided f”(c) is of an order of
magnitude much greater than M.

To apply these new estimates, we need to make a few further small changes in the
proof of Theorem [4.1] First, for this r, we do not change u to p,, removing the term

U(p)/+/f"(u)) from Aq(p). Second, since we only apply the above estimates to
an integral on one side of x,, we obtain terms of size U(u)/f" ()M (1) = O(A2(p))
from the terms now left uncancelled when we apply Propositions [5.4 and [5.5 to the
other side. Finally, since we do not have any integral from p to p, in Ss, all the

5More standard forms of the Fresnel integral functions would include x2/4 or z2/27 where we
have used x2/2 and would further break the function up into its real and imaginary parts.
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associated terms no longer need to be bounded. If ;1 = a, then this means we lack

the term
g(ar)e(f(ar)'_'rar)
2mi(f'(ar) — a)
as well as O(h,(a,)) and O(h,(a;)). This thus removes the term with (f'(u)) from
D(u), and reduces the last pair of terms in Ay(u) to
U(p)

M) + U () f" (1)

When z, is not in the interval [a, b], say x, > b, then we need to be slightly more
careful. We will need to assume that condition (M) holds on the larger interval [a, z,],
and then consider the difference of integrals

(/:M(mr) B /b> g(z)e(f(x)) du.

We would apply Propositions 5.4 and to the first integral and the above estimates
to the second.

While this may seem like a great improvement over earlier theorems—and in a
sense, it is—it also is very hard to apply. The region || f'(x)|| < /f”(u) requires
us to understand the function F(u) in the region u < 1. Unfortunately, while there
are very good asymptotics for F(u) when u tends to 0 or infinity, there are no good
asymptotics when u =< 1.

12. FURTHER QUESTIONS

In Section [6.5], we do not make use of the fact that the intervals taken as arguments
in the K, not only fail to include the point x, but also are excluded from an interval
around x,. Is there a simple way to take this into account and does doing so improve
the results in a substantial way?

Can the results of this paper be explained in terms of the geometry of curves, in
the same way as [4]7

Dekking and Mendes-France conjecture in [5] that I'(nlogn), the curve related to

the exponential sum
Z e(nlogn),

1<n<z

is resolvable. Can the results of this paper be used to prove this?
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